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Abstract When droplets impact on a heated wall, they can levitate owing
to the vapor stream generated by the droplet evaporation. This phenomenon
is called the Leidenfrost effect, and the vapor layer prevents heat transfer be-
tween the droplet and heated wall. In this study, we investigated the influence
of the intermolecular force between liquid and solid molecules on the levi-
tating phenomenon, which is caused by heat transfer, for nanodroplets. We
used a molecular dynamics (MD) simulation to evaluate the detailed behavior
of droplet levitation and investigated the temperature field of the impacting
droplet. We found that the droplet levitation was likely to occur at lower tem-
perature when the intermolecular force was stronger. In addition, when the
intermolecular force was strong enough, the liquid molecules stayed on the
heated wall and an adsorption layer was formed. This adsorption layer ex-
ceeded the critical temperature of the liquid molecules, and the existence of
the adsorption layer significantly affected the onset of the droplet levitation.

Keywords Molecular dynamics simulation · Leidenfrost effect · Wettability ·
Intermolecular force · Adsorption layer

1 Introduction

The impact of droplets on a heated wall can be seen in spray cooling for
heated steel, electronic devices, and other settings and applications [1, 2]. The
utilized droplets have become smaller (tens of a micrometer) and faster (tens
of m/s) with the recent progression of technology [3]. When a droplet impacts
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on a solid wall at sufficiently high temperature, it can levitate owing to the
vapor stream generated by its evaporation in the vicinity of the wall. This
phenomenon is called the Leidenfrost effect [4], and the heat transfer between
the droplet and heated wall is prevented by the vapor layer, which has a low
thermal conductivity. This effect is also applied in the field of microfluidics
[5, 6].

The boiling regimes of the impacting droplet on the heated wall have been
extensively investigated. It is known that the behavior of the impacting droplet
on the heated wall and heat transfer are influenced by both wall temperature
and Weber number of the drople [7]. The Weber number, which is the ratio
of the inertia force to surface tension force of the droplet, is the following
dimensionless number:

We =
ρDV 2

γ
, (1)

where ρ is the density of the liquid, D is the diameter of the droplet, V is the
impact velocity, and γ is the surface tension of the liquid, respectively. Many
studies have been conducted to investigate the effect of the Weber number
on droplet boiling and the onset of the Leidenfrost effect. In these studies, it
was reported that the high Weber number caused by the high droplet velocity
or the low surface tension increased the Leidenfrost temperature, which is the
minimum temperature for the onset of the Leidenfrost effect [8, 9, 10, 11]. This
means that the high Weber number of a droplet suppresses the onset of the
Leidenfrost effect.

In addition to the Weber number, the wettability of the solid surface also
affects the behavior of the impacting droplet and droplet boiling. The wetta-
bility of the solid surface can be changed by changing the surface roughness
and surface properties. In particular, the influence of textures on the Leiden-
frost temperature has been widely investigated. Some studies showed that the
existence of the textures on the solid surface increased the Leidenfrost tem-
perature [12, 13], while others indicated opposite results [10, 14]. Clavijo et al.
[15] investigated the Leidenfrost temperature with hydrophilic and hydropho-
bic walls of plane surfaces, and superhydrophilic and superhydrophobic walls
of textured surfaces. In their study, although the Leidenfrost temperature be-
came high as the solid surface became hydrophilic from superhydrophobic, the
Leidenfrost temperature of the superhydrophilic surface was lower than that
of the hydrophilic surface. Furthermore, Kwon et al. [16] reported that the
dense textures of a hydrophilic surface decreased the Leidenfrost temperature
because the outward vapor flow was hindered by these dense textures, while
the sparse textures of a hydrophilic surface raised the Leidenfrost temperature.

Many studies have been conducted to investigate the influence of the wetta-
bility on the Leidenfrost temperature. However, the dependence of the Leiden-
frost temperature on the wettability of a solid surface is not well understood
because there are numerous factors involved in the wettability, as mentioned
above. Therefore, detailed analyses on the mechanisms or conditions for the
onset of the droplet levitation from the viewpoint of wettability, which have
not been clarified yet, are needed.
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In this study, we investigated the influence of the wettability of a solid sur-
face on the droplet levitation and the evaporation process of the impacting nan-
odroplets by changing the liquid–solid intermolecular force with molecular dy-
namics (MD) simulations. Because the MD simulation can treat phase-change
phenomena without any specific model, we can analyze the evaporation pro-
cess, which is essentially a molecular scale and non-equilibrium phenomenon.
For instance, the evaporation of a sessile nanodroplet has been studied by MD
simulation [17, 18].

As a further advantage of using MD simulations, we can easily change the
intermolecular force between molecules. The main factors on the wettability
of a solid surface are the surface roughness and intermolecular force between
liquid and solid molecules. Previous researches have shown that the wettability
of a solid surface was changed by varying the intermolecular force between
liquid and solid molecules in the MD simulation [19, 20, 21]. In general, the
solid surface becomes strong hydrophilic when the liquid–solid intermolecular
force becomes strong.

Because the intermolecular force is a more fundamental factor of determin-
ing the wettability than surface structures, we investigated the evaporating
phenomena of the impacting nanodroplets on a flat surface by changing the
liquid–solid intermolecular force. To investigate the influence of We, the initial
velocity of the droplet was also changed. In addition, we calculated the density
and temperature fields of the impacting and evaporating droplet to analyze
the detailed mechanism of the evaporating process.

2 Method

2.1 System condition

In this study, we used argon for the liquid and vapor molecules (21030 and
5740 molecules, respectively), and platinum for the solid molecules (140400
molecules). The initial diameter of the nanodroplet was D0 = 12.60 nm. The
initial configuration of this simulation is shown in Fig. 1. The lengths of the
simulation domain were 43.3 nm × 43.2 nm × 40.0 nm. Periodic boundary
conditions were imposed in the x and y directions, and a mirror boundary
condition was imposed on the top surface in the z direction.

The droplet and vapor were formed in the vapor–liquid equilibrium state
at 85 K [22]. In this process, the velocity scaling method was applied to argon
molecules to keep at 85 K in the calculation domain. In another system, the
platinum molecules were arranged in three layers to be the fcc crystal with
(111) surface. Under these three layers, other two layers of platinum were
inserted to control the wall temperature with the Langevin method [23]. An
initial wall temperature was set as 85 K. By inserting this platinum wall to
the bottom of the calculation domain, the initial configuration of this MD
simulation as seen in Fig. 1 was established.
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An initial velocity of V0 was given to the droplet molecules to impact on
the heated wall. The initial velocities V0 were changed to 100, 200, and 300
m/s. The corresponding Weber numbers were 13.6, 54.3, and 122, respectively.
In this study, we carried out the high-velocity droplet impact to fit the Weber
number with the previous experiments [10, 13, 15, 24] as much as possible. The
applied parameters of surface tension and liquid density were γ = 0.013 N/m
and ρ = 1400 kg/m3 [22].

After the initial velocity was given to the droplet molecules, the wall tem-
perature was raised to the desired temperature for each simulation. Figure 2
shows examples of the time evolutions of the wall temperature. The dashed
line represents the time the droplet impacts with V0 = 300 m/s. The wall
temperature was raised sufficiently until impact, and was kept at the desired
temperature through the simulation.

2.2 Calculation model

We used the Lennard-Jones potential function for the intermolecular force
between argon molecules,

ϕAr(r) = 4εAr

[(σAr

r

)12
−
(σAr

r

)6]
, (2)

where the potential depth and the molecule diameter are εAr = 1.635 ×
10−21 J and σAr = 0.3405 nm, respectively. r represents the distance between
molecules.

The interaction between platinum molecules was represented by the fol-
lowing harmonic oscillator potential,

ϕPt(r) =
1

2
k(r − r0)

2, (3)

where k is the spring constant (k = 46.8 N/m) and r0 is the lattice constant
of platinum (r0 = 0.2774 nm).

For the intermolecular force between argon and platinum molecules, we
used the following potential function,

ϕint(r) = 4εint

[(σint

r

)12
− β

(σint

r

)6]
, (4)

with

σint =
σAr + σPt

2
, εint = α

√
εAr · εPt , (5)

where εPt = 8.346× 10−20 J and σPt = 0.2475 nm, respectively. From Eqs.(4)
and (5), the intermolecular force between argon and platinum molecules can be
changed with variations in α or β. The wettability of the solid surface can be
changed by varying the liquid–solid intermolecular force. In this study, we fixed
the value of β as β = 1.0, and changed the value of α for α = 0.07, 0.14, and
1.0. The intermolecular force became strong as the value of α became high.
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MD studies, which changed wettability by varying a liquid-solid interaction
parameter, have been conducted to compare behaviors of impacting droplet
with experiments on several wettabilities [25, 26]

Owing to the intermolecular force between argon and platinum molecules,
vapor argon molecules could adhere to the platinum wall and a thin argon film
was formed on the wall before the impact of liquid droplet. This formation of
the thin film occurred only the case at V0 = 100 m/s because of the impact
time of the droplet in this simulation. It was inconvenient that the difference
in the formation occurred depending on the initial velocity of the droplet
even with the same value of α. It is difficult to establish the thin film into
the initial condition beforehand with adjusting the number of the droplet
and vapor molecules in consideration of the formation of the thin film. A
difference in the saturated vapor pressure between the droplet and thin film
also makes it difficult. To resolve these issues, we set α = 0.007 for vapor–solid
intermolecular force at initial condition for all cases of this study to avoid
adsorption and keep the solid surface clean before impact. In a previous MD
study [25], it is reported that a droplet behavior for α = 0.007 had a good
similarity with that of experiments on a superhydrophobic surface. We can
say that this value is reasonable to avoid the adsorption of vapor molecules.

The time step was 5 fs, and data of every 2 ps, which were calculated by
averaging 400 steps, were used for the analysis. The Newton’s equation for
each molecule was solved by using the leap-frog method, and a cutoff radius
was set as Rc = 1.5 nm.

2.3 Wettability and liquid–solid intermolecular force

A contact angle θ of the droplet can be calculated from the following Young’s
equation,

γSV = γLV cos θ + γSL, (6)

where γSV is a solid–vapor interfacial tension, γLV is a liquid–vapor interfacial
tension, and γSL is a solid–liquid interfacial tension, respectively.

Nishida et al. [21] calculated the interfacial tension balance in a hemi-
cylindrical droplet system with several liquid–solid intermolecular forces, and
obtained the contact angle from the Young’s equation in Eq.(6) in a nanoscale
MD simulation. They reported that the contact angle derived from the Young’s
equation almost corresponded to the contact angle measured from a least
squares circle fitting. Therefore, the contact angle and wettability of the solid
surface can be evaluated without calculating the Young’s equation in a similar
MD study.

Figure 3 shows the droplet shapes after reaching equilibrium from the im-
pact on the solid wall with the initial velocity of V0 = 3 m/s in this MD
system. By using the circle fitting, the contact angles of droplets were mea-
sured as θ = 70◦ for α = 0.07, and θ = 40◦ for α = 1.0, respectively. This
indicates that the solid wall becomes strong hydrophilic as the liquid–solid
intermolecular force becomes strong.
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Some chemical approaches are used to change the wettability by varying
liquid-solid intermolecular interaction without any change of surface struc-
tures. For instance, Teflon coating to yield a hydrophobic surface or plasma
coating to yield hydrophilic surface is used. We can reproduce several wetta-
bilities correlated to these applications by varying the value of α.

2.4 Definition of Leidenfrost effect

In this study, we used the double-cylinder control volumes [26] shown in Fig.
4 to calculate the density or temperature field under the assumption that the
droplet impact had axial symmetry. The height dz and thickness dr of each
control volume were set as the molecule diameter of argon (σAr), and the
number of control volumes was 63× 63. We also defined the Layers (Layer 1,
Layer 2, etc.) from the bottom of the control volumes, as shown in Fig. 4.

Figure 5a shows an example of the density field calculated with the control
volumes. From this figure, we cannot clearly distinguish between the liquid
and vapor phases, and this makes it difficult to evaluate the droplet levitation
with precision. Therefore, we set a threshold density for binarization and in-
vestigated whether the droplet levitated or not by using the binary image, as
shown in Fig. 5b. The threshold density for binarization was set as 540 kg/m3,
derived from the critical density of argon (ρc = 535.6 kg/m3).

Kobayashi et al. [26] showed that there was little influence of the inter-
molecular force from the wall on the liquid molecules in the fourth or higher
layer of the control volumes because of the balance between the cutoff radius
and height of the layer. Hence, we defined the onset of the Leidenfrost effect
as the case in which the droplet (liquid phase) levitates over the Layer 4 of
the control volumes. Note that, in this study, we referred to both levitation
and bounce as the Leidenfrost effect on this definition.

3 Results

3.1 Levitation of droplet

Figure 6 shows the droplet shapes with V0 = 100 m/s until the Leidenfrost
effect occurred (Tw = 340 K) for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0,
respectively. The cases Tw = 340 K were suitable for detailed analyses as the
droplets can levitate regardless of other conditions. The cases V0 = 100 m/s
were also suitable as the droplets kept its spherical shape after impacting and
levitating.

For α = 1.0, the adsorption layer was formed on the heated wall, while a
small adsorption layer was formed during droplet evaporation for α = 0.14.
A remaining fragment of the adsorption layer was observed at the center of
the wall in Fig. 6b. And for α = 0.07, no adsorption layer was observed on
the heated wall. The adsorption layer was formed when the liquid–solid inter-
molecular force became sufficiently strong. Figure 7 shows the intermolecular
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potential between liquid and solid molecules for each value of α. The dashed
lines represent the layer boundaries of the control volumes. For α = 1.0, a
strong attractive force covers a range from Layer 1 to Layer 2. Thus, in this
study, the adsorption layer was formed mainly in Layer 1 and Layer 2. Ad-
ditionally, although the onset time of the Leidenfrost effect was faster, the
volume of levitating droplets appeared to be smaller when the value of α was
higher, as can be seen in Fig. 6.

Here, we showed the influence of α only on the droplet shapes. However,
various conditions (e.g., wall temperature, impact velocity, and liquid–solid
intermolecular force) affect the onset of the Leidenfrost effect, and the droplet
behavior or evaporation form of the droplet changed according to these con-
ditions. Therefore, a detailed research on the evaporation or levitation of the
droplet is needed to clarify the mechanism of the onset of the Leidenfrost
effect.

3.2 Droplet position

We investigated the levitating process of the droplet because, in this study, we
defined the Leidenfrost effect as the levitation of the droplet. We calculated
the distance between the solid surface and the position of the center of gravity
of the droplet (zg) to investigate the levitation process of the droplet with
V0 = 100 m/s. Because the mass of each argon molecule was constant, zg
was calculated only from the z coordinates of the droplet molecules, as in the
following equation:

zg =
1

N

N∑
i

zi , (7)

where zi is the z coordinate of molecule i, and N is the number of molecules
in the control volumes exceeding the threshold density (ρ > 540 kg/m3).

Figure 8 shows the time evolutions of zg of the droplet with V0 = 100 m/s
for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0, respectively. The abscissa
is the time, and the ordinate is zg. In Fig. 8a the time evolution is shown
with four temperatures from 255 K to 340 K, although the Leidenfrost effect
did not occur at 255 K. In Figs. 8b and 8c, the time evolution is shown from
a minimum temperature, at which the Leidenfrost effect occurred, to 340 K.
t = 0 ps was set at the time when the droplet impacted on the solid wall. The
open circles represent the time when the Leidenfrost effect occurred. A sharp
increase in zg occurred for α = 1.0, as shown in Fig. 8c. After the onset of the
Leidenfrost effect, zg was calculated without the molecules of the adsorption
layer. Thus, these sharp increases are caused by a separation of the liquid
droplet from the adsorption layer.

For all cases (α = 0.07, 0.14, and 1.0), the rise of zg and the onset of
the Leidenfrost effect occurred earlier as the wall temperature was higher.
This indicates that high wall temperature led to intensive evaporation of the



8 H. Tabe, K. Kobayashi, H. Yaguchi, H. Fujii, M. Watanabe

droplet in the vicinity of the wall, and the droplet might receive a strong
upward force to levitate.

Moreover, the levitating speed of the droplet (slope on the graph) became
constant because it acquired uniform motion after detaching from the wall. In
essence, the levitating speed became faster as the wall temperature became
higher, but the speeds at Tw = 255 and 340 K do not have this tendency as
shown in Figs. 8b and 8c. The mass of the levitating droplet or evaporation
amount may affect the levitating speed.

3.3 Effective radius and the number of droplet molecules

To elucidate the influence of the wall temperature on droplet evaporation, we
investigated the effective radius of the impacting droplets and the number of
droplet molecules. The effective radius relates to the droplet volume, and the
number of droplet molecules relates to the mass of the droplet. The effective
radius was calculated from a droplet volume derived from the control volume
as in the following equation,

Reff =

(
3

4π

∑
i

πR2
i dz

)1/3

, (8)

where Ri is the droplet radius of Layer i of the control volumes and dz (=σAr)
is the height of the layer of the control volumes. Ri is calculated from the
number of control volumes exceeding the threshold density (ρ > 540 kg/m3)
for each layer.

The time evolution of the effective radius of the droplet and the number
of argon molecules in the droplet with V0 = 100 m/s are shown in Fig. 9.
The graphs in the left column are the time evolution of the effective radius,
and the graphs in the right column are the time evolution of the number of
argon molecules for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0, respectively.
The open circles represent the time when the Leidenfrost effect occurred, and
t = 0 ps was set at the time when the droplet impacted on the solid wall. The
wall temperature for each value of α in Fig. 9 was the same as that in Fig. 8.

At first (for t < 100 ps), the effective radius temporarily increased after
the impact, as shown in Fig. 9 for all cases. This tendency was not observed at
Tw = 85 K (isothermal with the droplet). Thus, this increase was not caused
by the impact of the droplet, and we considered that this increase occurred
by an expansion of the droplet caused by the increase in droplet temperature.
However, in all cases, the number of molecules of the droplet decreased owing
to the droplet evaporation.

Then, after the droplet expansion, falls of the effective radius caused by
evaporation were observed. Especially in Fig. 9c, sharp falls occurred. This is
caused by the separation of the droplet from the adsorption layer, and it is
the same reason for zg in Fig. 8c.
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High wall temperature leads to early onset of the Leidenfrost effect, as seen
in both Figs. 8 and 9. Thus, although the decrease in the effective radius was
faster as the wall temperature was higher, the droplet eventually kept a larger
effective radius. An earlier onset of the Leidenfrost effect led to a smaller total
amount of evaporation, and larger effective radius and number of molecules
were kept after levitating in the high wall-temperature cases.

From the number of molecules of the droplet, the droplet mass was evalu-
ated. On the one hand, high wall temperature leads to intensive evaporation of
the droplet, but, on the other hand, high wall temperature leads to large mass
of the levitating droplet. Therefore, we conclude that the levitating speed at
Tw = 255 and 340 K in Figs. 8b and 8c cannot be evaluated only from wall
temperature.

3.4 Leidenfrost temperature

We showed the effects of wall temperature, intermolecular force, and impact
velocity on evaporation and levitation of the droplet. Phase diagrams of the
Leidenfrost effect, which include these factors, are shown in Fig. 10. The ab-
scissa is the impact velocity of the droplet, and the ordinate is the wall tem-
perature. The open red circle represents the case where the Leidenfrost effect
occurred, the black cross represents the case in which the Leidenfrost effect
did not occur, and the open blue triangle represents the case where it is diffi-
cult to distinguish the onset. To make the phase diagrams, we performed 185
different calculations by changing the value of α, droplet velocity, and wall
temperature.

The boundary temperature where the Leidenfrost effect occurred indicates
the Leidenfrost temperature. At each range of impact velocity, the Leidenfrost
temperature in Fig. 10a is the highest, and in Fig. 10c is the lowest of the three,
i.e., the Leidenfrost temperature becomes lower as the value of α becomes
higher. A high value of α indicates strong liquid–solid intermolecular force
and strong hydrophilicity of the solid surface. We can conclude that the strong
liquid–solid intermolecular force decreased the Leidenfrost temperature.

The difference caused by changing the impact velocity was mainly in the
droplet shape after impact. The droplet became flatten after the impact as the
impact velocity became high. Examples of the three patterns of phase diagram
with V0 = 300 m/s are shown in Fig 11. When the initial velocity of the droplet
was 300 m/s, the thin droplet tended to levitate or evaporate in fragments, as
seen in Fig. 11.

The Weber number corresponding to V0 = 300 m/s is 122 in this study. As
shown in previous studies [9, 24], the high Weber number generally increases
the Leidenfrost temperature due to a balance between the vapor pressure (re-
lated to the wall temperature) and inertial pressure (related to the impact
velocity) of the droplet. Experimental results of previous studies [9, 10, 11, 13,
15, 24] are well consistent with this tendency. In this MD study, the droplet
became flatten and the Leidenfrost temperature increased with high impact
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velocity as seen in Figs. 10 and 11. Thus, we can say that the relation be-
tween the Weber number and Leidenfrost temperature shows same tendency
in experiments and nanoscale MD simulations.

In particular, for α = 0.07, the Leidenfrost effect hardly occur also at a
low impact velocity of the droplet. As shown in Fig. 10, the Leidenfrost effect
occurred at about 100 K higher than in the cases with α = 0.14 and 1.0 at V0 =
100 m/s. The droplet kept relatively a spherical shape after impacting when the
initial velocity was 100 m/s. Less spread, caused by both weak intermolecular
force and low impact velocity, led to an insufficient heat transfer between the
liquid droplet and heated wall. Consequently, the droplet gradually evaporated
on the heated wall and, in that case, the onset of the Leidenfrost effect was
suppressed.

The critical temperature of argon is Tc = 150.687 K, and Fig. 10 shows
that the Leidenfrost temperatures exceed Tc. Previous experiments have shown
that the Leidenfrost temperature seldom exceeds a critical temperature of a
using liquid [11, 15, 16]. In this study, we used the platinum wall, which had
a fairly flat surface. In reality, creating such a flat surface for experiments
is quite difficult. It was reported that the evaporation rate increased with
increase in a contact area between liquid and rough solid wall [27, 28], and
therefore, evaporation rate did not increase with the flat platinum wall. Fur-
thermore, we used perfectly pure argon for the liquid droplet, which means
that a heterogeneous nucleation seldom occurs [29]. We think that, in this
study, the evaporation and boiling are harder to occur than in experiments,
and the Leidenfrost temperature increases to above Tc.

In terms of the critical temperature, the tendency was different between the
previous experiments and this MD study as mentioned above. However, the
results of this study that the Leidenfrost temperature of impacting droplet be-
came lower as the solid surface changed from hydrophilic (α = 0.07) to strong
hydrophilic (α = 1.0) are well consistent with the previous experiment [15].
In oder to clarify the reason that the Leidenfrost temperature decreases as
the liquid–solid intermolecular force becomes stronger, it is needed to inves-
tigate how the liquid–solid intermolecular force affects the evaporation of the
impacting droplet in this MD study.

3.5 Development of liquid-phase temperature

For clarifying the specific influence of the intermolecular force on droplet evap-
oration, we calculated the temperature fields of the liquid phase. The droplet
shapes and temperature fields of a droplet impacting with V0 = 100 m/s on
a heated wall at Tw = 340 K are shown in the three rows of Fig. 12 for (a)
α = 0.07, (b) α = 0.14, and (c) α = 1.0, respectively. The left part is the
droplet shape, and the right part is the temperature field for each image. The
average temperatures for the layers of the control volumes corresponding to
those images are shown at the bottom of Fig. 12. The black dashed line repre-
sents the critical temperature of argon (Tc = 150.687 K), and the red dashed
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line represents the wall temperature (Tw = 340 K). The four times indicate
(i) the impacting time, (ii) 20 ps later from the impacting time, (iii) the time
when zg was minimum, and (iv) the time just before the droplet detached from
the wall, respectively.

The temperature of each control volume was calculated from the following
equation,

T =
2

3NkB

N∑
i

1

2
m(vith)

2, (9)

where kB is the Boltzmann constant, m is the mass of the argon molecule,
and vith is the thermal velocity of the molecule i. The thermal velocity vith is
the difference between the molecule velocity and the average velocity of the
molecules in a control volume. The temperature was calculated only from the
translation energy because argon is a monoatomic molecule.

As seen from the temperature fields in Fig. 12, the droplet temperature
gradually increased in the vicinity of the heated wall. For α = 1.0, the adsorp-
tion layer was formed and the temperature of the adsorption layer approached
the wall temperature. For α = 0.14, a little adsorption layer with lower tem-
perature than the case for α = 1.0 was formed only during evaporation of the
droplet. An adsorption layer with high temperature was stably formed as the
intermolecular force was sufficiently strong.

For α = 0.07, the average temperature did not exceed Tc, while the tem-
perature of the adsorption layer significantly exceeded Tc from the impacting
time and was almost equal to the wall temperature Tw = 340 K in Layer 1 for
α = 1.0. This reveals that a strong intermolecular force leads to efficient heat
transfer from the heated wall to the liquid droplet by the adsorption layer.

In conclusion, when the intermolecular force is sufficiently strong, the ad-
sorption layer of the same temperature as the heated wall promotes heat trans-
fer between the droplet and heated wall. Therefore, the Leidenfrost effect is
likely to occur and the Leidenfrost temperature decreases as the intermolecular
force becomes strong.

4 Conclusion

In this study, we investigated the influence of the liquid–solid intermolecular
force on the Leidenfrost temperature for nanodroplets by using an MD sim-
ulation. We found that the strong liquid–solid intermolecular force decreased
the Leidenfrost temperature by forming an adsorption layer on the heated
wall. This adsorption layer, which was formed by a strong attractive force,
exceeded the critical temperature of the liquid molecule and the temperature
of this adsorption layer was almost same as that of heated wall. The adsorp-
tion layer promoted heat transfer between the heated wall and liquid droplet.
Therefore, we conclude that the nanodroplet received enough heat from heated
wall via adsorption layer, and the Leidenfrost temperature became lower as
the liquid–solid intermolecular force became stronger.
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Fig. 1 Initial configration of the present MD study.
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Fig. 2 Time evolutions of wall temperature. Dashed line represents the time liquid droplet
impacted with V0 = 300 m/s.



Influence of liquid–solid intermolecular force on levitation 17

(a) � � 0.07
(b) � � 1.0
Fig. 3 Droplet shape after reaching equilibrium with V0 = 3 m/s for (a) α = 0.07 and (b)
α = 1.0.
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Fig. 4 Control volumes of the present MD study.
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(b) Binary image

(a) Gradation image

0	 kg m�⁄
1400	 kg m�⁄

Fig. 5 Density fields of droplet with V0 = 100 m/s for α = 0.14, (a) gradation image and
(b) binary image. Wall temperature was Tw = 238 K.
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Fig. 6 Droplet shapes until Leidenfrost effect occurred with V0 = 100 m/s (Tw = 340 K)
for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0. The adsorption layer was formed on the
solid surface for (c) α = 1.0.
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Fig. 8 Time evolutions of zg at V0 = 100 m/s for (a) α = 0.07, (b) α = 0.14, and (c)
α = 1.0. t = 0 ps was set at the time droplet impacted on solid wall.
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Fig. 9 Graphs in left column show time evolutions of effective radius of impacting droplet,
and graphs in right column show the number of argon molecules in droplet with V0 = 100 m/s
for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0. t = 0 ps was set at the time droplet impacted
on solid wall.



24 H. Tabe, K. Kobayashi, H. Yaguchi, H. Fujii, M. Watanabe

0

100

200

300

400

0 100 200 300

W
al

l t
em

pe
ra

tu
re

 [
K

]

Impact velocity of droplet [m/s]

0

100

200

300

400

0 100 200 300

W
al

l t
em

pe
ra

tu
re

 [
K

]

Impact velocity of droplet [m/s]

0

100

200

300

400

0 100 200 300

W
al

l t
em

pe
ra

tu
re

 [
K

]

Impact velocity of droplet [m/s]

(a) � � ���� (b) � � ���� (c) � � ���

Fig. 10 Phase diagram of Leidenfrost effect for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0.
Red circle represents case where Leidenfrost effect occurred, black cross represents case in
which Leidenfrost effect did not occur, and blue triangle represents case where it is difficult
to distinguish.
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t = 0 ps 20 ps 40 ps 70 ps 130 ps 150 ps

(b) �� � 213	K
(a) �� � 298	K

(c) �� � 196	K
Fig. 11 Example of three patterns of droplet behavior after impacting for α = 1.0 and
V0 = 300 m/s: (a) Leidenfrost effect occurred, (b) difficult to distinguish, and (c) not occur.
Wall temperature Tw = (a) 298 K, (b)213 K, and (c)196 K, respectively. t = 0 ps was set
at the time droplet impacted on solid wall.
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Fig. 12 Images in three rows show droplet shape (left part) and temperature field (right
part) at V0 = 100 m/s and Tw = 340 K for (a) α = 0.07, (b) α = 0.14, and (c) α = 1.0.
t = 0 ps was set at the time droplet impacted on solid wall. Graphs corresponding to
upper images show average temperature in each layer of control volumes. Black dashed line
represents critical temperature of argon (150.687 K), and red dashed line represents wall
temperature (340 K).


