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Abstract

Levitation of a droplet after impacting on a high-temperature wall is well known as the Leidenfrost effect. In this
study, we conducted a molecular dynamics (MD) simulation to elucidate the mechanism of nanodroplet levitation and
to investigate the relation between the levitation mechanism and liquid—solid intermolecular force. We found that the
impacting nanodroplet levitated from its edge on the heated wall. Analyses on velocity fields inside the droplet indicated
that an upward velocity at the edge of the nanodroplet was caused by an internal flow. The high wall temperature
or strong liquid—solid intermolecular force caused an intensive evaporation near the three—phase contact line before
levitation occurred, and this intensive evaporation yielded a large internal flow within the nanodroplet.

Keywords: Molecular dynamics simulation, Leidenfrost effect, Intermolecular force, Three-phase contact line, Internal
flow

1. Introduction

A liquid droplet can levitate after impacting on a high-temperature wall [1]. A vapor film is generated
by an instantaneous evaporation in the vicinity of the wall and the droplet levitates owing to this vapor film.
This levitation phenomenon is widely known as the Leidenfrost effect [2], and a large amount of studies
have been conducted to investigate this phenomenon.

A primary research scope of this phenomenon is the Leidenfrost temperature that is defined as the
minimum temperature of the heated wall at which the Leidenfrost effect occurs. It is known that several
parameters affect the Leidenfrost temperature such as the Weber number of the droplet, ambient gas pressure,
and wettability of the solid wall. Some studies have reported that a droplet of high Weber number increases
the Leidenfrost temperature because of the balance between the inertial pressure of the droplet and the
induced vapor pressure [3, 4]. Further, it has been demonstrated that the Leidenfrost temperature decreased
with decreasing ambient gas pressure [5, 6]. Almost consistent results were obtained for these factors.

Investigations with respect to the influence of wettability on the Leidenfrost temperature have been con-
ducted actively. Wettability varies depending on the interaction between liquid and solid or the surface
structures of the solid wall. It has been reported that the Leidenfrost temperature had increased on hy-
drophilic surfaces yielded by plasma irradiation [7], while it decreased on hydrophobic surfaces yielded
by Teflon or silane coating [8, 9]. In addition, some studies indicated that structured surfaces decreased
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the Leidenfrost temperature [9, 10, 11], whereas structured surfaces increased the Leidenfrost temperature
[12, 13].

Although many studies regarding the Leidenfrost effect have been conducted, a detailed mechanism of
this phenomenon and the influence of wettability on the Leidenfrost effect are still not clarified. Therefore,
in this study, we conducted molecular dynamics (MD) simulations to elucidate the mechanism of the Lei-
denfrost effect by investigating the internal flow and temperature fields of impacting droplet. Because the
MD simulation is a molecular-scale analysis method, we can investigate phase-change phenomena without
any special condition. Studies related to the evaporation of a sessile droplet or liquid film [14, 15, 16, 17, 18],
bubble nucleation [19, 20, 21], or condensation [22] in multiphase systems composed of liquid and solid
molecules have been conducted using MD simulations. Although the obtained results are mostly considered
as the nanoscale phenomena, MD simulations are suitable for the detailed analysis of the Leidenfrost effect,
which is the instantaneous phenomenon with phase change.

In addition, we can easily adjust the magnitude of the intermolecular force in MD simulations. An inter-
action between liquid and solid molecules is relevant to the wettability of solid surfaces. Typically, strong
liquid-solid intermolecular forces result in hydrophilic walls whereas weak forces result in hydrophobic
walls. It was reported that same tendency was reproduced in nanoscale MD simulations [16, 23, 24]. In our
previous MD study [25], we found that a strong liquid—solid intermolecular force decreases the Leidenfrost
temperature. However, the connection has not been established between the influence of the liquid—solid
intermolecular force and the mechanism of the Leidenfrost effect. Thus, after clarifying the levitation mech-
anism, we also conducted an investigation of the influence of the liquid—solid intermolecular force on this
mechanism.

2. Method

Our calculation domain consisted of an argon nanodroplet, argon vapor, and a platinum wall. The
number of utilized molecules were 26,770 for argon and 140,400 for platinum. The dimensions of the
calculation domain were 43.3 nm, 43.2 nm, and 40.0 nm in the x-, y-, and z-directions, respectively. Periodic
boundary conditions were imposed in x- and y-directions. In the z-direction, a mirror boundary condition
was imposed on the top surface of the calculation domain. A platinum wall consisted of three layers of
platinum molecules, in which they were arranged to reproduce a fcc(111) surface. To control the wall
temperature using the Langevin method [26], two control layers were inserted below the three layers. The
initial temperature of the wall was set to T, = 85 K.

The argon droplet and its vapor were equilibrated at 79 = 85 K using the velocity scaling method
[27]. After reaching the equilibrium state, the platinum wall was inserted to the bottom of the calculation
domain and the initial condition of simulations was formed. The initial diameter of the nanodroplet was
12.60 nm. After establishing the initial condition, the droplet molecules were assigned an initial velocity
toward the platinum wall. The initial velocity V; was —100 m/s and the corresponding Weber number
was We = 13.6. For calculating We, we applied p = 1400 kg/m? for the density and y = 0.013 N/m
for the surface tension, which were derived from the previous nanoscale MD study [27]. Although the
initial velocity of the droplet was too high, the order of the Weber number agreed with that of previous
experimental studies [3, 4, 11, 13]. When the droplet molecules were assigned the initial velocity, the wall
temperature began to increase. It took approximately 140 ps for the droplet to impact, whereas it took
approximately 50 ps for wall temperature to reach the target temperature. Therefore, there was enough time
until the wall temperature increased sufficiently. In the Langevin method, the wall was set to maintain the
desired temperature through a simulation.

For the intermolecular potential between argon molecules, we used the following 12-6 Lennard-Jones

potential function:
a2 g \6
¢Ar<r>=4eAr[( o) —(ﬁ)] (1)

r

where the potential depth €y, is 1.635 X 1072! J, the molecular radius o4, is 0.3405 nm, and r is the dis-
tance between molecules. For the interaction between platinum molecules, we used the following harmonic
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oscillator function: |
dpu(r) = Sk(r = ro)? @

where the spring constant k is 46.8 N/m and the lattice constant of platinum ry is 0.2774 nm. The platinum
wall in this study is just an approximated model with the lattice vibrations. However, it is much simpler than
the complex interactions of the real platinum. Owing to its effectiveness, it is widely used to investigate the
heat transfer between solid and liquid in many MD simulations.

For the intermolecular potential between the argon and platinum molecules, the following potential
parameters are derived from the Lorentz-Berthelot mixing rules:

OAr + Opt

5 » Eint = VEAr * Ept 3)

Oint =
where ep; = 8.346 x 10720 J and op, = 0.2475 nm. However, it is known that this Lorentz—Berthelot mixing
rules yield overly attractive parameters [28]. To resolve this problem, we used the following potential
function and potential parameters [29, 30]:

T arp\12 O ae o \6
Dacp(r) = 4enrm [( At —ﬁ(%)] “)
with et o
Carp = P ep = VEar - Epy . )

2

We can adjust the strength of the intermolecular force between argon and platinum molecules by varying
the values of @ and 8 in Eqgs. 4 and 5. Sedighi et al. [23] varied the liquid—solid intermolecular force in their
MD simulations and compared the behavior of an impacting droplet on an unheated wall with a previous
experimental study [31]. They reported that similar behaviors shown in experiments could be reproduced in
MD simulations on several wettabilities by adjusting the liquid—solid intermolecular force. In Section 3.6,
we varied the strength of the intermolecular force to investigate the relation with the levitation mechanism.
Based on the values in Sedighi’s study, we varied @ = 0.07, 0.14, and 1.0 with 8 = 1.0. The solid walls
indicated hydrophilicity for @ = 0.07 and strong hydrophilicity for @ = 1.0.

When the value of a became high, the vapor molecules adsorbed to the platinum wall before the droplet
impact owing to the strong intermolecular force even if the wall temperature was high. Because of the
difference in saturated vapor pressure between the liquid droplet and thin adsorbed film, it was impossible to
establish the adsorbed film into the initial condition beforehand with aligning the number of argon molecules
and the initial diameter of the droplet. To maintain the condition of the solid surface at the time of impacting
for all simulations, we set @ = 0.007 for the vapor—solid intermolecular force. The same setting had also
been used in our previous MD study [25] to avoid the initial adsorption of vapor molecules.

The cutoff radius was set as . = 1.5 nm and the time step for calculation was At = 5 fs. Newton’s
equations of motion for each molecule were solved using the leap-flog method. Because we considered
the droplet impact as an axisymmetric phenomenon, we set the double-cylinder control volumes [25, 32],
as shown in Fig. 1. These control volumes consisted of 63 layers and 63 shells. Their height dz and
thickness dr were dz = dr = oa,. We calculated the density, velocity, and temperature fields using these
control volumes to investigate the details of the Leidenfrost effect. The density fields were derived from the
number of argon molecules in each cell of the control volumes; similarly, the velocity fields were calculated
from the velocities of argon molecules in each cell. Furthermore, the temperature can be calculated only
from the translation energy because the argon is a monatomic molecule. Thus, the temperature fields were
also derived from the velocities of argon molecules. Detailed method to calculate the temperature fields is
described in Section 3.3. We calculated the density, velocity, and temperature fields every 2 ps by averaging
these values in each cell of the control volumes for 400 steps. Part of the calculated density field and the
corresponding simulation domain are shown in Fig. 2. Layer 1 and Shell 1 were defined as the bottom layer
and innermost shell of the control volumes, respectively. Shell 1 had the smallest volume of these control
volumes. However, since its radius and height were oA, and there was at least one molecule in it, the strong
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~ Layers

dz=0a,

Fig. 1. Control volumes of this MD simulation. There are 63 layers and 63 shells.

density fluctuation did not occur in Shell 1 of the control volumes. The cross points in the right part of
Fig. 2 represent the center of each cell of the control volumes, and the densities calculated in each cell were
corresponded to the cross points of Fig. 2. Thus, the squares in Fig. 2 do not represent the cells of the
control volumes.

The liquid and vapor phases must be distinguished clearly to define the exact time of the occurrence
of the levitation or the evaporation amount from the liquid droplet. Therefore, to binarize density fields,
we set the threshold density as 430 kg/m?, which is derived from the critical density of the Lennard-Jones
fluid with the potensial pareameters of argon [33]: p. = 430.26 kg/m?>. Kobayashi et al. [32] reported that
the molecules presented above Layer 4 were hardly affected by the intermolecular force with the solid wall
owing to the balance between the cutoff radius and height of the layers of the control volumes. Hence, we
defined the case where the liquid phase levitated above Layer 4 as the occurrence of the Leidenfrost effect
in this MD study. According to this definition, the moment of the occurrence of the Leidenfrost effect was
determined from the time when the liquid phase levitated above Layer 4 and there is no liquid phase in
Layer 4.

Shell 1 Shell 2 ------

w ' SSSifiiissates Layer 2

: HHH Layer 1
1 S0l QAW al | ey Y
0 kg/m3 1400 kg/m?3

Fig. 2. Parts of simulation domain (left side) and calculated density field (right side). Layer 1 and shell 1 are set at bottom and
innermost of control volumes, respectively.

Further, since the molecular mass is quite small, we did not impose the gravitational acceleration on
all molecules in the present MD simulations. We have conducted several simulations with imposing the
gravitational acceleration on the argon molecules, and have confirmed that the results do not change with
or without the gravitational acceleration. Once the Leidenfrost effect occurred, the droplet did not stay near
the heated wall and continued to rise in this study; this was not related to the setting without imposing the
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gravitational accelaration.

3. Results

In this section, we first discuss the levitation mechanism of the nanodroplet for @ = 0.14 as a repre-
sentative. Subsequently, we discuss the influence of the liquid—solid intermolecular force on the levitation
mechanism.

3.1. Behavior of impacting droplet on heated wall

Figure 3 shows the binary density images of the impacting droplet on the heated wall for @ = 0.14.
The droplet impacted on the wall at ¢ = O ps. The last figures in Figs. 3b and 3c are the droplet shapes at
the time when the Leidenfrost effect occurred. As shown in Fig. 3a, the impacting droplet evaporated and
did not levitate on the wall at 7,, = 213 K. Meanwhile, as shown in Figs. 3b and 3c, the droplet levitated
after impacting on the wall at 7,, = 255 K or 340 K. In addition, the Leidenfrost effect occurred earlier
when T, = 340 K than when T),, = 255 K. The Leidenfrost effect is more likely to occur at a higher wall

temperature.
I l

t=-50ps Ops 50ps 100 ps 150 ps 250 ps 350ps 450ps 550 ps

izll

t=-50ps Ops 50ps 100 ps 150 ps 200 ps 230ps  260ps 290 ps

t=-50ps Ops 50ps 100 ps 120 ps 140 ps 160ps 180ps 218 ps

Fig. 3. Binarized density field of impacting droplet on heated wall for @ = 0.14 at (a) T, = 213 K, (b) 7, = 255K, and (¢) T, = 340 K.

Additionally, Fig. 3 shows that a thin argon film is adsorbed on the heated wall for all cases. It was
reported that this adsorption layer was formed owing to a strong liquid—solid intermolecular force, and
the temperature of the adsorption layer was almost same as that of a heated wall [25]. For @ = 0.14, an
adsorption layer was formed in Layer 1 of the control volumes when the droplet impacted on the heated
wall. After droplet levitation, the adsorption layer evaporated gradually and disappeared, as shown in Figs.
3b and 3c. It was reported that an adsorbed region where evaporation does not occur is present owing to
strong intermolecular forces in the vicinity of the contact line of the liquids on a solid wall at the microscopic
scale in reality [34, 35]. We assumed that this non-evaporating region corresponds to the adsorption layer
in Layer 1 under the condition of the present MD study. The droplets levitated from above the adsorption
layer, and were separated primarily from Layers 2—4, as shown in Fig. 4.

The shapes of the levitating droplet are obviously different as shown in Figs. 3b and 3c. The droplet
levitates almost horizontally on the wall at 7\, = 255 K; meanwhile, the droplet levitates from its edge
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Fig. 4. Evaporating and separating position of droplet.

and tilts at 7,, = 340 K. A higher upward velocity may occur at the edge of the droplet when the wall
temperature is higher. Therefore, we focus on the velocities caused in the levitating droplet next.

3.2. Velocity field inside impacting droplet on heated wall

As a velocity difference occur within the droplet, we calculated the average velocities in z-direction
separately for the center and edge parts of the droplet. Figure 5a shows the calculation domains for the
center and edge of the droplet. The average velocities of both the center and edge of the droplet were
calculated from the six shells of the control volumes. To calculate the center of the droplet, Shell 1 was
excluded because the number of molecules in Shell 1 was low for averaging owing to its small volume.
The average velocities of the edge were calculated with six shells from the outermost shell. As the droplet
formed the adsorption layer at Layer 1 of the control volumes, we also excluded Layer 1 for the calculation
of both the center and edge of the droplet.

The time evolutions of the average velocities in z-direction of the edge, center, and whole of the droplet
(@ = 0.14) are shown in Fig. 5b for T\, = 213 K, Fig. 5c for T, = 255 K, and Fig. 5d for 7, = 340 K.
The circles in Figs. 5c and 5d represent the time when the Leidenfrost effect occurred. Owing to the
droplet shape at the instance of impacting and in the spreading process, the average velocities at the edge
of the droplet increased faster than at the center of the droplet after impacting (approximately ¢ < 70 ps).
For T,, = 213 K, little difference was shown in the average velocities within the droplet. Meanwhile, the
average velocities at the edge exceeded those of the center and whole of the droplet for 7,, = 255 K and
T,, = 340 K, as shown in Figs. 5c and 5d. A higher velocity at the edge of the droplet contributed to the
levitation of the entire droplet when 7, = 255 K and 7\, = 340 K.

After the occurrence of the Leidenfrost effect, the average velocities of the three regions become a same
velocity at approximately V = 35 m/s for both cases as shown in Figs. 5c and 5d. In general, we can
consider that the levitation velocity of a droplet becomes faster as the wall temperature increases. However,
the levitation velocities were almost the same for 7, = 255 K and 7, = 340 K. When the wall temperature
was higher, it took a shorter time to levitate and total evaporation amount became smaller. Our previous MD
study indicated that the droplet molecules maintains larger number as the wall temperature was higher [25].
Considering these results, the levitating droplet maintained a larger volume, and the levitation velocity does
not become higher when 7, = 340 K in comparison with when 7, = 255 K.

We subsequently conducted a more detailed investigation on the velocity inside the impacting droplet to
elucidate why the large upward velocity was caused at the edge of the droplet. Figure 6 shows the binarized
density fields and the corresponding velocity fields in the z- and r-directions at 7\, = 340 K for @ = 0.14.
The velocity fields in z-direction, corresponding to Fig. 5d, are shown in Fig. 6b. As the droplet was
assigned the initial velocity toward the solid wall, the droplet has negative velocities in the initial stage of
impacting. After impacting, the upward velocity increases significantly at the edge of the droplet in the
levitation process, as discussed in the results in Fig. 5d.

Figure 6¢ shows the velocity fields in the r-direction, which is defined as positive in the radially outward
direction. Because the droplet spreads after impacting, the bottom of the droplet indicates a high outward
velocity at r = 50 ps. After the spreading process, a radial velocity was occurred at the bottom of the droplet
owing to heat reception. The dotted green line in Fig. 6¢ separates the droplet into upper and lower parts. An
outward velocity occurs primarily in the lower part of the droplet while an inward velocity occurs primarily
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Fig. 5. (a) Schematic of calculation domains for average velocities in z-direction of edge and center of droplet. Time evolutions of
average velocity of edge, whole, and center of droplet for @ = 0.14 at (b) 7\, = 213 K, (¢) T, = 255 K, and (d) T}, = 340 K. Circles in
(c) and (d) represent the time Leidenfrost effect occurred.

in the upper part. By comparing and associating with the velocity fields in the z-direction, we confirm that
an internal flow as that shown in Fig. 7a is generated. The velocity vectors plot on the binalized density field
which represents t = 130 ps in Fig. 6a—c is shown in Fig. 7b. We can confirm the generated internal flow
also from Fig. 7b. After the Leidenfrost effect occurred (# = 218 ps), the r-directional velocity field exhibits
an inward velocity in the entire droplet because the levitating droplet attempts to return to the spherical
shape by its surface tension.

In conclusion, the upward velocity at the edge of the droplet was generated owing to the internal flow,
and the impacting droplet can levitate from its edge, which had a higher upward velocity. Because the
upward velocity at the edge of the droplet varied with the wall temperature, the relation between the wall
temperature and internal flow should be investigated.

3.3. Temperature field inside impacting droplet on heated wall

To investigate the influence of the wall temperature on the impacting droplet, we calculated the temper-
ature in a control volume using the following equation:

2 91
_ 1 i \2
T = _3NkB Ei 2mAr(Vth) (6)

where N is the number of argon molecules in a control volume, kg is the Boltzmann constant, m; is the mass
of the argon molecule, and vy, is the thermal velocity of the molecule i. The thermal velocity is defined as
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Fig. 6. (a) Binarized density fields of droplet for @ = 0.14 at T, = 340 K. Corresponding velocity fields in (b) z-direction and (c)
r-direction. Dotted green line shown in (c) divides droplet into upper and lower parts. Outward velocity occurred at lower part and
inward velocity occurred at upper part.

(@ Upward velocity
e, at edge of droplet

é

Fig. 7. (a) Schematic of internal flow and caused upward velocity; (b) velocity vectors plot for & = 0.14 at T, = 340 K (¢ = 130 ps).

the difference between the velocity of a molecule and average velocity of molecules in a cell of the control
volume. The average velocity of each cell of the control volumes and the thermal velocity of molecules
were calculated every time step, and the temperature 7 in Eq. 6 was also calculated every time step. The
temperature fields were obtained every 2 ps from the average temperatures for 400 steps in each cell.

Binarized density fields and the corresponding temperature fields of the droplets after impacting are
shown in Fig. 8. The temperature of the liquid phase is limited to the critical temperature 7, and the critical
temperature which is derived from the Lennard-Jones fluid of argon is 7. = 154.5 K [33]. Thus, we set
the maximum temperature of the temperature fields at 180 K with a margin. Further, we set the minimum
temperature at 80 K because the initial temperature of the droplet was Ty = 85 K. In order to investigate
the droplet temperature before the Leidenfrost effect occurred, Fig. 8b and 8c show the temperature fields
until the droplet detached from the heated wall. Figure 8 shows that the droplet temperatures increase in
the vicinity of the heated wall for all cases. High-temperature regions at the bottom of the droplet become
thicker as the wall temperature becomes higher. As shown in Figs. 8b and 8c, the high-temperature regions
of the droplet evaporate and disappear before droplet levitation.

Because the droplet separates from Layers 2—4, as shown in Fig. 4, the droplet temperature in Layers
2-4 may affect the detach and evaporation processes of the droplet. The time evolutions of the average
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Fig. 8. Binarized density fields (left side) and corresponding temperature fields (right side) for @ = 0.14 at T}, = (a) 213, (b) 255, and
(c) 340 K.

temperatures in Layers 2—4 of the droplet (o > 430 kg/m?) for each wall temperature are shown in Fig. 9.
The dashed red line in Fig. 9 represents the critical temperature of argon (7, = 154.5 K). This figure shows
that the average temperatures reach the critical temperature when 7, = 255 K and 340 K. It is reported
that heterogeneous nucleations seldom occur on hydrophilic surfaces in nanoscale MD simulations [19, 20].
Thus, the temperatures of the liquid phase exceeded the boiling point and reached the critical temperature
locally in the vicinity of the heated wall in this MD study.

The average temperatures in Layers 2—4 reached the critical temperature around ¢ = 200 ps and 120 ps
for T\, = 255 K and 340 K, respectively. As shown in Figs. 8b and 8c, the droplets in the vicinity of the
heated wall gradually starts to change into the vapor phase after these times. This result indicates that the
temperature increase of the droplet in the vicinity of the heated wall affects the initial stage of the levitation
of the droplet.

r—|160 T T T

“gﬁlso

%j\ﬁ 140

EB g 130

g%lzo

24110

o <

Qg 100

T3 90

<5 80 :

0 100 200 300 400
Time [ps]

Fig. 9. Time evolutions of average temperature of droplet in Layers 2—4 for @ = 0.14. Dashed red line represents critical temperature
of argon (T, = 154.5 K).
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3.4. Droplet evaporation on heated wall

To elucidate the details of the evaporation processes accompanying temperature increase, we calcu-
lated the evaporation amounts from the droplet. We defined the evaporation molecules from Layer i as the
molecules that were in the liquid phase (o > 430 kg/m?®) of Layer i at one time and in the vapor phase
(o < 430 kg/m3) at the following time (after 2 ps). Further, we defined the condensation molecules in
Layer i as the molecules that were in the vapor phase at one time and in the liquid phase of Layer i at the
following time. The difference between the numbers of evaporation and condensation molecules represents
the number of net evaporation molecules. The evaporation amount from the droplet was estimated from the
number of net evaporation molecules. When a droplet impacts on an unheated wall, liquid molecules are re-
leased from the droplet owing to the effect of the impacting. Thus, by this definition, evaporation molecules
contain molecules that are released by impacting.

The time evolutions of the total number of net evaporation molecules from each layers of the impacting
droplet for @ = 0.14 are shown in Fig. 10a for T\, = 85 K and Fig. 10b for T, = 255 K. When T, = 85 K,
evaporation by heat reception did not occur and molecules were released only by impacting, as mentioned
above. Because the adsorption layer was formed in Layer 1 and the droplet was separated from Layers 2—4
(shown in Fig. 4), we calculated the sum of the number of net evaporation molecules for every three layers
except Layer 1. Figures 10a and 10b show that a larger difference occurred in the evaporation amount from
Layers 2—4. This implies that the most evaporation occurred at the position close to the heated wall and that
heat reception affected little at the regions above. It is widely acknowledged that the evaporation of liquids
on a solid wall occurs primarily in the vicinity of the three-phase contact line (TPCL) [36]. Furthermore,
a previous research reported that the evaporation amount of a sessile droplet increased significantly on a
substrate where the TPCL was increased by nanorods [37]. It means that the TPCL affected the evaporating
phenomenon of droplets on the solid wall significantly. As mentioned in Section 3.1, it was reported that the
non-evaporating region is present in the vicinity of the contact line [34, 35] and this region corresponds to the
adsorption layer in Layer 1 of the present study. Moreover, Zhang et al. demonstrated that the evaporation of
a droplet occurred preferentially in the TPCL region in nanoscale MD simulation with a hydrophilic surface
[16]. In this study, we assumed that the TPCL region is in the vicinity of the contact line in Layers 2—4 from
the result of Fig. 10; therefore, we can conclude that it is reasonable to utilize the evaporation amount from
Layers 2—4 for the investigations into the droplet evaporation on the heated wall for @ = 0.14.

@ T, = 85K (b) T,, = 255 K
& + 3500 -— & % 3500 -—
§ 8 3000 | Il:ayers g_;‘ . § g— 3000 } tayers 2—471 .
S © — —Layers 5- 27O — —lLayers 5>-
2500 } ] 2 2500 } ]
IS g S00 Fi .. Layers 8-1 o g S00 F| ... Layers 8—1(
5 S 2000 | {1 582000} ]
3 21500 3 21500 } T
E 8 1000 £ § 1000 ~
S = 50 - — .
c O c o Ve eeeenens URSRCTITI
g g 500 53 500 F L ]
E% o 85 ol L
0 40 80 120 160 200 0 40 80 120 160 200
Time [ps] Time [ps]

Fig. 10. Time evolutions of total number of net evaporation molecules from each layers for « = 0.14 at (a) T,, = 85 K, and (b)
T, =255K.

3.5. Evaporation near TPCL and induced radial flow

Figure 11 shows the time evolutions of the total number of net evaporation molecules from Layers 2—4
for each wall temperature. The circles represent the time when the Leidenfrost effect occurred. Because
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the droplet detached and levitated from Layers 2—4, liquid molecules were almost not present in Layers 2—4
before levitation. Thus, before the Leidenfrost effect occurs, the slopes of the graphs in Fig. 11 become
almost flat for T,, = 255 K and 340 K and it means that the total number of net evaporation molecules does
not increase (evaporations does not occur from Layers 2—4).
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Fig. 11. Time evolutions of total number of net evaporating molecules (o = 0.14) from Layers 2—4 for each wall temperature. Circles
represent the time when Leidenfrost effect occurred. Sharp increases occurred at points indicated by solid arrows for T, = 255 and
340 K. Dashed lines are approximate curves up to these points.

In addition, we confirm that significant increases occurred in the total number of the net evaporation
molecules at the points indicated by solid arrows for T, = 255 K and 340 K in Fig. 11. The increases in the
slopes imply that the evaporation amount from Layers 2—4 increases temporarily. The significant increases
occur at approximately ¢ = 200 ps for T, = 255 K and ¢ = 120 ps for T, = 340 K. These increases occur
when the average temperatures in Layers 2—4 reach the critical temperature, as shown in Fig. 9. When the
droplet temperature in Layers 2—4 reached the critical temperature, the droplet in this region could not be in
the liquid phase and had to change into the vapor phase because the liquid density decreased below p.. As
a result, the evaporation amount increased significantly and the intensive vapor flow occurred.

Figure 12 shows the density fields and intended positions of the TPCL regions of the impacting droplet
at T,, = 255 K in this MD study. The circles on the binarized density fields in the left column of Fig. 12
show the intended positions of the TPCL regions. As a phenomenon related to the droplet evaporation on
the solid wall, it was reported that a radial flow at the bottom of the droplet was induced when evaporation
occurred in the vicinity of the TPCL [38, 39]. It was also reported that the TPCL was pinned in 90-95% of
the evaporation process and receded only in the final stage of the evaporation process [40]. Moreover, Gao et
al. reported that a contact line was pinned for a longer time on a hydrophilic surface than on a hydrophobic
surface [41]. The radial flow is mainly induced while the contact line is pinned. As shown in Fig. 12, the
position of the TPCL region moves slightly during evaporation; however, it does not recede significantly
when the droplet detached from the heated wall. Thus, in the present MD simulations, although the TPCL
region is not pinned perfectly, we assumed that the droplet evaporation from the TPCL region induces a
radial flow at the bottom of the droplet. The white rectangle at t = 250 ps in Fig. 12 shows the region in the
vicinity of the heated wall after most of the droplet detached from the wall. In the binarized density fields,
it appears that the droplet is mostly separated from the wall. However, in the continuous density fields,
a vapor-liquid boundary surrounds the liquid phase and there is the vapor film beneath the liquid droplet.
Hence, although the liquid phase was not in contact with the heated wall, the heated wall continued to have
some effect on the behavior of the liquid phase through the vapor flow.

Figure 13 shows the time evolutions of the average radial velocities in Layers 5—7 for each wall temper-
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Fig. 12. Binarized density fields (left side) and continuous density field (right side) of impacting droplet at 7', = 255 K for & = 0.14.
Circles on binarized density fields in left column represent intended positions of three-phase contact line (TPCL).

ature. Because the droplet separates from Layers 2—4, this region does not maintain the liquid phase during
evaporation and levitation processes. Hence, to represent the radial velocities occurring at the bottom of
the liquid droplet, we calculated the average radial velocities in Layers 5-7. The dashed lines in Fig. 13
represent the time when the Leidenfrost effect occurred. The average velocity when T, = 85 K, which
was not affected by heat reception, is also shown in Fig. 13. It represents only the effect of the impacting.
Thus, the difference from the case T, = 85 K is the velocity that was induced by heat reception. At the
early stage of the impacting (¢ < 50 ps), the average radial velocities indicate maximum values for all wall
temperatures. This was caused by the droplet spreading owing to the effect of the impacting. Subsequently,
the radial velocities decrease owing to viscous dissipation [42] for all cases. When T, = 213 K, the effect of
heat reception on the radial outward direction was shown in the initial spreading process (r < 150 ps). After
spreading (¢ > 200 ps), the average radial velocity at the bottom of the droplet oscillates negative and posi-
tive. Eventually, the velocities become approximately V = 4 m/s for both cases of T\, = 85 K and 213 K.
When T,, = 255 K and 340 K, the average radial velocities increased significantly before the Leidenfrost
effect occurred, and the velocities indicate positive values continuously. These increases occurred approxi-
mately at r = 200 ps for T, = 255 K and ¢ = 120 ps for 340 K. These times correspond well to the times
when the temperatures of the droplet reached the critical temperature of argon (shown in Fig. 8), and the
times when the evaporation amount increased significantly (shown in Fig. 11). This implies that the radial
outward velocities were induced significantly by the evaporation on the high-temperature wall. The high
wall temperature resulted in a significant increase in the droplet temperature in the vicinity of the heated
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wall, and an intensive evaporation occurred when the droplet temperature reached to the critical temperature
of argon. This intensive evaporation from the TPCL region induced a high radial flow at the bottom of the
droplet.
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Fig. 13. Time evolutions of average radial flow in Layers 5-7. Dashed lines represent the time when Leidenfrost effect occurred.
Significant increases occurred before Leidenfrost effect occurred.

In particular, for 7\, = 255 K, the upward velocity at the edge of the droplet indicated a significant
increase at approximately r = 200 ps, as shown in Fig. 5c. This implies that the increase in the radial
velocity at the bottom of the droplet and the increase in the upward velocity at the edge of the droplet
occurred almost simultaneously. Thus, we can conclude that the high upward velocity at the edge was
caused by the internal flow shown in Fig. 7, and this internal flow was caused by the intensive evaporation
when the droplet temperature reached the critical temperature. Finally, the impacting droplet levitated from
its edge because of the resulted high upward velocity. The series of these phenomena from temperature
increase is the mechanism of the Leidenfrost effect in the present MD study.

3.6. Influence of liquid—solid intermolecular force

We demonstrated the mechanism of the Leidenfrost effect by varying the wall temperature with the
fixed value of @ = 0.14. In this section, we demonstrate the influence of the value of a—the liquid—solid
intermolecular force—on the levitation mechanism with a fixed wall temperature of 7', = 213 K. We varied
a = 0.07, 0.14, and 1.0 as mentioned in Section 2. Figure 14 shows the binary density images of the
impacting droplet on the heated wall at 7', = 213 K for each value of @. When T, = 213 K, the Leidenfrost
effect occurred only for @ = 1.0 as shown in Fig. 14. This result shows that the Leidenfrost effect will likely
occur when the liquid—solid intermolecular force is strong. Moreover, we can confirm that the stronger
liquid-solid intermolecular force led the thicker adsorption layer as shown in Figs. 14b and 14c.

The initial stage of the levitation mechanism, which has been shown, is the temperature increase at the
bottom of the droplet. Hence, to elucidate the influence of the strength of the liquid—solid intermolecular
force on the levitation mechanism, we calculated the droplet temperatures in the vicinity of the heated wall
without adsorption layers. Figure 15a shows the time evolutions of the average temperature at the bottom
of the droplet for each value of @ at T,, = 213 K. The dashed red line in Fig. 15a represents the critical
temperature of argon. When @ = 0.14, the adsorption layer was formed in Layer 1, as shown in Fig. 4;
further, we calculated the average temperature in three layers above this adsorption layer (Layers 2—4), as
shown in Fig. 9. When a@ = 0.07, the adsorption layer was not formed on the heated wall, and when
a = 1.0, it was formed in Layers 1-2 owing to the strong liquid—solid intermolecular force. Thus, the
average temperatures in Fig. 15a were calculated in Layers 1-3 for @ = 0.07, in Layers 2—4 for « = 0.14,
and in Layers 3-5 for @ = 1.0. Figure 15a shows that the average temperature becomes higher as the value
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Fig. 14. Binarized density field of impacting droplet on heated wall at T, = 213 K for (a) @ = 0.07, (b) @ = 0.14, and (c) @ = 1.0.

of @ becomes higher, and that the temperature at the bottom of the droplet reaches the critical temperature
only when @ = 1.0 at approximately = 200 ps. This implies that the stronger intermolecular force resulted
in a significant increase in the droplet temperature although the wall temperature was fixed.

Reaching the critical temperature of the droplet temperature in the vicinity of the heated wall induced
the intensive evaporation and significant increase in the radial velocity at the bottom of the droplet, as shown
in Figs. 11 and 13. The result of Fig. 15a implies that the same tendencies appear when @ = 1.0. Figure
15b shows time evolutions of the total number of net evaporation molecules from the bottom of the droplet.
From the calculation domains in Fig. 15a, the evaporation amounts in Fig. 15b were calculated from Layers
1-3 for @ = 0.07, from Layers 2—4 for @ = 0.14, and from Layers 3-5 for @ = 1.0. The open circle in Fig.
15b represents the time when the Leidenfrost effect occurred. The evaporation amount increases indicated
by the solid arrow for @ = 1.0, and this increase occurred when the droplet temperature reached the critical
temperature as shown in Fig. 15a.

A radial flow at the bottom of the droplet on the heated wall is induced even when the value of « is
varied. Figure 15c shows the time evolutions of the average radial velocities at the bottom of the droplet
that were induced by the evaporations from the droplet in the vicinity of the heated wall at 7, = 213 K for
each value of @. The average radial velocities were calculated in Layers 4-6 for @ = 0.07, in Layers 5-7
for @ = 0.14, and in Layers 6-8 for @ = 1.0 (three layers above the evaporating regions) as the regions
where the radial velocities were induced. The dashed line represents the time when the Leidenfrost effect
occurred. This figure shows that the average radial velocity almost keeps the positive value and shows the
steady increase before the Leidenfrost effect occurred when @ = 1.0. The time when this increase occurred
is approximately ¢ = 200 ps, and corresponds well to the time when the evaporation amount increases in
Fig. 15b.

For these results, the temperature increase of the droplet in the vicinity of the heated wall became larger
when the liquid—solid intermolecular force was stronger, as well as when the wall temperature was higher;
further, the intensive evaporation and induced radial flow at the bottom of the droplet are observed when
the droplet temperature reached the critical temperature. As shown in Figs. 5, 6, and 7, the upward velocity
was induced by the internal flow, which was caused by the radial flow at the bottom of the droplet. Figure
16 shows the time evolutions of the average velocities of the edge, whole, and center of the droplet for each
value of @ at T,, = 213 K. The calculation domains of each average velocity were the same concept as that
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Fig. 15. Time evolutions of (a) average temperature at bottom of droplet, (b) total number of net evaporation molecules from bottom
of droplet, and (c) average radial velocity at T, = 213 K. Dashed line in (a) represents critical temperature of argon. Circle in (b) and
dashed line in (c) represent the time when Leidenfrost effect occurred.

in Fig. 5a (six shells from Shell 2 and from the outermost shell of the droplet). In Fig. 5, we excluded Layer
1 from the calculation domains because adsorption layers were formed in Layer 1 for @ = 0.14. Thus, for
calculating the average velocities in Fig. 16, we excluded Layer 1-2 for @ = 1.0 because the adsorption
layers were formed in Layers 1-2, and we did not exclude any layers for @ = 0.07 because adsorption layers
were not formed. The open circle in Fig. 16c represents the time when the Leidenfrost effect occurred.
When « = 0.07 and 0.14, in which the Leidenfrost effect did not occur, the three average velocities indicate
little differences after + = 120 ps. Meanwhile, for @ = 1.0, the average velocity of the edge of the droplet
exceeded those of the others and the Leidenfrost effect occurred, as shown in Fig. 16¢. This implies that the
upward velocity at the edge of the droplet caused the entire droplet to levitate for @ = 1.0. The times when
the radial velocity at the bottom of the droplet increased in Fig. 15¢ and when the average velocity at the edge
first showed the significant increase in Fig. 16¢ for @ = 1.0 were both at approximately ¢ = 200 ps. Hence,
the high upward velocity had occurred at the edge of the droplet owing to the internal flow. This levitation
mechanism is the same as that of the Leidenfrost effect that occurs when the value of @ was constant and
the wall temperature became sufficiently high. Thus, we conclude that the liquid—solid intermolecular force
primarily affects the temperature increase at the bottom of the droplet, which occurs in the initial stage of
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the levitation mechanism.
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Fig. 16. Time evolutions of average velocity of edge, whole, and center of droplet at 7', = 213 K for (a) @ = 0.07, (b) @ = 0.14, and
(c) @ = 1.0. Circle in (c) represents the time when Leidenfrost effect occurred.

4. Conclusion

In this study, we conducted MD simulations to clarify the mechanism of the Leidenfrost effect and to elu-
cidate the influence of the liquid—solid intermolecular force on the levitation mechanism for nanodroplets.
A high wall temperature or strong liquid—solid intermolecular force results in a significant increase in the
nanodroplet temperature in the vicinity of the heated wall. When the temperature reaches the critical tem-
perature, an intensive evaporation occurs and a high radial flow is induced at the bottom of the nanodroplet.
This induced radial flow produces the high upward velocity at the edge of the nanodroplet. Consequently,
the impacting nanodroplet levitates from its edge. This is the mechanism of the Leidenfrost effect, and the
liquid—solid intermolecular force affects the temperature increase at the bottom of the nanodroplet, which
occurs in the initial stage of the levitation mechanism.
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