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Anomalous Impact of Surface Wettability on Leidenfrost Effect at Nanoscale
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Leidenfrost effect is a common and important phenomenon which has many applications, however there is a limited

body of knowledge about the Leidenfrost effect at the nanoscale regime. We investigate the impact of substrate

wettability on Leidenfrost point temperature (LPT) of nanoscale water film via molecular dynamics simulations,

and reveal a new mechanism different from that at the macroscale. In the molecular dynamics simulations, a

method of monitoring density change at different heating rates is proposed to obtain accurate LPT under different
surface wettability. The results show that LPT decreases firstly and then increases with the surface wettability
at the nanoscale, which is different from the monotonous increasing trend at the macroscale. The mechanism

is elucidated by analyzing the competitive effect of adhesion force and interfacial thermal resistance, as well as

different contributions of gravity on LPT at the nanoscale and macroscale. The investigations can deepen the

understanding of Leidenfrost effect at the nanoscale regime and also facilitate to guide the applications of heat

transfer and flow transport.
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Leidenfrost effect is a classical fluid phenomenon
which occurs when a liquid is deposited on a highly su-
perheated surface and a layer of vapor is formed imme-
diately between the liquid and the substrate surface.!"
Due to the formation of the vapor layer, the liquid sus-
pends above the substrate and the direct heat transfer
is isolated or reduced. The transition temperature at
which Leidenfrost effect occurs is called Leidenfrost
point temperature (LPT). During the early stage,
the research about Leidenfrost effect mainly focused
on experimental measurements?~3 and theoretical
research.[%7 Afterwards, Leidenfrost effect has been
widely studied for many applications on the macro
scale, such as cooling,8~1% liquid transport,!*!—14
and drag reduction.[1%:16]

Due to the plentiful applications, there are many
studies of the Leidenfrost effect that focus on adjust-
ing the LPT for different uses. In recent heat trans-
fer studies, through depositing nanoparticles or other
nanostructures on a macro-scale surface, the LPT can
be significantly increased, which can be used to accel-
erate the cooling of overheating objects.l'7~20 Some
studies also indicated that the LPT can be decreased
by a micropatterned surface.?*22! In addition, electro-
static liquid attraction has also been applied to sup-
press Leidenfrost effect and prevent surface from dry-
ing out, even at 500 °C.[?3l Furthermore, some stud-
ies have been carried out to decrease the LPT for
saving energy in applications that take advantage of
the Leidenfrost effect for drop control or drag reduc-

tion. Moreover, there are some studies on the im-
pact of surface wettability on Leidenfrost effect at
the macroscale, which concludes that the LPT on hy-
drophobic surfaces is much lower than that on hy-
drophilic surface.[24—26]

In spite of abundant investigations of the Leiden-
frost effect at the macroscale, there is a limited knowl-
edge about the mechanism of Leidenfrost effect at the
nanoscale. The experimental study of the Leidenfrost
effect at the nanoscale is hard to be carried out due
to the difficulty of measurement technology. In re-
cent years, attempts have been made to study the
levitation mechanism and liquid-solid intermolecular
forcel2” and the kinetic properties?®! in nanoscale Lei-
denfrost effect by molecular models. Some researchers
found that LPT at the nanoscale presented inconsis-
tent law with that at the macroscale through sim-
ulations. For example, due to a strong liquid-solid
intermolecular force, the LPT at the nanoscale was
found to be significantly decreased, because an adsorp-
tion layer was formed by strong intermolecular force,
which exceeded the critical temperature of the lig-
uid molecule and promoted heat transfer between the
heated wall and nanodroplet.[?9) This finding is also
confirmed in the simulation of nanoscale Leidenfrost
effect, which has found the occurrence of Leidenfrost
point only at 373K, much lower than the LPT ob-
served at 473 K for macroscale measurement.®) Since
the Leidenfrost effect plays an important role in many
applications and its mechanism at the nanoscale is am-
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biguous, it is necessary to study the Leidenfrost effect
at the nanoscale and to explore the essential mecha-
nism at the atomic level.

In this work, impact of surface wettability on Lei-
denfrost effect at nanoscale is studied by molecular dy-
namics simulation. Firstly, the simulation system of
water film heated on substrates with different wetta-
bility is established, and the molecular dynamics sim-
ulation method is described. Secondly, a simulation
method of monitoring density change is proposed to
obtain accurate LPT under different surface wettabil-
ity. Thirdly, the results are analyzed and discussed,
and the mechanism is explained by comparing the in-
terfacial thermal resistance and adhesion force, as well
as the gravity impact.

(a) (b)

Layer 2
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Substrate

Fig. 1. (a) The simulation system. (b) Schema of the di-
vision of water layers used to compute the mass density of
water film above the substrate. The average mass density
of molecules within the layer is calculated as a function of
the distance away from the substrate.

Table 1. Molecular interaction parameters used in this
molecular dynamics (MD) simulation.

Molecular pair o (A) e (eV) q(e)
0O-0 3.16435 0.0068355  —1.0484
H-H 0 0 0.5242
Substrate—Substrate 2.905 2.168201 0

Simulation System and Method. We use the
equilibrium molecular dynamics (EMD) simulation
method,®132] which has been widely used to cal-
culate nanoscale thermal transport properties.[33—35]
The EMD simulations in this work are performed
by the large-scale atomic/molecular massively parallel
simulator (LAMMPS) package.[*6-37] The Stillinger—
Weber (SW) force field is used for substrate molecules,
TIP4P force field®3~49 is used for water molecules,
and the Lennard-Jones (LJ) potential is used for in-
teraction between substrate and water molecules. As
same as previous simulation,!*!] the potential well
depth of LJ potential is modified artificially to change
the wettability of substrate. The molecular interac-
tion parameters used in this MD simulation are listed

in Table 1, which is set up with reference to previous
study.[*!] Periodic boundary conditions are applied in
all three dimensions. The velocity Verlet algorithm is
employed to integrate equations of motion.[*?] Here,
1fs and 10 A are chosen as time step and cutoff dis-
tance, respectively, for the Lennard—Jones interaction.
In addition, six independent simulations with different
initial conditions are conducted to get statistical aver-
age results. The configurations of simulation system
are visualized by visual molecular dynamics (VMD),
as shown in Fig. 1.

The simulation system is composed of two parts,
namely nanoscale water film and substrate. In all
cases, the thickness of the water film is 2.5 nm, and
the substrate is divided into six layers and different
layers match with different functions. As shown in
Fig.1(a), the bottom two layers of substrate atoms
stayed still as a boundary wall to keep the system
volume constant which is called fixed layer. The mid-
dle two layers were set as heat source via a Langevin
thermostat from which heat flux was generated, called
the heating layer. The top two layers were set to be
surface considered as the real atoms, which is called
the real layer, through which the heat is transferred
to the liquid water. The dimensions of simulation do-
main are 54.3 x 54.3 x 100 A®, and a virtual reflecting
wall, which will bound the molecules back specularly
when they collide the wall, is placed at the top to seal
the simulation box in the Z axis. No energy transfer
will occur through the interaction between molecules
and this wall. The water density is kept at 1.0 g/cm?®.
The TIP4P water model is used with the SHAKE!]
algorithm to constrain the bond lengths and angles.
The following equation is used to describe the inter-
action of water molecular:

ZZ%@
+ZZ4€ab ()™ ()]

T(Libj

where the first term on the right side is Coulomb force,
and the second term is the LJ potential:*¥ @ and b
denote different HoO molecules, subscript ¢ and j rep-
resent different atom types (hydrogen or oxygen) in
each HyO molecule. The form of summation repre-
sents the computation over all the interaction forces
of each type of atoms (denoted by ¢ or j) within
each H2O molecule (denoted by a or b). A particle-
particle particle-mesh solver is used, which can han-
dle long-range Coulombic interactions for periodic sys-
tems with slab geometry.

In this simulation, the system is firstly equilibrated
with given thermostat until the temperature of water
system reaches a stable value of 293 K, then the sub-
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strate is heated to specified temperatures to determine
the Leidenfrost point. Afterwards, the liquid water at
initial 293 K is heated on the hot substrate. The en-
tire system is integrated with NVE ensemble during
the simulation and the substrate is still controlled at
the desired temperature.

In order to obtain the detailed results, the whole
simulation box is divided into several slices parallel
to the substrate surface, and the average density and
temperature of the molecules in each layer is respec-
tively calculated. Figure 1(b) illustrates the scheme
used to compute the density and temperature inside
different layers above the substrate. Each layer is set
to thickness of 3 A, which is divided according to the
thickness of water film to properly present the density
change.

Interfacial thermal resistance and adhesion force
between water film and substrate are calculated to
analyze the results by using nonequilibrium MD
simulations.[*! Adhesion force refers to the ability of
water film adhered to the substrate surface, which is
determined by a computation of the interaction force
between water molecules and the substrate. During
the process of water film wetting the substrate, ad-
hesion force is calculated by integrating the interac-
tion forces over time and average the results when it
reaches a stable period. Then, the initial conditions
are changed to repeat the calculations to obtain a sta-
tistical average result. The heat flux (g) is calculated
by averaging the energy input and output rates from
the heat source and sink. The temperature jump (AT)
across the interface is defined by the temperature dif-
ference between the water film and substrate. The
interfacial thermal resistance (R,) is then calculated
by R, = AT/q.

In the TIP4P model, water molecules interact with
substrate surface only by van der Waals interactions
between substrate and oxygen. The interatomic po-
tential between substrate and oxygen atoms is given
by the well-known LJ potential as follows:

v-l[@)-C)) @

According to the previous related simulation,*f]
the interaction parameters between the substrate (sil-
icon atoms) and oxygen atoms of water are given in
Table 2. Here, the potential well depth € of the LJ
potential is modified artificially to change the wetta-
bility of substrate for five different cases. In order to
intuitively quantify the wettability of substrate with
different values of potential well depth, the contact
angles (0.) of water molecules wetting the substrate
at room temperature are respectively calculated for
five different cases. As shown in Fig. 2, different wet-
tability of substrates is presented changing from hy-
drophobic to hydrophilic.

Table 2. Interaction parameters between substrate and
oxygen atoms of water.

Molecular pair e(eV) 6(A) Contact angle 6. (deg)
0.005 3.27 129.4
0.0065 3.27 119.3
Substrate-O  0.008  3.27 97.3
0.009 3.27 81.5
0.01 3.27 62.9
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Fig. 2. Contact angle versus e, with different wettabil-
ity characterized by the exhibited contact angle between
water and substrate.

Results and Discussions. We propose a simula-
tion method of monitoring density change at different
heating rates to obtain accurate LPT under different
surface wettability. The density of water film is firstly
calculated in the first three layers hithermost to the
substrate. By monitoring density change we can de-
fine the exact time of the occurrence of the levitation
of water film. Owing to the balance between the cutoff
radius and height of the layers of the control volumes,
the density of water film in first three layers within the
cutoff radius obviously decreases, which means the oc-
currence of the water film levitation in this MD study.
According to this judgment sign, the moment of the
occurrence of the Leidenfrost effect can be determined
by the time when the water film begins to levitate.
Figure 3 shows the procedure of monitoring water
film’s density change to obtain LPT for two substrates
with different wettability. Since the surface wettabil-
ity is usually characterized by contact angle, here we
choose a contact angle of 129.4° to represent the hy-
drophobic substrate, and a contact angle of 62.9° to
represent the hydrophilic substrate. Firstly, the sub-
strate is in a slow heating process, from low tempera-
ture (below LPT) to high temperature (above LPT),
and the corresponding LPT can be determined by
monitoring water film’s density change. Figure 3(a)
shows the density change of water film on the hy-
drophobic substrate (129.4°). When water film at the
room temperature comes into contacting with hot sub-
strate, the density of water film in the first layer is
very low due to the hydrophobicity, and the density
of water film in the second layer and the third layer is
normal as the liquid water density. During initial con-
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tact with the hot substrate, the water film has a rapid
evaporation which results in a sudden drop in density.
Subsequently, due to the week adhesion force between
substrate and water, water film appears bouncing up
and down, until the substrate temperature rises to the
LPT, at which the vapor layer appears and the den-
sity of the water layer drops sharply. Once the Leiden-
frost effect occurs, the water film does not stay near
the substrate and continues to rise. For the case of
hydrophilic substrate (62.9°), as shown in Fig.3(b),
there is also a sharp drop in the density curve, which
is almost consistent with the phenomena shown in
Fig.3(a). Because of different adhesion forces between
substrate and water, there is some minor difference for
the two cases with different surface wettability.
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Layer 2 Layer 2
Layer 3 Layer 3
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Fig. 3. Procedure of monitoring water film’s density

change to obtain LPT for two substrates with different
wettability. The first three-layer water density change
with heating time: (a) for the hydrophobic substrate (con-
tact angle 129.4°), (b) for the hydrophilic substrate (con-
tact angle 62.9°); cloud maps of water film density: (c) for
the hydrophobic substrate (contact angle 129.4°), (d) for
the hydrophilic substrate (contact angle 62.9°); LPT con-
verge with heating rate: (e) for the hydrophobic substrate
(contact angle 129.4°), (f) for the hydrophilic substrate
(contact angle 62.9°).

The corresponding cloud maps of water film den-
sity for the two cases are shown in Figs. 3(c) and 3(d),
which reflect the movement trajectory of the water
film in the Z direction with the heating time of the
substrate, where the color represents the density value
of water film. It can be found that the results of cloud
maps of density are consistent with the results of den-
sity change of water film as shown in Figs.3(a) and
3(b). Before the occurrence of Leidenfrost effect, the
nucleation boiling will first occur when the water film
is heated by the hot substrate, and bubbles will be
generated in the nucleation boiling. The appearance

of bubbles will lead to a temporary density decrease of
water layer, and when the bubbles escape, the density
of water layer will rise again. Therefore, drastic fluc-
tuations in water density can be observed as shown in
Fig. 3.

Since the substrate is in a process of heating up
and the heat transfer process takes time, the LPT ob-
tained by this method has a certain lag. By slowing
down the heating rate of the substrate, as shown in
Figs. 3(e) and 3(f), it can be found that the LPT tends
to converge, thus an accurate LPT can be obtained by
the converge value.
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Fig. 4. LPT with different surface wettability (character-
ized by contact angles) at the nanoscale.

With the above-mentioned methods, we obtained
the LPTs of five substrates with different surface wet-
tability characterized by different contact angles, as
shown in Fig.4. It can be found that the LPT de-
creases firstly and then increases with the contact an-
gle in MD study at nanoscale, which is different from
the monotonous increasing trend at the macroscale.[*”]
In previous studies, it has been found that the LPT
of water droplets at the nanoscale is much lower than
that at the macroscale.[*?] Therefore, for the Leiden-
frost effect, there are indeed some differences between
nanoscale and macroscale phenomena. Thus, it is
worth exploring in-depth mechanism of causing the
difference between nanoscale and macroscale. The re-
sult shows that the gravity of nanoscale water film
is far smaller than the adhesion force between water
film and substrate. To determine the effect of gravity
at the nanoscale, the results without gravity (repre-
sented by the red circles in Fig.4) are compared with
those with gravity (represented by the blue stars in
Fig.4). It is concluded that the effect of gravity is
completely negligible, and the gravity indeed has al-
most no impact on the results of LPT at the nanoscale
as in Fig. 4.

In order to explain the mechanism of the im-
pact of surface wettability on Leidenfrost effect at the
nanoscale, the adhesion force and the interfacial ther-
mal resistance, as well as the gravity, are calculated
and compared. As shown in Fig. 5, the adhesion force
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is represented by black square, the interfacial ther-
mal resistance is represented by blue triangle which
is in good agreement with the previous study repre-
sented by green star,l*?! and the gravity of water is
represented by red circle. On the one hand, due to
the existence of adhesion force, the water film needs
to overcome the adhesion force to suspend above the
substrate and to reach the Leidenfrost state, there-
fore LPT increases with the increase of adhesion force.
On the other hand, interface thermal resistance hin-
ders the heat conduction between substrate and wa-
ter. Because the sufficient heat is required to produce
the vapor layer, LPT increases as the interfacial ther-
mal resistance increases. As the substrate becomes
more hydrophobic (contact angle becomes larger), the
adhesion force between the substrate and the water
decreases which will result in a lower LPT, while the
interface thermal resistance increases which will result
in a higher LPT. Therefore, the impact of surface wet-
tability on Leidenfrost effect is the competitive effect
of adhesion force and interfacial thermal resistance,
which results in the non-monotonic trend as shown in
Fig. 4.
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Fig. 5. The effect of adhesion force and interfacial ther-
mal resistance, as well as gravity, for different surface wet-
tability (contact angles).

In addition to the synergistic effect of adhe-
sion force and interfacial thermal resistance, the im-
pact of gravity contributes to the difference between
nanoscale and macroscale. As shown in Fig.6, the
ratios of adhesion force and gravity are given for
macroscale and nanoscale. Generally speaking, the
nanoscale usually refers to the size of 1-100 nm; the
macroscale is usually more than tens of micrometers.
By comparing the ratio of adhesion force and gravity
at macroscale and nanoscale, it can be seen that the
gravity of water at the nanoscale is negligible due to
the relatively large specific surface, so the gravity has
almost no impact on the LPT at the nanoscale which
has been confirmed by the previous results in Fig. 4.
However, for the macroscale, the gravity and adhe-
sion force are comparable, like the macroscale result
in Fig. 6, which is obtained based on the experimen-

tal data in the previous macroscale study.[*8] Thus,
the contribution of water’s gravity to the Leidenfrost
effect at the macroscale cannot be ignored. For the
macroscale, the additive effect of gravity and adhesion
force is far larger than the effect of interfacial thermal
resistance on LPF. Therefore, the more hydrophobic
the surface is, the smaller the adhesion force is, which
can form steady suspended vapor film more easily,
then the Leidenfrost effect is more likely to occur,
which means that LPF changes monotonously with
surface wettability at macroscale. However, for the
nanoscale, since the effect of gravity can be ignored,
the effects of adhesion force and interfacial thermal re-
sistance are comparable. Therefore, the competition
between the two effects leads to the non-monotonic
change of LPF with surface wettability at nanoscale.

1.65x10711%

20%
(2)

Adhesion
force

I Gravity

(b)

80%

100%

Macroscale Nanoscale

Fig. 6. The ratio of adhesion force and gravity for differ-
ent scales: (a) macroscale, (b) nanoscale.

In summary, the impact of surface wettability on
Leidenfrost effect at nanoscale is studied via molecu-
lar dynamics simulation. The mechanism of a new
phenomenon found at nanoscale is elucidated. We
propose a method of monitoring density change at
different heating rates to obtain accurate LPTs un-
der different surface wettability through MD simula-
tions. A sharp decrease of the density is observed
in the vicinity of the substrate, which can well pre-
dict the occurrence of Leidenfrost effect. The results
show that LPT decreases firstly and then increases
with the surface wettability defined by contact angles
at nanoscale, which is different from the monotonous
increasing trend at the macroscale. The mechanism
is explored by analyzing the adhesion force and the
interfacial thermal resistance between water film and
substrate, as well as the impact of gravity. The gravity
of water at nanoscale is negligible due to the relatively
large specific surface, while the gravity cannot be ig-
nored at the macroscale. Thus, for the macroscale,
the additive effect of gravity and adhesion force is
far larger than the effect of interfacial thermal resis-
tance on LPF, which results in a monotonous LPF
change with surface wettability at macroscale. How-
ever, for the nanoscale, the effects of adhesion force
and interfacial thermal resistance are comparable, and
the competition between these two effects leads to a
non-monotonic change of LPF with wettability at the
nanoscale. This work reveals a new phenomenon of
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Leidenfrost effect at the nanoscale, which will be help-
ful for many related applications such as designing
anti-dragging surfaces, self-propelling droplets, self-
assembled nano structures, and thermal management.
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