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A B S T R A C T

In this study, we conducted molecular dynamics simulations of the evaporation of locally heated argon liquid to
construct the kinetic boundary condition (KBC) for the evaporation. The KBC denotes the boundary condition
of the Boltzmann equation, and the mass, momentum, and heat fluxes through the interface can be determined
by solving the Boltzmann equation with the KBC. From the results, we established a method for constructing
the KBC for the evaporation of locally heated argon liquid. Furthermore, we found that the velocity distribution
of the KBC immediately after liquid heating becomes anisotropic, which means that the normal and tangential
temperatures composed of outgoing molecules from the liquid phase to the gas phase take different values
when the liquid interface is heated momentarily. From the present study, we can elucidate the mechanism of
the occurrence of net evaporation mass flux due to the locally heated liquid film, e.g., the spot heating by
infrared radiation.
1. Introduction

Recently, a new drying system has attracted attention from the dry-
ing industry. This drying system uses an infrared wavelength-selective
emitter [1]. For example, for drying water, this emitter irradiates
infrared radiation with a peak emissivity coincident with the O–H
stretching absorption band. The irradiation of the emitter induces
the O–H stretching vibration of water molecules located on a liquid
surface, as shown in Fig. 1. Ashihara reported that the O–H stretching
vibration energy is transferred to intermolecular vibrations, such as
vibrational motions [2]. Through interactions with other molecules,
some molecules gain sufficient kinetic energy to overcome the potential
energy binding them in place. In this sense, such molecules have a
high translational temperature, referred to as excitation. As a result,
these molecules fly out of the liquid surface, i.e., evaporate. Therefore,
this emitter allows the system to dry at a low temperature in furnace,
which prevents flammable solvents from being ignited and reduces
the heat damage generated in a solute by a high temperature. The
effectiveness of this device has been confirmed as shown in [1,3,4]. In
Refs. [1,3], a wavelength-selective emitter with the metamaterial struc-
ture of a metal–insulator–metal, i.e., the MIM emitter, was developed to
decrease large heat losses. In these studies, it was shown that the drying
rate of 2-propanol when using the MIM emitter was 2.1 times higher
than that achieved with a conventional wavelength-selective emitter.
Moreover, in Ref. [4], it was shown that wrinkles formed in polymer
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Fig. 1. Schematic of evaporation molecules induced by liquid surface excitation.

films during drying by hot-air flow but not during drying by infrared
irradiation, and the detailed mechanism was discussed. However, a
detailed analysis of drying efficiency based on molecular theory is
required because this drying system induced by infrared radiation is
considered as strong non-equilibrium evaporation in which a part of
the liquid phase is instantaneously heated.

For this purpose, molecular gas dynamics analysis [5–7] is essential
because the essence of evaporation and condensation phenomena is due
to the non-equilibrium of molecular groups at the gas–liquid interface.
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Fig. 2. Snapshot of MD simulation.

The velocity distribution function (VDF) of gas molecules is used in
molecular gas dynamics analysis, where the governing equation of the
VDF is the Boltzmann equation. Hence, the analysis of the Boltzmann
equation is capable of treating non-equilibrium phenomena, such as
evaporation and condensation. To solve the Boltzmann equation, a
boundary condition called the kinetic boundary condition (KBC) is re-
quired at the vapor–liquid interface. The KBC is composed of molecules
moving from the liquid phase to the vapor phase. The generalized form
of the KBC [8–10] is written as

𝑓out =
𝜌out

(2𝜋𝑅)3∕2𝑇t
√

𝑇n
exp

(

−
𝜉2𝑥 + 𝜉2𝑦
2𝑅𝑇t

−
𝜉2𝑧

2𝑅𝑇n

)

, for 𝜉𝑧 > 0, (1)

where 𝑓out is the VDF of the outgoing molecules from the liquid phase
to the vapor phase. 𝑓out is the KBC of the vapor–liquid interface.
𝑅 = 𝑘∕𝑚 is the gas constant, where 𝑘 is the Boltzmann constant and
𝑚 is the mass of a molecule; 𝜉𝑥, 𝜉𝑦, 𝜉𝑧 are the molecular velocities of
𝑥, 𝑦, and 𝑧 directions; 𝜌out is the vapor density; and 𝑇n and 𝑇t are
the temperatures normal and tangential to the vapor–liquid interface,
respectively. 𝜌out , 𝑇n, and 𝑇t are also composed of outgoing molecules
with a positive 𝜉𝑧 velocity, as shown in Fig. 1. For example, 𝑇t ≠
𝑇n = 𝑇0 has been observed in a strong condensation case [8,11],
where 𝑇0 is the temperature of the bulk liquid. In previous studies,
𝑇t = 𝑇n = 𝑇0 holds in a steady evaporation [10,12–16]. However,
whether such a relationship holds in evaporation caused by a local
temperature increase is unknown.

In this study, we conduct molecular dynamics (MD) simulations of
the evaporation process owing to the instantaneous increase in the
liquid surface temperature to modify the infrared irradiation. First,
argon was targeted because it is monatomic and therefore easy to
treat in MD simulations. MD is a useful tool for investigating evapo-
ration and condensation phenomena, and various insights have been
obtained from equilibrium and non-equilibrium MD calculations for
single-component [17–21] and multi-component [22–25] systems using
this method. However, no studies have investigated the details of
molecular groups in evaporation phenomena caused by instantaneous
heating at the gas–liquid interface. Therefore, our main objective is to
construct the KBC for the evaporation of locally heated argon liquid
using MD simulations; that is, we must identify three values: (i) the
tangential temperature at the interface 𝑇t , (ii) the normal temperature
at the interface 𝑇n, and (iii) the vapor density of outgoing molecules 𝜌out
immediately after excitation. In this study, we also propose a method
for determining the KBC for the evaporation of locally heated argon
liquid using MD simulations.

2. Molecular dynamics simulation

2.1. Equilibrium simulation

In this section, we describe a method for equilibrium MD simu-
lations for argon. A system of 6000 argon molecules was considered
in a simulation cell with dimensions 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧 at a temperature
𝑇0 = 85K, where 𝐿𝑥 = 7.0 nm, 𝐿𝑦 = 7.0 nm, and 𝐿𝑧 = 35 nm (see
Fig. 2). We chose this temperature because it is close to the triple point
temperature. Several studies on KBC have also been conducted using
this temperature, e.g., see Refs. [8,12–14]. A vapor–liquid equilibrium
2

was realized between the triple point (83.8 K) and the critical point
(150.7 K) [12]. The liquid phase was formed at the center of the
𝑧-direction. Periodic boundary conditions were applied in all three
directions of the simulation cell. As an intermolecular pair potential
for argon, we employed the 12-6 Lennard-Jones potential:

𝜙(𝑟) = 4𝜖
[

(𝜎
𝑟

)12
−
(𝜎
𝑟

)6
]

, (2)

where 𝑟 is the distance between two interacting particles, the particle
diameter 𝜎 is 3.405 Å, and the potential depth 𝜖∕𝑘 is 119.8K (𝑘 is the
Boltzmann constant). In general, because intermolecular interactions
become weaker as the distance between two molecules increases, the
cut-off radius was set as 𝑟𝑐 = 1.5 nm (4.4𝜎) because it has been shown
that 𝑟𝑐 > 4.0𝜎 leads to simulation results similar to those achieved
when 𝑟𝑐 = ∞ [26–28]. Equations of motion were solved by using the
leap–frog method.

Newton’s equations of motion for the 6000 molecules in the system
were integrated using the leap–frog method with a time step of 5 fs.
We performed the equilibrium simulation for 200 ns and sampled the
configuration of molecules (the positions and the molecular velocities
of each molecule) at each time step. This yielded the number of samples
𝑁𝑠 = 40, 000, 000.

In MD simulations, an averaged density can be calculated as

𝜌 = 1
𝑁s𝛥𝑉

∑

𝑁s

∑

𝑖∈𝛥𝑉
𝑚𝑖, (3)

where 𝛥𝑉 is a volume element in the physical space and 𝑚𝑖 is the mass
of the 𝑖th molecule (𝑚𝑖 = 𝑚 in this study). ∑𝑖∈𝛥𝑉 is the summation of
the masses of the molecules contained in 𝛥𝑉 .

The mass flux 𝐽 was also calculated by counting the number of
molecules passing through per unit area per unit time [13,29]. These
values are defined as follows:

𝐽 = 𝑚𝑁
𝑆𝛥𝑡

, (4)

where 𝑁 is the number of sample molecules for each trajectory stated
above, and 𝑆 is the cross-section of the system. The equilibrium simula-
tion produced the following averaged quantities: bulk vapor density 𝜌𝑣;
bulk liquid density 𝜌𝓁 ; mass flux of outgoing molecules from the liquid
phase to the vapor phase 𝐽out , which is composed of the molecules of
𝑓out ; and mass flux of molecules colliding onto the liquid phase 𝐽coll,
which is composed of the molecules of 𝑓coll, where 𝑓coll is the VDF
with a negative velocity 𝜉𝑧 < 0 at the right-hand side vapor–liquid
interface in Fig. 2 (For the left-hand side interface, 𝐽out is composed of
the molecules having negative 𝜉𝑧, and 𝐽coll is composed of the molecules
having positive 𝜉𝑧). The net mass flux 𝑚̇ can be defined as follows:

̇ = 𝐽out − 𝐽coll. (5)

In the case of an equilibrium, 𝐽out = 𝐽coll, which leads to 𝑚̇ = 0. In the
case of net evaporation, 𝑚̇ takes positive values because 𝐽out > 𝐽coll.

The spatial density distribution near the transition layer is shown in
Fig. 3. In order to determine the approximate location of the center of
the transition layer and its thickness, which is known to be asymmetric
in practice [30,31], the following equation was used to estimate the
thickness [29].

𝜌(𝑧) =
𝜌𝑣 + 𝜌𝓁

2
+

𝜌𝑣 − 𝜌𝓁
2

tanh
(

𝑧 −𝑍𝑚
0.455𝛿

)

, (6)

where 𝑍𝑚 is the center of the transition layer and 𝛿 is the 10–90
thickness. In an equilibrium state at temperature 𝑇0, the vapor density
𝜌𝑣 becomes 𝜌∗𝑣, where 𝜌∗𝑣 denotes the saturated vapor density at 𝑇0, and
𝜌𝓁 becomes 𝜌∗𝓁 , where 𝜌∗𝓁 denotes the liquid density in the equilibrium
state at 𝑇0. The values of 𝑍𝑚 and 𝛿 were determined by the nonlin-
ear least-squares method using the density distribution. The value of
saturated vapor density is 4.86 kg/m3 and the value of liquid density
is 1388.44 kg/m3 in this simulations. We confirmed that these values
are in agreement with those of previous studies (i.e., Refs. [8,29]). A
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Fig. 3. Schematic of excited region at liquid surface, (a) 𝛿 + 𝜎 and (b) 𝛿. The density
profile is represented by Eq. (6). The squares indicate the edges of the transition layer.
The dotted line indicates the interface position for imposing the KBC.

previous study demonstrated that for vapor–liquid equilibrium systems
of Ar molecules, vapor can be treated as an ideal gas at temperatures
below 100 K [8]. Therefore, the vapor in the initial state can be
considered as an ideal gas in this study.

The position to impose the KBC is defined as 𝑧 = 𝑍𝑚+3𝛿. At this po-
sition, the influence of the intermolecular potential force composed of
liquid molecules becomes sufficiently small to be ignored. This is why
Eq. (1) does not include the effect of the liquid potential. The validity
of this position has been discussed in our previous studies [13,29,32].

2.2. Excitation (thermostatting)

This section describes how to excite the liquid surface to simulate
infrared irradiation drying. Essentially, there are two factors that lead
to more evaporation: ( i ) higher excitation temperature, and (ii) a
thicker excited region. Now, we explain the excited region and the
method for exciting the liquid surface. Because it is difficult to know
the detailed information of excitation experimentally, we investigate
the evaporation process by changing the excited region and excitation
temperature based on MD simulations.

In this study, we used two types of excited regions (see Fig. 3). Here,
we consider that many molecules in the first layer at the liquid surface
are excited, and we performed MD simulations for the following two
cases. The difference is the thickness of the excited region. One is the
10–90 thickness 𝛿 (8.85 Å) + the argon diameter 𝜎 (3.405 Å). The other
is the 10–90 thickness 𝛿. The vapor-side edge of the excited region for
each case coincides with the edge of the transition layer, as shown in
Fig. 3.

To excite the region, we increased the molecular velocities of the
argon molecules contained in these regions using velocity scaling [33].
In velocity scaling, the 𝑗 component of the molecular velocity of the
𝑖 th molecule 𝜉𝑖𝑗 is transformed to 𝜉𝑖𝑗

′ through the following rule:

𝜉𝑖𝑗
′ =

√

𝑇exc
𝑇

𝜉𝑖𝑗 (𝑗 = 𝑥, 𝑦, 𝑧), (7)

where 𝑇exc is the target temperature and 𝑇 is the temperature im-
mediately before excitation. This corresponds to thermostatting the
molecules in a certain region, which we call excitation in this study.
Thus, we can instantly increase the temperature of the excited re-
gion to the target temperature 𝑇exc. Hereafter, we refer to the target
temperature 𝑇 as the excitation temperature.
3

exc
Fig. 4. Snapshots of MD simulation at the moment of excitation when 𝑇exc =
115K, 145K, and 200K in the case of 𝛿 + 𝜎. Red molecules indicate excited molecules.
Excitation is started at 𝑡 = 50 ps.

Here, we chose several excitation temperatures: 𝑇exc = 95, 100, 105,
115, 130, 145, and 200 K. An excitation temperature of 𝑇exc = 200K is
still high, considering that the critical temperature of argon is 150.7 K.

3. Results

3.1. Net evaporation mass flux 𝑚̇

We present the results of this study. MD simulations for excitation
evaporation using 1000 initial conditions obtained by equilibrium sim-
ulations were conducted, and the averages of the 1000 MD simulations
are reflected in the following results. We focus on the results of the exci-
tation temperature 𝑇exc = 115 K, 145 K, and 200 K. Snapshots of the MD
simulation at the time of excitation in the 𝑇exc = 115K, 145K, and 200K
cases are shown in Fig. 4. The red molecules denote the excitation
molecules in the case of 𝛿+𝜎. When the time is 𝑡 = 50 ps, the molecules
in the excited region are excited in accordance with Eq. (7). It can then
be seen that the excited molecules interact with other molecules and fly
toward the vapor region, i.e., evaporation occurs due to excitation.

Fig. 5 shows the temporal evolutions of 𝐽out and 𝐽coll for 𝑇exc =
115 K, 145 K, and 200 K, respectively. The dotted line in each figure
is 𝐽 ∗

out or 𝐽 ∗
coll, where 𝐽 ∗

out and 𝐽 ∗
coll are the outgoing and colliding

molecular mass fluxes at the equilibrium state, respectively. We can
easily obtain 𝐽 ∗

out = 𝐽 ∗
coll = 𝜌∗𝑣

√

𝑅𝑇0∕2𝜋 from Eq. (1) in the equilibrium
state (𝜌out = 𝜌∗𝑣 and 𝑇n = 𝑇t = 𝑇0). From Figs. 5(a), (b) and (c),
we can observe that 𝐽out becomes larger than 𝐽 ∗

out , which leads to the
evaporation of liquid molecules due to excitation for the cases of 𝛿 + 𝜎
and 𝛿. As the excited region becomes thicker, the evaporation mass flux
increases.

The peak times of 𝐽out are shifted to the right from 𝑡 = 50 ps
because excited molecules take time to reach the interface as shown
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Fig. 5. Temporal evolutions of 𝐽out and 𝐽coll. (a) and (d); 𝑇exc = 115K, (b) and (e);
exc = 145K, (c) and (f); 𝑇exc = 200K.

Fig. 6. Temporal evolutions of net evaporation mass flux 𝑚̇. (a) 𝑇exc = 115K, (b)
𝑇exc = 145K, and (c) 𝑇exc = 200K.

Fig. 7. Temporal evolutions of tangential temperature 𝑇t and normal temperature 𝑇n.
he blue circles represent 𝑇t and the orange circles represent 𝑇n. (a) 𝑇exc = 115 K, (b)

𝑇exc = 145 K, and (c) 𝑇exc = 200 K.

in Figs. 5(a), (b), and (c). We can estimate the time for molecules to
travel from the center of the excited region to the interface, 𝛥𝑡𝑓 , by
sing the most probable speed of vapor molecules, 𝑣𝑝 =

√

2𝑅𝑇exc. When
he excited region is 𝛿, the times are 𝛥𝑡𝑓 = 9.19 ps, 𝛥𝑡𝑓 = 8.18 ps, and
𝑡𝑓 = 6.97 ps for 115 K, 145 K, and 200 K, respectively; when the region
s 𝛿 + 𝜎, the times are 𝛥𝑡𝑓 = 9.96 ps, 𝛥𝑡𝑓 = 8.87 ps, and 𝛥𝑡𝑓 = 7.55 ps.
ccording to these results, the 𝛥𝑡𝑓 values in both cases are almost the
ame at each peak time, as shown in Figs. 5(a), (b), and (c).

However, as shown in Figs. 5(d), (e), and (f), the values of 𝐽coll are
onstant, 𝐽coll = 𝐽 ∗

coll. These results indicate that the excited molecules
o not interact with the molecules colliding from the vapor phase to
he liquid phase, and that net evaporation occurs in the present MD
imulations.

The temporal changes in the net evaporation mass flux 𝑚̇ in the
vaporation simulation for 𝑇exc = 115K, 145K, and 200K are plotted in
ig. 6 obtained from Eq. (5). After 𝑡 = 50 ps, 𝑚̇ increases in both cases
ue to excitation. The peak of 𝑚̇ becomes higher as the value of 𝑇exc
ncreases. Evaporation continues after 100 ps, after which the system
eturns to equilibrium.

Although there is a difference in the amount of evaporation, we will
4

iscuss the above results of 𝛿 + 𝜎 in the following, as it was confirmed
that there is no difference in evaporation tendency between the excited
regions 𝛿 and 𝛿 + 𝜎.

3.2. Velocity distribution at the interface

In this section, we discuss the velocity distribution function of
the outgoing molecules at the interface, namely, the kinetic boundary
condition.

First, we focus on the tangential temperature 𝑇t and the normal tem-
erature 𝑇n to make use of the KBC form in Eq. (1). These temperatures
re obtained by the following equations:

1
2
𝑘𝑇t =

∑

𝑁s

1
2
𝑚
𝜉2𝑥 + 𝜉2𝑦
2𝑁s

, (8)

1
2
𝑘𝑇n =

∑

𝑁s

1
2
𝑚

𝜉2𝑧
𝑁s

, (9)

where the above equations are for molecules outgoing from liquid to
vapor, e.g., in Fig. 1, the equation consists of molecules with positive
velocities 𝜉𝑧. Fig. 7 shows the temporal evolutions of 𝑇t and 𝑇n for each
excitation temperature and the excited region 𝛿+𝜎. In the case of 𝑇exc =
15K, 𝑇n is greater than 𝑇0 for 52 ps ≤ 𝑡 ≤ 60 ps, whereas 𝑇t remains
pproximately 85 K. In contrast, in the cases of 𝑇exc = 145K and 200K,
n has a higher peak and 𝑇t has a small peak after a short delay.
hese temperature differences lead to the anisotropy of the VDF at the
apor–liquid interface.

Here, we take the time average of 𝑇t and 𝑇n for 52 ps ≤ 𝑡 ≤ 60 ps
o treat the pulsate changes in the temperatures. Using these temper-
tures, we construct the KBC, given by Eq. (1), for each excitation
emperature.

Fig. 8 shows the velocity distribution function of 𝑓out = 𝑓𝑥𝑓𝑦𝑓𝑧,
here ̂ denotes the normalization, and 𝑓𝑗 (𝑗 = 𝑥, 𝑦, 𝑧) denotes the
ormalized VDF for the 𝑗-component, where 𝑓𝑥 = 𝑓𝑦 in this study. We
lot the time-averaged velocity distributions for 52 ps ≤ 𝑡 ≤ 60 ps of
he outgoing molecules at the interface, which were obtained by the
D simulations. The time-averaged velocity distributions for Figs. 8(a)

nd (d) 𝑇exc = 115K, Figs. 8(b) and (e) 𝑇exc = 145K, and Figs. 8(c)
nd (f) 𝑇exc = 200K are made up of 8920, 13,234, and 30,706
olecules, respectively. Here, because the KBCs and time-averaged ve-

ocity distributions are normalized, their velocity distribution functions
ndicate the probability of existence of the molecule. The abscissa 𝜁𝑗 =
𝑗∕
√

2𝑅𝑇0 is the 𝑗 component of the normalized molecular velocity,
where 𝑇0 = 85K.

As shown in Fig. 8(a), the velocity distribution for the tangential
direction 𝑓𝑥 agrees with a solid curve, the normalized Maxwellian
√

𝑇0∕(𝑇t𝜋) exp(−𝜁2𝑥𝑇0∕𝑇t ) with 𝑇t = 89.6K for 𝑇exc = 115 K. For the cases
of 𝑇exc = 145 K and 200 K in Figs. 8(b) and (c), 𝑓𝑥 also agrees with a
normalized Maxwellian with 𝑇t = 100.3 K and 126.5 K. We can say that
the outgoing molecules have a velocity distribution in the tangential
direction at 𝑇0 = 85K in the case of low excitation temperature because
𝑇t is nearly equal to 𝑇0.

From Fig. 8(d), the velocity distribution function for the nor-
mal direction 𝑓𝑧 can be almost fitted by the normalized Maxwellian
2𝑇0∕𝑇n𝜁𝑧 exp(−𝜁2𝑧𝑇0∕𝑇n) with 𝑇n = 105.3K for 𝑇exc = 115K. The value of
𝑇n = 105.3 K is much larger than the tangential temperature 𝑇t = 89.6 K
see Fig. 8(a)). In the cases of 𝑇exc = 145 K and 200 K (Figs. 8(e) and (f)),
𝑧̂ is slightly different from the normalized Maxwellian with 𝑇n = 141.1

K or 217.5 K. The values of 𝑇n are also larger than the tangential
temperatures 𝑇t = 100.3 K and 126.5 K. We confirm that the normal
temperature takes the approximate value of the excitation temperature.
For the VDF in the normal direction, an almost Maxwell distribution
with an excitation temperature is observed in the MD simulation of a
heated ultra-thin liquid layer [34]. Our results agree with the previous
MD simulation except for the extremely high excitation temperature

having the deviation from the Maxwellian, as shown in Fig. 8(f).
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Fig. 8. Normalized velocity distribution at the interface. (a) 𝑓𝑥, 𝑇exc = 115 K (𝑇t = 89.6 K, 𝑇0 = 85 K); (b) 𝑓𝑥, 𝑇exc = 145 K (𝑇t = 100.3 K, 𝑇0 = 85 K); (c) 𝑓𝑥, 𝑇exc = 200 K
(𝑇t = 126.5 K, 𝑇0 = 85 K); (d) 𝑓𝑧, 𝑇exc = 115 K (𝑇n = 105.3 K, 𝑇0 = 85 K); (e) 𝑓𝑧, 𝑇exc = 145 K (𝑇n = 141.1 K, 𝑇0 = 85 K); (f) 𝑓𝑧, 𝑇exc = 200 K (𝑇n = 217.5 K, 𝑇0 = 85 K).
The anisotropy of VDF at the KBC is thought that by increasing
the temperature of the liquid, the molecules with fast positive velocity
in the 𝑧-direction, i.e., the normal direction to the interface from the
liquid phase to the vapor phase, will evaporate and pass through the
interface position near the density transition layer where the VDF is
measured. In previous studies, it was shown that the molecules having
fast positive velocity in the normal direction can evaporate, that is,
the evaporation probability increases with the increase in the normal
direction velocity [29,35,36]. On the other hand, the molecules with
slow positive velocities in the 𝑧-direction are less likely to evaporate
and will take longer to pass through the interface where the VDF is
measured. In addition, the molecules with slow positive velocities have
more time to interfere with the liquid phase, so they tend to lose the
effect of warming the liquid film. This effect would result in a smaller
number of molecules with low 𝑧-direction velocity being measured,
compared to molecules with relatively high 𝑧-direction velocity in the
VDF. The detailed mechanism of the deviation will be a focus of our
future work.

3.3. Excitation temperature dependence of 𝑇t , 𝑇n, and 𝜌out

Fig. 9 shows 𝑇t , 𝑇n, and 𝜌out as functions of 𝑇exc. These values are
the time-averaged values for 52 ps ≤ 𝑡 ≤ 60 ps, which show the values
immediately after the excitation of the liquid surface. We can obtain
the vapor density of outgoing molecules 𝜌out . 𝑓out , 𝜌out , and 𝐽out have
the following relation:

𝐽out = ∫

∞

−∞ ∫

∞

−∞ ∫

∞

0
𝜉𝑧𝑓outd𝜉𝑧d𝜉𝑥d𝜉𝑦 = 𝜌out

√

𝑅𝑇n
2𝜋

. (10)

From the above equation, we can obtain the following equation for 𝜌out
and calculate its value using 𝐽out and 𝑇n:

𝜌out =
𝐽out

√

𝑅𝑇n∕2𝜋
. (11)

Note that the error in this procedure increases as the excitation tem-
perature increases, because the deviation from the Maxwellian at 𝑇n
becomes larger when the excitation temperature is higher. Fig. 9(a)
shows 𝑇t and 𝑇n. The solid line denotes 𝑇n = 𝑇exc, and the dotted line
in Fig. 9(a) denotes 𝑇 = 85 K. As shown in Fig. 9(a), 𝑇 increases
5

0 n
Fig. 9. (a) 𝑇n and 𝑇t composed of evaporating molecules as a function of 𝑇exc; (b) 𝜌out
composed of evaporation molecules as a function of 𝑇exc.

with 𝑇exc, and the value 𝑇n is almost the same as 𝑇exc, which leads to
𝑇n ≈ 𝑇exc. In contrast, for 𝑇t , the value is slightly higher than the initial
value 𝑇0 in the case of high excitation temperature. However, for low
excitation temperature (approximately 𝑇exc < 100 K), 𝑇t ≈ 𝑇0.

Fig. 9(b) shows 𝜌out . The solid line denotes the saturated vapor
density at 𝑇0. As shown in the figure, the value of 𝜌out increases with
an increase in 𝑇exc. However, when 𝑇exc takes a small value, we can

∗
assume that 𝜌out ≈ 𝜌𝑣(𝑇0).
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We now obtain all three values: (i) the tangential temperature at the
interface 𝑇t , (ii) the normal temperature at the interface 𝑇n, and (iii) the
vapor density of outgoing molecules 𝜌out . In addition, we confirm that
the outgoing molecules almost leave the interface with the KBC form
of Eq. (1). Therefore, KBC can be constructed using Eq. (1) with these
values. From the above discussion, we can rewrite the KBC as

𝑓out =
𝜌out

(2𝜋𝑅)3∕2𝑇t
√

𝑇exc
exp

(

−
𝜉2𝑥 + 𝜉2𝑦
2𝑅𝑇t

−
𝜉2𝑧

2𝑅𝑇exc

)

, (12)

where 𝑇n = 𝑇exc. 𝜌out and 𝑇t are functions of 𝑇exc, as shown in
Fig. 9. Moreover, we can obtain the colliding mass flux as 𝐽coll =
∗
𝑣(𝑇0)

√

𝑅𝑇exc∕2𝜋 as shown in Fig. 5. Using 𝐽out and 𝐽coll, the following
mass flux can be obtained immediately after excitation:

̇ = 𝜌out

√

𝑅𝑇0
2𝜋

(

√

𝑇exc
𝑇0

− 1
)

. (13)

rom the above equation, we can estimate the net mass flux 𝑚̇ immedi-
tely after excitation of the liquid surface in the case of low excitation
emperature.

. Conclusion

In this study, we conducted MD simulations of the evaporation of
ocally heated argon liquid to construct the kinetic boundary conditions
or the evaporation. We also proposed a method for constructing the
BC for the evaporation of locally heated argon liquid. From the results,
e found that the velocity distribution of the KBC becomes anisotropic,
hich means that the tangential and normal temperatures composed of
utgoing molecules from the liquid phase to the gas phase take different
alues when the liquid interface is heated momentarily. The normal
emperature 𝑇n agrees with the excitation temperature 𝑇exc and the
angential temperature 𝑇t is almost the same as the initial temperature
0 in the case in which the difference between 𝑇exc and 𝑇0 is not very

large.
From this study, we were able to demonstrate the non-equilibrium

nature of the evaporation phenomenon induced on the surface of a
liquid with an instantaneous temperature increase by studying the
behavior of the molecules. As a result, a boundary condition for the
Boltzmann equation for this problem was proposed. This is a novelty
in this research. By using the proposed boundary condition, the evapo-
ration rate of the instantaneously excited interfaces can be obtained
through the Boltzmann equation analysis. In future work, we will
conduct the evaporation with polyatomic molecules [37], e.g., water
molecules, to simulate the actual drying phenomenon. In addition,
the evaporation of a multi-component system [32,38–41] is an im-
portant topic. It has been found that the composition of molecules
at the liquid or gas–liquid interface is important for multi-component
evaporation [42]. Examining the composition of such interfaces and
the detailed behavior of evaporated molecules are two of our future
research themes.
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