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a b s t r a c t

For the accurate description of heat and mass transfer through a vapor–liquid interface, the appropriate
modeling of the interface during nonequilibrium phase change (net evaporation/condensation) is a cru-
cial issue. The aim of this study is to propose a microscopic interfacial model which should be imposed at
the interface as the kinetic boundary condition for the Boltzmann equation. In this study, we constructed
the kinetic boundary condition for monoatomic molecules over a wide range of liquid temperature based
on mean field kinetic theory, and we validated the accuracy of the constructed kinetic boundary condi-
tion by solving the boundary value problem of the Boltzmann equation. These results showed that we can
impose the kinetic boundary condition at the interface by simply specifying liquid temperature and sim-
ulate the complex vapor–liquid two-phase flow induced by net evaporation/condensation. Furthermore,
we applied the constructed kinetic boundary condition to the boundary condition for the fluid-dynamic-
type equations. This application enables us to deal with a large spatio-temporal scale of the interfacial
dynamics in the vapor–liquid two-phase system with net evaporation/condensation.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Heat and mass transfer through a vapor–liquid interface
induced by nonequilibrium phase change (net evaporation/con-
densation) plays an important role in dynamics of the vapor–liquid
two-phase flows, such as Leidenfrost effect [1–3] and cavitation
bubble collapse [4–6]. In recent years, furthermore, with the pro-
gression of micro/nanofluidic devices, the precise investigation of
transport phenomena during net evaporation/condensation has
been required [7].

Since net evaporation/condensation originates from the motion
of molecules in the vicinity of the interface, the vapor in contact
with the interface is in nonequilibrium in which the conventional
continuum description is not appropriate, and the analysis of the
Boltzmann equation based on kinetic theory of gases (molecular
gas dynamics) is essential [8]. The Boltzmann equation governs
the spatio-temporal development of the molecular velocity distri-
bution function, f ðx; n; tÞ, defined as dN ¼ ð1=mÞf ðx; n; tÞdxdn,
where x ¼ ðx; y; zÞ is position, n ¼ ðnx; ny; nzÞ is molecular velocity,
dxdn ¼ dxdydzdnxdnydnz is an infinitesimal volume element in
the six-dimensional phase space, dN is the number of molecules

in dxdn, and m is the mass of a molecule. Once the velocity distri-
bution function f is obtained as the solution of the Boltzmann
equation, the macroscopic variables, such as density, velocity,
and temperature, are obtained from its moments

q ¼
Z 1

�1
fdn; v i ¼ 1

q

Z 1

�1
nifdn; T ¼ 1

3qR

Z 1

�1
ðni � v iÞ2fdn; ð1Þ

where q is density, v i ¼ ðvx;vy;vzÞ is velocity, T is temperature, R is
the gas constant and

R1
�1dn ¼ R1

�1
R1
�1
R1
�1dnxdnydnz.

In this analysis, we have to specify a molecular velocity distri-
bution function composed of molecules outgoing from the liquid
into the vapor phase, f out, which should be imposed at the interface
as the kinetic boundary condition (KBC) for the Boltzmann equa-
tion. Since it has been found that the KBC significantly affects the
macroscopic variables obtained from Eq. (1)[8,9] during net evap-
oration and condensation, the proper specification of the KBC at
the interface is critical. One of the most conventional forms of
the KBC is shown as follows:

f out ¼ aeq�ðTLÞ þ ð1� acÞr½ �f̂ ; nz > 0; ð2Þ
where q� is the saturated vapor density, ae and ac are evaporation
and condensation coefficients, respectively, nz is the molecular
velocity in the direction normal to the interface, nz > 0 denotes
the direction of molecular velocity outgoing from the liquid

into the vapor phase, and f̂ is a normalized molecular velocity
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distribution function; the normalized Maxwellian distribution at
liquid temperature, TL,

f̂ ¼ 1

ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTL

p Þ3
exp � n2i

2RTL

 !
ð3Þ

is assumed conventionally. r is related to a molecular velocity
distribution function composed of molecules colliding onto the
liquid from the vapor phase (nz < 0), f coll. Its definition is

r
ffiffiffiffiffiffiffiffi
RTL

2p

r
¼ �

Z
nz<0

nzf colldn ¼ Jcoll; ð4Þ

where Jcoll is the molecular mass flux colliding onto the liquid from

the vapor phase and
R
nz<0dn ¼ R 0

�1
R1
�1
R1
�1dnxdnydnz. f coll at each

time is obtained by solving the initial boundary value problem of
the Boltzmann equation [8]; r has a unit of density and is equal
to q� in the vapor–liquid equilibrium.

One of the most important issues in the construction of the KBC
during net evaporation/condensation lies in the determination of
the evaporation coefficient ae and the condensation coefficient
ac. As for the definitions of ae and ac, some different models were
proposed [10–14]. We adopt the following definitions of ae and ac

as a widely-used model [12,15–20].

ae ¼
Jevap
J�out

; ac ¼ Jcond
Jcoll

; ð5Þ

where Jevap is evaporation molecular mass flux, Jcond is condensation
molecular mass flux, and Jout is molecular mass flux outgoing from
the liquid into the vapor phase; star (⁄) superscripts denote quanti-
ties at the vapor–liquid equilibrium and J�out ¼ J�coll ¼ q� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðRTL=2pÞ

p
.

The relations of each molecular mass flux are as follows:

Jout ¼ Jevap þ Jref ; Jcoll ¼ Jcond þ Jref ; ð6Þ
where Jref is molecular mass flux reflecting to the vapor phase
(reflection molecular mass flux). The next task is to distinguish
between Jevap and Jref to estimate these molecular mass fluxes and
then to determine ae and ac.

In the vapor–liquid equilibrium, ae is equal to ac from the
definition of Eq. (5), and that is confirmed based on molecular
dynamics [12,17,18]. On the other hand, during net evaporation/
condensation, several studies to determine ae and ac based on
molecular dynamics have been proposed to date [15,16,19,20]. For
instance, Ishiyama et al. [19,20] proposed a concept of spontaneous
evaporation to avoid the ambiguities of assigning Jevap and Jref . They
showed that ae and ac for monoatomic (argon) molecules take
almost the same value during net evaporation/condensation.
Meland et al. [15] distinguished these molecular mass fluxes by
using interphase boundary and pointed out that ae and ac formonoa-
tomic (argon)molecules varywith the increase in theMach number
of vapor far from the interface. Kryukov et al. [16] also found the
increase in ac by accounting for monoatomic (argon and helium)
molecules.

Neither ae nor ac has been indisputably determined after all,
even though each of different coefficients had been derived from
the same definition (Eq. (5)) with the use of simple monoatomic
molecules. In other words, the distinction between Jevap and Jref
has still remained ambiguity. Furthermore, these studies
[15,16,19,20] investigated only a few cases of liquid temperature.
It would be advantageous that the molecular dynamics simulations
can deal with practical monoatomic and polyatomic molecules;
however, it is extremely hard to conduct a systematic investigation
of the KBC in consideration of the liquid temperature dependence
because of its high computational cost.

In contrast to these studies, the authors [21] have proposed
a novel method of determining the KBC for the monoatomic

(hard-sphere) molecules based on mean field kinetic theory
[22,23]. This method can construct the KBC without distinguishing
each molecular mass flux. The constructed KBC can describe accu-
rate macroscopic variables, such as vapor density, velocity, and
temperature, in the case of liquid temperature near the triple point.
Furthermore, incorporating mean field kinetic theory, we can suc-
ceed to reduce the computational cost compared with the molecu-
lar dynamics simulations. However, any dependence of the KBC
constructed by this method with liquid temperature has yet to
be explored.

In this study, we conduct a systematic investigation of the KBC
during net evaporation/condensation by considering the liquid
temperature dependence. First, we construct the KBC during net
evaporation/condensation by using this method over a wide range
of liquid temperatures (Section 3.2). Then, we validate the accuracy
of the constructed KBC by solving the boundary value problem of
the Boltzmann equation (Section 3.3). Finally, we comment on
the application of the constructed KBC to the boundary condition
for the fluid-dynamic-type equations (Section 3.4).

2. Method

2.1. Numerical simulation of the Enskog–Vlasov equation

In this study, we utilize a DSMC-based numerical scheme
employing the Enskog–Vlasov equation to construct the KBC. This
numerical scheme provides the reasonable description of the
vapor–liquid two-phase flow.

The Enskog–Vlasov equation [22,23] is a kinetic equation based
on mean field kinetic theory, which describes the hard-sphere fluid
interaction by Sutherland potential, /ðrÞ, defined as

/ðrÞ ¼ þ1 ðr < aÞ
�/a

r
a

� ��c ðr P aÞ;

(
ð7Þ

where r is intermolecular distance, a is a molecular diameter, /a and
c are constants; c is set as six to follow the attractive tail of the 12–6
Lennard–Jones intermolecular potential. In terms of a one-particle
velocity distribution function, the Enskog–Vlasov equation is
expressed as

@f
@t

þ ni
@f
@xi

þ Fiðxi; tÞ
m

@f
@ni

¼ CE; ð8Þ

CE ¼ a2
Z

Y n xi þ a
2
Ki; t

� �h i
f ðxi þ aKi; n

0
1i; tÞf ðxi; n0i; tÞ

n
�Y n xi � a

2
Ki; t

� �h i
� f ðxi � aKi; n1i; tÞf ðxi; ni; tÞ

o
� HðnriKiÞðnriKiÞdn1d2K ;

where t is time, xi is position (x; y, and z), Y is a pair correlation
function, n is number density, Ki is the unit vector defined as
Ki ¼ ðx1i � xiÞ=ðkx1i � xikÞ, H is the Heaviside function, ni and n1i
denote the molecular velocity of two colliding molecules; prime
(0) superscripts denote quantities of post-collisional molecules, nri
denotes the relative velocity nri ¼ ni � n1i, and Fi is a self-
consistent force field determined from Eq. (7) [24]

Fiðxi; tÞ ¼
Z
kx1i�xik>a

d/
dr

x1i � xi
kx1i � xiknðx1i; tÞdx1i; ð9Þ

where xi and x1i denote the molecular position of two colliding
molecules.

As for the equation of state for hard-sphere molecules, we uti-
lized Carnahan and Stirling approximation [25]. According to this
equation of state, the critical temperature of hard-sphere mole-
cules is given as follows [24]:
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