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ABSTRACT: In the present study, the molecular dynamics
simulation method is adopted to study bubble nucleation on a
platinum substrate with nonuniform wettability. The central region
of the substrate has strong hydrophilicity and both sides have weak
hydrophobicity. It is interesting that the bubble nucleation happens
in the hydrophobic region when the substrate temperature is low,
and the nucleation position moves to the hydrophilic region with
the increase of the substrate temperature. The intrinsic regime for
the change of nucleation position with the substrate temperature is
fully illustrated based on the competition between the suffered
potential restriction and the absorbed thermal energy of liquid
atoms. When the liquid atoms on one region obtain enough
thermal energy to break their potential barrier, they convert into a
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bubble nucleus. Both the potential barrier for liquid atoms clinging to the substrate surface and the solid—liquid heat transfer

efficiency improve with the enhancement of substrate hydrophilicity.

The potential barrier is decided only by the atomic distribution

and interatomic interaction. However, the substrate temperature changes the absorbed thermal energy of the liquid atoms within a
specific time, causing the movement of the nucleation position. Furthermore, a hydrophilic nanostructure is introduced to replace
the central smooth hydrophilic region and promote lateral heat transfer to the liquid on the hydrophobic region, leading to the

improvement of the bubble nucleation efficiency.

B INTRODUCTION

When nucleate boiling occurs on the cooled surface, a large
amount of heat will be taken away under the effects of the latent
heat of gasification and the disturbance of the departing bubble.
Therefore, nucleate boiling has become one of the most efficient
ways to cool electronic devices. Wettability is a morphological
characteristic of the substrate surface and one of the critical
factors in increasing the heat transfer of nucleate boiling.' ™
Bourdon et al.* investigated the effects of wettability on the
boiling onset. It was found that wettability variation at the
nanoscale triggered the boiling and reduced the substrate
superheat. A reduction of at least 3 °C was measured, and the
bubble occurred only on the hydrophobic grafted regions, which
were patterned on the smooth substrate. Similar conclusions
were obtained by Kumar et al.” Hsu et al.’ used a copper cylinder
with a mixed wettability of super hydrophilicity and hydro-
phobicity to study pool boiling. The results showed that more
bubbles formed at the interlaced lines of different wetting
regions, leading to a reduction of wall superheat and an increase
in the efficiency of heat transfer. Chang, Wang, and Bourdon et
al.”~? also showed that the application of a mixed wettability of
hydrophilicity and hydrophobicity could increase the heat
transfer performance. Bertossi et al.'” combined the advantages
of hydrophilicity and hydrophobicity to study pool boiling.
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Results showed that the hydrophobic regions initiated bubble
nucleation easily, while hydrophilic ones facilitated bubble
detachment. Moreover, the hydrophobic regions provided a
bigger nucleation density in comparison to the homogeneous
wetting substrate.’

However, due to the limitations of spatial scale and time scale,
the traditional experimental method cannot adequately reveal
the bubble nucleation mechanism, which limits the further
development and application of nucleate boiling in enhancing
heat transfer. The essence of solid—liquid interfacial wettability
is the interaction between solid and liquid particles. The
molecular dynamics simulation method (MD) is an available
tool to describe the interaction between different particles and
the microscopic bubble nucleation process. It has become a
popular tool to study the effects of solid—liquid interfacial
wettability on phase transitions with the development of
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Figure 1. Configurations of (a) simulation box, (b) smooth substrate, and (c) nanostructure substrate.

computer technology.'' Cao et al.'” investigated the phase
transition of liquid films on a substrate with different
wettabilities. The thermal resistance of solid—liquid interface
under different wettability conditions was analyzed by the
matching degree of the vibrational density of states between the
metal atoms and the liquid atoms, and the advantage of the
hydrophilic substrate in heat transfer was verified. Shavik et al."?
analyzed the effects of solid—liquid interfacial wettability on
evaporation and explosive boiling, which occurred on a smooth
substrate with low and high degrees of temperatures,
respectively. The intensity of phase transitions was improved
with the increase of substrate hydrophilicity. Similar conclusions
were obtained by Hens et al."* Wang et al."® also studied the
effect of substrate wettability on explosive boiling of liquid films.
It was found that the explosive boiling tended to occur on the
hydrophobic substrate when the heating temperature was low.
This was different from the studies of Shavik and Hens because
the substrate superheat was much higher in the latter. On the
other hand, it was strange that the violent phase transition
erupted inside the liquid film after it was lifted away from the
hydrophobic substrate. For the hydrophobic substrate, only less
thermal energy was transferred to the liquid film after explosive
boiling because of the large thermal resistance of the gas film.
Wu et al.'® studied explosive boiling on substrates with uniform
and mixed wettability conditions. A gas film was formed between
the liquid film and the substrate after explosive boiling, but the
substrate surface was still covered with a microfluidic layer. The
microfluidic layer thickened with the enhancement of substrate
hydrophilicity and was conducive to heat transfer, but the
evaporation rate of the liquid film was reduced. Therefore, a
substrate with mixed wettability was introduced to reconcile the
efficiencies of heat transfer and evaporation rate.

On the other hand, nonuniform wettability plays a critical role
in bubble nucleation, which is the initial stage of nucleate boiling
and is vital to the enhancement of heat transfer efficiency.
Yamamoto et al.'” investigated the effects of nonuniform
wettability and superheat on bubble nucleation. The liquid
atoms on the local heater absorbed more thermal energy than
those on the cooling region, leading to the formation of bubble
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nucleation on it. The heat transfer efficiency of the strongly
hydrophilic region was much higher than those of the
surrounding regions, and its effect was similar to a local heater.
As a result, a bubble nucleus was generated on the strongly
hydrophilic region. Chen et al."® studied the effect of wettability
configurations on bubble nucleation on a smooth substrate with
a temperature of 200 K. Bubble nucleation was observed on the
more hydrophilic region, and the reason for this was illustrated
by the temperature trends of liquid atoms on different wetting
regions. Furthermore, some common nanostructured substrates
with nonuniform wettability were examined to study their effects
on bubble nucleation.'”*° Results showed that the nanostruc-
ture provided a larger solid—liquid heat transfer area and
promoted bubble nucleation. Zhou et al.”' explored bubble
nucleation on a substrate with nonuniform wettability at
different substrate temperatures. The nucleation position
appeared in the hydrophobic region and moved to the
hydrophilic region with the increase of substrate temperature.
The reason for the change of nucleation position was analyzed
by the changing trends of heat flux and state points of argon
during the bubble nucleation processes. Moreover, the effect of
the area fraction of the hydrophobic part on the bubble
nucleation temperature was revealed.

Although the above studies have provided significant insights
into the bubble nucleation on a substrate with different
wettability configurations, the intrinsic regime for this has not
been sufficiently revealed yet. It is one-sided to explain the
bubble nucleation phenomenon through the difference of the
heat transfer efficiency between the liquid and different wetting
regions because the potential barrier for bubble nucleation on
different wetting regions is different as well. Therefore, in the
present study, a smooth substrate having both strong hydro-
philicity and weak hydrophobicity is used to study bubble
nucleation on it at different substrate temperatures, and the
intrinsic regime for bubble nucleation is explained based on the
effects of substrate wettability on the heat transfer efficiency and
potential barrier. Furthermore, based on the intrinsic regime, the
smooth hydrophilic region is replaced with a hydrophilic

nanostructure to improve the bubble nucleation efficiency.

https://dx.doi.org/10.1021/acs.langmuir.0c00747
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B SIMULATION SYSTEM AND METHOD

As shown in Figure 1a, the simulation system is a cubic box with
a size of 30.2 nm (x) X 5.0 nm (y) X 150.1 nm (2), including
vapor argon (Ar), liquid argon, and a metal platinum (Pt)
substrate. The substrate with five layers of platinum atoms is
arranged at the bottom with face-centered cubic structures (fcc
(111)). As shown in Figure 1b,c, smooth and nanostructured
substrates with nonuniform wettability are constructed in the
present study. In these two types of substrates, the central dark
blue region has strong hydrophilicity, and the remaining pale
blue regions have weak hydrophobicity. The metal substrate is
set as the heat source, whose temperature is controlled by a
Langevin thermostat. About 97000 liquid argon atoms are
placed on the substrate surface with an initial density of 1.367 g/
cm?. A periodic boundary is applied to the x-direction and the y-
direction, and a reflecting wall is applied to the z-direction.

The interaction potentials of Ar—Ar and Pt—Pt are described
by the Lennard-Jones (L-J) potential

o 12 o 6
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¢Pt—Pt(r) = 46Pt—Pt[( Pr : ) _( Pr L ) ] (2)

where & and o express the energy parameter and length
parameter, respectively. The values of these parameters are listed
in Table 1.

Table 1. Lennard-Jones Parameters for Ar—Ar and Pt—Pt*’

interaction type £ (eV) o (nm)
Ar—Ar 0.0104 0.3408
Pt—Pt 0.5219 0.2475

The interaction potential of Ar—Pt is related to the solid—
liquid interfacial wettability, and a modified L-J potential is
adopted.”
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where €,,_p and 6,,_p, are calculated based on the Lorentz—
Berthelot combining rule.”” @ and f3 are the key parameters to
adjust the solid—liquid interfacial wettability, and their values
are illustrated in Table 2.

Table 2. Different Wetting Substrates Based on a and f**

wettability a p contact angle (deg)
strong hydrophilicity 1.0 1.0 0
weak hydrophobicity 0.14 0.5 9s

The present study is conducted using the Large-Scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).**
During the simulation process, the potential energy on each
atom is calculated by the L-J potential within a cutoff radius of
3.5€,, every S fs, and the position and velocity of each atom are
updated by the velocity-Verlet algorithm.”” The simulation
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procedure is illustrated as follows: first, a 2.5 ns equilibrium
simulation at a temperature of 90 K is conducted in the
canonical ensemble (NVT); then, the substrate temperature is
raised to 145, 150, 160, 180, and 200 K to study the effects of
substrate temperature on bubble nucleation, and another 25.0 ns
nonequilibrium simulation is conducted in the microcanonical
ensemble (NVE). It is noteworthy that the simulation procedure
in the case with a smooth substrate is the same as that in the case
with a nanostructure substrate.

B RESULTS AND DISCUSSION

Based on the above simulation systems and methods, the bubble
nucleation on a smooth substrate with nonuniform wettability at
different temperatures is studied and the intrinsic regime for this
is illustrated. Furthermore, a nanostructure substrate with
nonuniform wettability is constructed to improve the nucleation
efficiency based on the intrinsic regime.

Explosion of Bubble Nucleation on a Smooth
Substrate with Nonuniform Wettability at Different
Temperatures. It has been found that the substrate temper-
ature has a significant impact on MD studies of phase
transitions.">*" Therefore, the representative temperature
values of 145, 150, 160, 180, and 200 K are selected to
investigate their effects on bubble nucleation. Figure 2 illustrates
the representative snapshots of the phase transition processes on
the smooth substrates with different temperatures. The initial
moment of nonequilibrium simulation is 2500 ps. Only
evaporation occurs on the smooth substrate with a temperature
of 145 K within 27 500 ps. When the substrate temperature is
higher than 150 K, a visible bubble nucleus turns up on the
substrate and is marked with a red ring. However, the nucleation
position is different at different substrate temperatures. When
the substrate temperature is 150 or 160 K, the nucleation
position is on the hydrophobic region, as shown in Figure 2b,c.
With the increase of substrate temperature, the nucleation
position moves closer to the hydrophilic region and finally stays
on the center of the hydrophilic region, as shown in Figure 2d,e.
The simulation results on the smooth substrate with nonuni-
form wettability are similar to the experimental results of
Bourdon et al,,* which show that a lower superheat is needed for
bubble nucleation on the hydrophobic region. The reason for
the change of nucleation position is illustrated in the following
parts.

As shown in Figure 3, to conveniently explain the intrinsic
regime of the change of nucleation position at different substrate
temperatures, based on the nucleation positions in Figure 2, the
liquid in the vicinity of the substrate is divided into four regions:
Region 1 on the hydrophilic region, Region 2 on the border of
the hydrophilic region and hydrophobic region, Region 3 on the
hydrophobic region, and Region 4 on top of Region 1.

On the nanoscale, the difference between a group of vapor
atoms and liquid atoms is that the former move within a bigger
space than the latter. The L-J atom has only two types of energy:
kinetic energy and potential energy. The statistical average value
of the atomic kinetic energy is the temperature, which is the
motive force for bubble nucleation. On the other hand, the
potential energy poses a movement limitation on liquid atoms
and corresponds to the potential barrier for bubble nucleation. If
the liquid atoms in the vicinity of the substrate obtain enough
kinetic energy to break their potential restriction, bubble
nucleation occurs.”® Therefore, next, the effects of substrate
wettability on potential restriction and the solid—liquid heat
transfer efficiency are discussed.

https://dx.doi.org/10.1021/acs.langmuir.0c00747
Langmuir 2020, 36, 5336—5348
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Figure 2. Representative snapshots of phase transition processes on the smooth substrates at (a) 145, (b) 150, (c) 160, (d) 180, and (e) 200 K.

First, the effects of substrate wettability on potential
restriction for bubble nucleation are discussed. The potential
restriction on liquid atoms is related to the atomic distribution
and interaction potential. The Lennard-Jones potential is used
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to describe the interaction between different atoms in the
present study, and it is independent of the simulation processes.
However, liquid atoms become more vigorous after absorbing
thermal energy from the substrate during the nonequilibrium

https://dx.doi.org/10.1021/acs.langmuir.0c00747
Langmuir 2020, 36, 5336—5348
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Figure 3. Diagrammatic sketch of the division of region for the
illustration of bubble nucleation difference.

simulation stage, and the distance between different liquid atoms
is increased, leading to a change of atomic distribution. The
potential restriction on liquid atoms is weakened with the
increase of atomic distance. In the present study, the substrate
temperatures of 145, 150, 160, 180, and 200 K are used to study
their effects on bubble nucleation. The liquid atoms on the
substrates with different temperatures absorb different thermal
energies within the same time. Therefore, the distribution of
potential energy is illustrated at the initial moment of the
nonequilibrium simulation, as shown in Figure 4 (z = 0 A is the
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Figure 4. Contour of potential energy in the case of a smooth substrate
at the initial moment of the nonequilibrium simulation.

position of the solid—liquid interface). The value of potential
energy is negative, indicating that the potential energy is a
restriction on the atomic movement (the absolute value of
potential energy is the potential restriction on liquid atoms). It is
evident that the potential restriction on the liquid atoms is much
larger than that on the vapor atom. Therefore, the liquid atoms
cannot but preserve their phase state before obtaining enough
thermal energy from the substrate. For the liquid atoms in the
vicinity of the substrate, their suffered potential restriction is
different under the effect of different solid—liquid interfacial
wettabilities. The potential restriction on liquid atoms in Region
3 is much weaker than that in Region 1, and it is even weaker
than that on the atoms totally inside the liquid region (Region
4). For the liquid atoms in Region 2, the magnitude of potential
restriction is between the magnitude on the liquid atoms in
Region 1 and that in Region 3. It is worth stressing that the
approximate influence range of large potential restriction from
the hydrophilic region on liquid atoms is within 3.3 nm from the
center of the hydrophilic region and liquid atoms in Region 3 are
out of the influence range. Obviously, considering only the effect
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of wettability on the heat transfer to explain bubble nucleation
on a smooth substrate with nonuniform wettability is one-sided.

The second is about the effects of substrate wettability on the
solid—liquid heat transfer efficiency, and it is worth stressing that
the analysis focus of heat transfer is on the liquid close to the
substrate. The simulation case with the representative substrate
temperature of 150 K is taken to illustrate the laws of heat
transfer during the nonequilibrium heating process. Figure S
shows the temperature contours at some representative time
steps. The temperature distribution is approximately uniform at
2500 ps, which is the initial moment of the nonequilibrium
simulation. It is noteworthy that the scattered vapor atoms cause
a statistical error of temperature and some points with a high-
temperature value in the upper vapor region. Then, the substrate
temperature is raised to 150 K, and the liquid atoms begin to
absorb thermal energy from the substrate. At 2600 ps, the
temperature of the liquid atoms in Region 1 increases obviously,
but no noticeable change of temperature occurs in Region 3, as
shown in Figure 5b. This difference indicates that the solid—
liquid heat transfer efficiency in the hydrophobic region is much
lower than that in the hydrophilic region. Kapitza resistances of
1.89 X 107 and 185.35 X 107® K-m*/W are obtained for the
strongly hydrophilic surface and the weakly hydrophobic
surface, respectively, by the method in ref 27. The latter is
about 98 times bigger than the former. On the other hand, the
thermal conductivity of liquid argon is 0.125 W/(m-K),"* and
the thermal resistance of a layer of liquid argon with a thickness
of 231.7 nm is equal to the Kapitza resistance of the weakly
hydrophobic region. Therefore, it is hard for the liquid atoms in
Region 3 to obtain thermal energy from the hydrophobic region.
As time progresses, the liquid atoms in Region 1 continue to
increase their temperature. Meanwhile, the temperature differ-
ence between the liquid atoms in Region 1 and Regions 2, 3, and
4 becomes larger and larger. As a result, a momentum exchange
occurs, and the temperatures of the liquid atoms in Regions 2, 3,
and 4 are significantly increased at 2800 ps, as shown in Figure
Sc. Finally, at 7500 ps, the temperature of liquid atoms on the
hydrophobic region is raised to about 115 K by the liquid—liquid
transversal heat transfer, as shown in Figure Sd.

The thermal energy exchange between the liquid atoms in
Region 1 and those in Regions 2 and 3 is the focus in the
explanation of nucleation position change. Therefore, to more
intuitively illustrate transversal heat transfer from the liquid
atoms in Region 1 to those in Regions 2 and 3, two domains with
asize of 20 A (x) X 20 A (z) at the border of the hydrophilic and
the hydrophobic regions are set to calculate the transversal heat
flux, as shown in Figure 6. The heat fluxes through these two
regions are illustrated in Figure 7. During the simulation process,
the rightward and leftward heat fluxes are smaller and bigger
than 0, respectively, indicating that some thermal energy is
transferred from the liquid atoms on the hydrophilic region to
those on the hydrophobic region. Therefore, the evolution law
of temperature in Figure § is quantitatively verified.

On the other hand, although an equilibrium state at 90 K is
obtained after 2.5 ns equilibrium simulation in the present study,
the temperature distribution is not absolutely uniform at the
initial moment of the nonequilibrium simulation stage because
of the atomic irregular movement and distribution, as shown in
Figure Sa. Moreover, the potential restriction on each atom is
related to the atomic distribution, and it is also not absolutely
uniform at the initial moment of the nonequilibrium simulation
stage, as shown in Figure 4. As a result, although the simulation
system is symmetric in the x-direction, the absorbed thermal

https://dx.doi.org/10.1021/acs.langmuir.0c00747
Langmuir 2020, 36, 5336—5348
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Figure 6. Diagrammatic sketch of the computational region for heat
flux.

energy of liquid atoms on the symmetric hydrophobic regions
has small differences during the nonequilibrium simulation
stage. Therefore, the nucleation position may prefer one side or
both sides of the smooth substrate when the substrate
temperature is low, but we cannot know it in advance. The
average values of heat flux g, and g, are —0.16 X 10 *and 0.12 X
107* eV/A%ps, respectively. The rightward heat flux is smaller
than the leftward heat flux. To some extent, this explains why the
nucleation position is at the left side of the substrate when the
substrate temperature is 150 K.

Furthermore, to conveniently explain the intrinsic regime for
the change of the nucleation position at different substrate
temperatures, combined with the nucleation time in Figure 2,
the heat transfer process is approximately divided into three
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main stages: the longitudinal heat transfer stage, the initial
transversal heat transfer stage, and the full-scale transversal heat
transfer stage. The liquid in Region 1 absorbs a large amount of
thermal energy from the hydrophilic region in the longitudinal
heat transfer stage (2500—3250 ps). Then, the liquid in Region 2
absorbs a considerable amount of thermal energy from the liquid
in Region 1 in the initial transversal heat transfer stage (3255—
4425 ps). Furthermore, a great amount of thermal energy from
the liquid in Region 2 is transferred to that in Region 3 in the full-
scale transversal heat transfer stage (4425 ps). In these three
stages, the liquid atoms in Regions 1—3 try to convert into a
bubble nucleus. It is noteworthy that the thermal energy
exchange occurs between different atoms everywhere during the
whole simulation process, and the division of the heat transfer
stage depends on the leading process of thermal energy
exchange. On the other hand, the liquid on the hydrophobic
region also absorbs thermal energy from the substrate, but it is
almost negligible compared to the thermal energy from the
liquid on the hydrophilic region.

Based on the above analyses, we find that the potential
restriction on the liquid atoms clinging to the substrate increases
with the improvement of substrate hydrophilicity. However, the
thermal energy from the substrate flows through the liquid on
the hydrophilic region to the liquid on the hydrophobic region,
and Region 1 is the first arrival position of heat flow, followed by
Regions 2 and 3. Therefore, it is hard to explain the change of the
nucleation position so far.

The potential restriction from different wetting regions to the
liquid atoms is related only to the atomic distribution and
interatomic interaction. However, the absorbed thermal energy
of the liquid within a specific time improves with the increase of
the substrate temperature. If the thermal energy that flows into
Region 1 in the longitudinal heat transfer stage is large enough to
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break the potential restriction, a bubble nucleus forms in Region
1. If not, Regions 2 and3 are checked in turn in the transversal
heat transfer stages. Therefore, at different substrate temper-
atures, further comparison between the average kinetic energy
and the average potential restriction is made to clarify the
intrinsic regime for the change of the nucleation position. It is
worth stressing that temperature is associated with atomic
average kinetic energy, and the latter is more suitable to make a
comparison with the average potential restriction, as shown in eq
6

— )y 1/2”‘1"’:‘2

o = 3/2kT

(6)
where k = 1.380649 X 107 J/K is the Boltzmann constant.

Figure 8 shows the contours of kinetic energy, potential
energy, and total energy in the cases with smooth substrates at
different temperatures at 3250 ps, which is the end moment of
the longitudinal heat transfer stage. After increasing the
substrate temperature to a high value, the liquid atoms in
Region 1 absorb a large amount of thermal energy from the
substrate to increase their kinetic energy quickly. One part of
thermal energy is converted to atomic potential energy, and the
potential restriction on liquid atoms is weakened. Meanwhile,
the liquid atoms in Region 2 obtain a small amount of thermal
energy to increase their kinetic energy and weaken their
potential restriction. As shown in the kinetic energy contours in
Figure 8, the liquid atoms in Region 1 obtain more kinetic
energy with the increase of substrate temperature. Moreover, the
violent movement of liquid atoms in Region 1 leads to a
significant attenuation of potential restriction for bubble
nucleation, especially for the case with a substrate temperature
of 200 K, as shown in the potential energy contours in Figure 8.
As a result, for the substrate with a temperature of 200 K, the
liquid in Region 1 obtains a large amount of kinetic energy to
break its potential restriction and convert into a bubble nucleus
on the central hydrophilic region at 3250 ps, as shown in the
total energy contour in Figure 8d. However, for the cases with a
lower substrate temperature than 180 K, the substrate cannot
offer enough thermal energy for the liquid atoms in Region 1 to
break their potential restriction in the longitudinal heat transfer
stage, and no bubble nucleation occurs.

Figure 9 illustrates the temperature trend of a layer of liquid
atoms clinging to the surface of the strongly hydrophilic region
at 200 K, which increases quickly to a temperature close to the
substrate temperature of 200 K after 2750 ps. The temperature
trend indicates that an approximate equilibrium of thermal
energy exchange appears between the hydrophilic region and
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this layer of liquid atoms, which cannot increase their kinetic
energy further. However, the potential restriction on the liquid
atoms clinging to the strongly hydrophilic region is so strong
that they cannot get rid of it, as shown in Figure 8. The highest
substrate temperature is 200 K in the present study. Therefore,
for all cases in the present study, the surface of the strongly
hydrophilic region is still covered by a layer of liquid atoms after
bubble nucleation.

As time progresses, the intensity of the thermal energy
exchange between the liquid atoms in Region 1 and the
hydrophilic region becomes weaker because of the small
temperature difference. The thermal energy exchange between
the liquid atoms in Region 2 and those in Region 1 takes
dominance, and the initial transversal heat transfer stage is
reached. As shown in Figure 10, the liquid atoms in Region 2
obtain a large amount of thermal energy from those in Region 1
to improve their kinetic energy and weaken their potential
restriction in the initial transversal heat transfer stage. For the
case with a substrate temperature of 180 K, although the liquid
in Region 1 cannot convert into a bubble nucleus in the
longitudinal heat transfer stage, it has a strong capacity to
transfer thermal energy to the liquid in Region 2. On the other
hand, potential restriction on the liquid atoms in Region 2 is
weaker than that in Region 1. As a result, the liquid atoms in
Region 2 get rid of their potential restriction, and a bubble
nucleus appears in Region 2 at 4425 ps. However, for the cases
with substrate temperatures of 160 and 150 K, the liquid atoms
in Regions 1 and 2 need more time to weaken the potential
restriction on them, and no bubble nucleation phenomenon
occurs in the initial transversal heat transfer stage.

As the heating process continues, more and more thermal
energy exchanges between the liquid atoms in Region 2 and
those in Region 3 take place during the full-scale transversal heat
transfer stage. In this stage, the liquid atoms in Regions 1, 2, and
3 absorb thermal energy to weaken their potential restriction for
bubble nucleation simultaneously. However, the liquid atoms in
Region 3 suffer the weakest potential restriction, and they tend
to convert into a bubble nucleus first in the full-scale transversal
heat transfer stage, as shown in Figure 11. For the case with a
substrate temperature of 160 K, the liquid atoms in Region 3
obtain more thermal energy than those in the case with a
substrate temperature of 150 K within the same time. Therefore,
the liquid atoms on the left border of the hydrophobic region
break their potential restriction at 11 000 ps in the case with a
substrate temperature of 160 K, as shown in Figure 11b. For the
case with a low substrate temperature of 150 K, the liquid atoms
in Region 3 require more time to obtain enough kinetic energy
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at 3250 ps.

to break their weak potential restriction and convert into a
bubble nucleus at 19 525 ps, as shown in Figure 12. It is worth
stressing that the liquid atoms in Region 4 obtain more thermal
energy than those in Region 3 before 19 525 ps, but the former
suffers more considerable potential restriction, leading to no
bubble nucleus formation in Region 4 before 19 525 ps.

On the other hand, the required thermal energy for bubble
nucleation on the hydrophobic region is almost the same, which
is mainly provided from the hydrophilic region. The liquid
atoms in Region 3 absorb more thermal energy than those far
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from the hydrophilic region within the same time. As a result,
when the substrate temperature is low, only the liquid atoms in
Region 3 first obtain enough thermal energy to break their
potential restriction and convert into a bubble nucleus. The
simulation results qualitatively explain the experimental results
of Bourdon et al.,* which show that a lower superheat is needed
for bubble nucleation on the hydrophobic region. Furthermore,
a distance of 3.6 nm from the nucleation position to the center of
the hydrophilic region is obtained when the substrate temper-
ature is 162 K, and the nucleation position is close to the
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influence range (3.3 nm) of the large potential restriction from
the hydrophilic region. Therefore, the substrate temperature of
162 K is regarded as the approximate critical temperature for the
movement of the nucleation position from Region 3 to Region 2
in the present study. However, when the substrate temperature

is raised to 180 K, the liquid atoms in Region 1 still cannot
convert into a bubble nucleus, and bubble nucleation occurs in
Region 2. Both Regions 2 and 3 are close to the border of the
hydrophilic and hydrophobic regions. It can be concluded that
the bubble nucleus tends to appear near the border of the
hydrophilic region and the hydrophobic region when the
substrate temperature is not extremely high. To some extent,
this explains why more bubbles form at the interlaced lines of
different wetting regions in the experiment of Hsu et al.’

In summary, the initial potential restriction on liquid atoms in
the vicinity of the substrate only relates to the substrate
wettability, but the motive force to break the potential restriction
is dependent on the substrate temperature. Thermal energy
from the hydrophilic region transfers to the liquid atoms
gradually from the proximal segment to the distal segment in
three successive stages, corresponding to three nucleation
positions with successively reduced potential restriction.
Therefore, when the substrate temperature is low, the bubble
nucleation occurs only on the hydrophobic region close to the
border of the hydrophilic region and hydrophobic region
(Region 3). Then, the nucleation position moves closer to the
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hydrophilic region when the substrate temperature exceeds a
high value of about 162 K.

Explosion of Bubble Nucleation on a Nanostructure
Substrate with Nonuniform Wettability at Different
Temperatures. It has been found that the liquid atoms on
the hydrophobic region suffer less potential restriction than
those on the hydrophilic region, but the former obtains the
required kinetic energy for bubble nucleation from the latter in
the full-scale transversal heat transfer stage. As a result, the
bubble nucleation efficiency on the hydrophobic region is at a
low level. If the central smooth hydrophilic region is replaced
with a convex hydrophilic nanostructure, as shown in Figure I,
the longitudinal heat transfer stage is passed, and the liquid
atoms near the hydrophobic region obtain thermal energy from
the hydrophilic nanostructure directly. Moreover, the nano-
structure provides a larger solid—liquid heat exchange area. As a
result, the bubble nucleation efficiency is improved by the
hydrophilic nanostructure. The details are illustrated in the
following parts.

Figure 13 shows the representative snapshots of phase
transition processes on the nanostructure substrates with
different temperatures. It is interesting that a bubble nucleus
turns up on the right side of the nanostructure at 7900 ps when
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the substrate temperature is 145 K but only the evaporation
phenomenon occurs on the smooth substrate at 145 K, as shown
in Figure 2a. Moreover, the incipient nucleation time on the
nanostructure substrate at 145 K is even earlier than that on the
smooth substrate at 160 K. Figure 14 shows the comparison
between the smooth substrate and the nanostructure substrate
in the incipient nucleation time. The incipient nucleation time is
significantly shortened by the nanostructure substrate, especially
when the substrate temperature is low. On the other hand, there
is another phenomenon different from the case with a smooth
substrate in which two bubble nuclei form simultaneously on
both sides of the nanostructure when the substrate temperature
is higher than 160 K, and they finally coalesce with each other.

Then, the nanostructure substrate with a temperature of 150
K is taken as a representative to illustrate the reason for the
shortening of the incipient nucleation time by the nanostructure
substrate. As shown in Figure 15, for the nanostructure
substrate, the potential restriction on liquid atoms on the
hydrophobic region is much weaker than that on the hydrophilic
nanostructure region at the initial moment of the non-
equilibrium stage and so is the potential restriction distribution
on the smooth substrate. Therefore, the difference in incipient
nucleation time between the smooth substrate and the
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Figure 13. Representative snapshots of phase transition processes on
the nanostructure substrates at (a) 145, (b) 150, (c) 160, (d) 180, and
(e) 200 K.

nanostructure substrate mainly depends on the heat transfer
process. The regions for calculating the transversal heat flux in
the case with a nanostructure substrate are the same as that in
Figure 6. At the substrate temperature of 150 K, the comparisons
of the transversal heat flux through the regions at the border of
the hydrophilic region and the hydrophobic region between the
smooth substrate and the nanostructure substrate are shown in
Figure 16. Obviously, the liquids in Regions 2 and 3 on the
nanostructure substrate obtain more thermal energy than those
on the smooth substrate within the same time. As a result, the
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incipient nucleation time is significantly advanced by the
hydrophilic nanostructure substrate.

B CONCLUSIONS

In this article, the molecular dynamics simulation method is
adopted to study bubble nucleation on a substrate with
nonuniform wettability. The nucleation position is observed to
vary with the substrate temperature is observed, and the intrinsic
regime for this is fully illustrated. The conclusions are
summarized as follows.

For the smooth substrate with nonuniform wettability, the
nucleation position is related to the substrate temperature. The
bubble nucleus appears on the hydrophobic region when the
substrate temperatures are 150 and 160 K. With the increase of
substrate temperature, the nucleation position moves forward to
the hydrophilic region and finally locates there. The change of
the nucleation position is explained through the competition of
atomic potential restriction and atomic kinetic energy, which are
the barrier and the impetus for bubble nucleation, respectively.

The liquid atoms on the hydrophilic region suffer a stronger
potential restriction than those on the hydrophobic region.
Therefore, the liquid atoms on the hydrophilic region need to
obtain more thermal energy to get rid of their potential
restriction and convert into a bubble nucleus. On the other hand,
the thermal energy exchange efficiency between the liquid and
substrate is related to the solid—liquid interfacial wettability as
well. The Kapitza resistance for the hydrophobic region is about

https://dx.doi.org/10.1021/acs.langmuir.0c00747
Langmuir 2020, 36, 5336—5348


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00747?fig=fig15&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00747?ref=pdf

Langmuir

pubs.acs.org/Langmuir

—— Smooth substrate
Nanostructure substrate

i ol i %‘L
= i kL T il !, IR e A G L
Bl s
s N

-12 T T T T T

3000 4000 5000 6000 7000
Time (ps)
(a) Rightward heat flux

Heat flux (10*eV/A%ps)

—— Smooth substrate
Nanostructure substrate

1 !

i I‘ L |

|

M“JMN

\ Mﬂ‘m I

m fis

Akt

|

L

:

3000 4000 5000 6000 7000

Time (ps)
(b) Leftward heat flux

Figure 16. Transversal heat transfer through the regions at the border of the hydrophilic nanostructure and the hydrophobic region: (a) rightward heat

flux and (b) leftward heat flux.

98 times larger than that for the hydrophilic region. After
increasing the substrate temperature to a high value from the
equilibrium temperature of 90 K, only the liquid atoms on the
hydrophilic region absorb a considerable amount of thermal
energy in a short time, and part of the absorbed thermal energy is
further transferred to the liquid atoms on the hydrophobic
region. Therefore, although the liquid atoms on the hydro-
phobic region suffer weak potential restriction, they need more
time to obtain the thermal energy to break the weak potential
restriction and convert into a bubble nucleus. The magnitude of
the absorbed thermal energy of liquid atoms is related to the
substrate temperature. As a result, the liquid atoms with a large
potential restriction on the hydrophilic region achieve
nucleation when the substrate temperature is 200 K, and the
nucleation position moves to the hydrophobic region with the
decrease of the substrate temperature. Moreover, the bubble
nucleation occurs only on the hydrophobic region close to the
border of the hydrophilic region and hydrophobic region when
the substrate temperature is below 162 K.

Furthermore, the central smooth hydrophilic region is
replaced with a convex hydrophilic nanostructure, and the
liquid atoms on the hydrophobic region obtain thermal energy
from the hydrophilic nanostructure directly. As a result, the
bubble nucleation efficiency in the hydrophobic region is
improved. The present study can provide a reference for
research on enhancing heat transfer.
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