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Introduction 
 

Currently, a new drying system has been drawing attention 

from the drying industry. This drying system uses an infrared 

wavelength selective emitter[1]. For example, for drying water, 

this emitter irradiates infrared whose peak emissivity is 

coincident with the O-H stretching absorption band (see Fig. 

1). Therefore, this emitter allows the system to dry at a low 

temperature, which prevents flammable solvents to be ignited 

and reduces the heat damages generated in a solute by a high 

temperature. The effectiveness of this device has already been 

confirmed. However, there is a need for a detailed analysis of 

the drying efficiency based on molecular theory. 

 
Figure 1. Vibrational absorption spectrum of liquid H2O[2]. 

 
In order to analyze the drying (i.e., evaporation) process, 

we employ molecular gas dynamics because its physical scale 

is comparable with experiments and translational and 

rotational motion of molecules can be treated. However, to 

solve the Boltzmann equation, we need a boundary condition 

(KBC) at a vapor-liquid interface. 

KBC specifies the velocity distribution of molecules 

leaving the interface for the vapor phase. The derivation of 

KBC requires further microscopic information, which can be 

obtained from molecular dynamics (MD) simulations. 

Therefore, our objective in this thesis is to construct the 

KBC for evaporation of locally heated argon liquid using MD 

simulations. Here, we regarded infrared irradiation as the 

instantaneous increase of the temperature of the liquid surface 

of several molecular layers thick. Henceforth, we call this 

operation “excitation.” The reason why we targeted argon is 

that argon is monatomic and it is, therefore, easy to treat in MD 

simulations.  
 
 
Method 
Simulation system 
 
A system of 20184 molecules was considered in a simulation 

cell with dimensions 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧  at a temperature 𝑇0 =

100 K , where 𝐿𝑥 = 10 nm , 𝐿𝑦 = 10 nm , 𝐿𝑧 = 50 nm  (see 

Fig. 2). A vapor-liquid equilibrium is realized between the 

triple point (83.8 K) and the critical point (150.7 K). The liquid 

phase formed at the center of the 𝑧  direction. The periodic 

boundary conditions were applied for all three directions of the 

simulation cell. As an intermolecular pair potential for argon, 

we employed the 12-6 Lennard-Jones potential 
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where the particle diameter 𝜎  is 3.405 Å and the potential 

depth 휀 𝑘⁄  is 119.8 K (𝑘 is the Boltzmann constant). Newton’s 

equations of motion for 20184 molecules in the system were 

integrated using the leapfrog method with a timestep of 2 fs 

 

 
Figure 2. Snapshot of MD simulation. 

 

 

Excitation 
 

 
Figure 3. The excited region is shown in red. The solid curve 

indicates the density profiles around the right-hand side of the 

vapor-liquid interface in the equilibrium simulation. The 

squares show the edges of the transition layer. The dotted line 

indicates the interface, where the KBC is considered. 

 
Next, we explain the excited region and the method for exciting 

the liquid surface. In this study, the thickness of the excited 

region is the 10-90 thickness 𝛿 (8.85 Å) + the argon diameter 

𝜎 (3.405 Å) (see Fig. 3). For excitation, we increase molecular 

velocities of argon molecules contained in the excited region 

using velocity scaling. Velocity scaling is a common method 

for controlling temperature in MD simulation. In velocity 



scaling, the 𝑗  component of molecular velocity of the 𝑖  th 

molecule 𝜉𝑗
𝑖 is changed to 𝜉𝑗

𝑖′
 by the following transformation: 

𝜉𝑗
𝑖′

= √
𝑇exc

𝑇
𝜉𝑗

𝑖    (𝑗 = 𝑥, 𝑦, 𝑧), 

where 𝑇exc is a target temperature and 𝑇 is the temperature just 

before the excitation. In this way, we can raise the temperature 

of the excited region to a target temperature 𝑇exc instantly. 

Hereafter, we call a target temperature 𝑇exc excitation 

temperature. In this study, we chose two excitation 

temperatures, 𝑇exc = 140, 200 K.  

 

 

Simulation outline 
 
The outline of our evaporation simulation is depicted in Fig. 4. 

After equilibrating the system at 𝑇0 = 100 K, we continued the 

main simulation for 1000 ps. At 𝑡 = 500 ps  of the main 

simulation, excitation was provided in the excited region 

composed of about 1500 argon molecules for each side. In the 

main simulation, we obtained macroscopic quantities, such as 

temperature, velocity, density, and mass flux. 

 

 
Figure 4. Simulation outline. Excitation occurs at 𝑡 = 500ps 

of main simulation. 

 
 

KBC 
 
The physically correct KBC at the interface[3] is written as  

𝑓out =
𝜌out
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)    for 𝜉𝑧 > 0, 

where 𝑓out  is the velocity distribution function of molecules 

leaving the interface, 𝜌out is the vapor density of outgoing 

molecules, 𝑇t and 𝑇n are the tangential and normal temperature 

obtained from outgoing molecules at the interface. To 

construct the KBC using the above expression, we have to 

know three values 𝜌out, 𝑇t, and 𝑇n using MD simulations. 

 
 

Results 
Tangential temperature 𝑇t and normal temperature 
𝑇n 
 
Fig. 5 shows the temporal changes of 𝑇t  and 𝑇n  for each 

excitation temperature case. In the case of 𝑇exc = 140 K, 𝑇n is 

greater than 0 for 502 ps ≤ 𝑡 ≤ 510 ps , while 𝑇t  keeps 

around 100 K. On the other hand, in the case of 𝑇exc = 200 K, 

𝑇n has a higher peak and 𝑇t has a small peak after a short delay. 

Here, we take the time average of 𝑇t and 𝑇n for 502 ps ≤
𝑡 ≤ 510 ps  in order to treat the pulsatile changes in the 

temperatures and they are shown in Table. 1. 

 
Figure 5. The temporal evolutions of tangential temperature 

𝑇t and normal temperature 𝑇n.  

 

𝑇exc [K] 𝑇t [K] 𝑇n [K] 

140 102.3 134.7 

200 123.7 190.5 

 

 

Vapor density of outgoing molecules 𝜌out 

 

In the same way, we obtained the time average of 𝜌out for each 

excitation temperature case, and they are shown in Table. 2. 

For 𝑇exc = 140 K  case, 𝜌out  is nearly equal to the saturated 

vapor density at the initial temperature  𝑇0 = 100 K. On the 

other hand, for 𝑇exc = 200 K case, 𝜌out becomes higher. 

 

𝑇exc [K] 𝜌out [kg m3⁄ ] 

100 (Equilibrium) 18.13 

140 21.54 

200 33.77 

 

 

Comparison 
 

Since we obtained three values 𝜌out, 𝑇t, and 𝑇n using MD 

simulations, we constructed KBC for each excitation 

temperature cases, and we compared the KBC and the he 

time-averaged velocity distributions for 502 ps ≤ 𝑡 ≤ 510 ps 

of outgoing molecules at the interface, which were obtained 

by the MD simulations. As shown in Fig. 6, they agree with 

each other.  These results confirmed that the outgoing 



molecules leave the interface in accordance with the KBC 

form. 

 

 
Figure 6. The normalized velocity distribution at the 

interface.  (a) 𝑇exc = 140 K (𝑇t = 102.3 K, 𝑇n = 134.7 K), 

(b) 𝑇exc = 200 K (𝑇t = 123.7 K, 𝑇n = 190.5 K). The solid 

curve is a one-dimensional normalized Maxwellian 

√𝑇0 (𝑇t𝜋)⁄ exp (−휁𝑗
2 𝑇0 𝑇t⁄ ), and the dash-dotted curve is a 

normalized half-Maxwellian 2√𝑇0 (𝑇n𝜋)⁄ exp (−휁𝑗
2 𝑇0 𝑇n⁄ ). 

The orange circle shows the velocity distribution of outgoing 

molecules at the interface for the normal direction, and the 

blue circle is the one for the tangential direction. 

 
 

Conclusion 
 
We conducted MD simulations of locally heated argon liquid 

to construct KBC of evaporation induced by infrared 

irradiation. As a result, we obtained 𝜌out, 𝑇t, and 𝑇n , and 

confirmed that the KBC agreed well with the actual velocity 

distribution of outgoing molecules. 
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