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The classical heterogeneous nucleation theory explains that the groove in the substrate is a desirable
place to breed a bubble nucleus. However, the existing research method cannot reproduce the nucleation
process. Therefore, in the present study, the molecular dynamics simulation method is conducted to in-
vestigate the bubble nucleation on grooved substrates with different wettability. The simple L-] liquid
argon is heated by the platinum grooved substrate, whose temperature is controlled by Langevin ther-
mostat. Results show that the groove has significant impacts on bubble nucleation from two aspects:
improve thermal energy transfer efficiency and support an initial bubble nucleus. For the substrate with
a hydrophilic groove, a visible bubble nucleus generates on the groove region from nothing because of
liquid in there obtaining more thermal energy than that on the smooth region within the same time.
Moreover, the nucleation rate is improved with the increase of groove hydrophilicity. On the other hand,
for the substrate with a hydrophobic groove, some residual gases form an initial bubble nucleus at the
initial moment of the nonequilibrium simulation stage, and it takes some time to grow up. Furthermore, a
method based on the competition between atomic potential energy and atomic kinetic energy is used to
explain the formation of the bubble nucleus on the different wetting substrates. The present simulation
study of bubble nucleation on the grooved substrate is another support for the classical heterogeneous

nucleation theory.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Bubble nucleation in nucleate boiling is a fundamental issue in-
volving many disciplines, such as heat transfer, physics, and fluid
mechanics [1-3]. It has attracted considerable attention in the re-
searches of enhancing heat transfer in the past decades, especially
with the rapid development of microelectronic technology [4]. The
classical heterogeneous nucleation theory indicates that the groove
in the heating surface is the most likely place to generate the bub-
ble nucleus. Moreover, some studies of boiling on the heated sur-
faces with micro-machined artificial cavities have been conducted
to enhance nucleate boiling efficiency [5]. However, the traditional
methods are inapplicable to observe the bubble nucleation pro-
cess in the micro-scale because of the restriction of time scale and
space scale. The further understanding of the bubble nucleation
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process on a groove is needed to push forward the application of
nucleate boiling in enhancing heat transfer.

The molecular dynamics simulation method basing on statisti-
cal mechanics is conducted to simulate the microscopic behavior of
molecular motion and obtain the macro properties of the molecu-
lar system, and which is a valuable tool to study bubble nucle-
ation [6]. Hens et al. [7] investigated the bubble nucleation on a
smooth substrate surface with uneven temperatures. The results
revealed that the bubble nucleation could be observed in the re-
gion with higher degrees of superheat. Nagayama et al. [8] studied
the bubble nucleation behavior in a nanochannel. It was found that
bubble nucleation behavior was significantly different from that
on the smooth substrate with varying wettability. Homogeneous
nucleation and heterogeneous nucleation respectively appeared on
hydrophilic and hydrophobic substrates. Moreover, the inapplica-
bility of the Young-Laplace equation in nanoscale was verified.
Maruyama et al. [9] expanded the nanochannel gradually, and the
heterogeneous nucleation successfully was visualized under differ-
ent interfacial wettability conditions. Yamamoto et al. [10] investi-
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gated the initial stage of bubble nucleation on smooth substrates
with uneven superheat and surface wettability, respectively. Under
these two conditions, the bubble nucleus successfully generated
in the vicinity of the substrate, and the inception time of nucle-
ation was related to substrate wettability and superheat. She et al.
[11] analyzed the bubble nucleation process on a substrate with
a groove, which enhanced the formation of the bubble nucleus.
It was found that the hydrophilic substrate had a better perfor-
mance in bubble nucleation, while no bubble nucleus formed on a
strongly hydrophobic substrate. Liu et al. [12] studied the process
of bubble nucleation on a rough hydrophobic substrate, and the
thermodynamic integration method was applied to quantitatively
evaluate the change of free energy during the phase transition pro-
cess. Zhou et al. [13] investigated the bubble nucleation of liquid
argon over patterned surfaces with different wettability. Results
showed that the position of bubble nucleation tended to move
from the hydrophobic region to the hydrophilic region with the in-
crease of substrate temperature. Chen et al. [14-17] explored bub-
ble nucleation phenomena on the substrates with different wetta-
bility and nanostructure conditions. It was found that the substrate
inhomogeneity had a significant impact on bubble nucleation.

The above studies provide significant insights into heteroge-
neous nucleation under different conditions, and the effects of sub-
strate wettability, groove, and convex nanostructure on bubble nu-
cleation have been thoroughly discussed. However, the formation
mechanism of the bubble nucleus did not be illustrated clearly
at the nanoscale, which hinders the further development of nu-
cleate boiling in the practical application. The classical heteroge-
neous nucleation theory explains that the groove in the heating
substrate is conducive to the formation of bubble nucleus because
of the following two reasons: one is the liquid in the groove ob-
taining more thermal energy than that on the plane within the
same time, another is some residual gases in groove becoming the
initial bubble nucleus [18]. For the simple L-J liquid, the evapo-
ration of atoms from the vapor-liquid interface can be viewed as
an escape from a potential energy well [19]. We can easily asso-
ciate that enough kinetic energy is the trigger of escape, and the
competition of atomic potential energy and atomic kinetic energy
may be a valuable idea to explain the advantage of the groove in
bubble nucleation. Therefore, based on this idea, the molecular dy-
namics simulation method is conducted to investigate the forma-
tion mechanism of a bubble nucleus on a grooved substrate with
different wettability from the two mentioned perspectives of clas-
sical nucleation theory in the present study.

2. Simulation system and method

The simulation box is illustrated in Fig. 1, which is a cubic box
with a size of 14.9 nm (x) x 14.9 nm (y) x 82.1 nm (z). The purple
argon (Ar) and light blue platinum (Pt) are selected as the simula-
tion mediums of liquid and metal substrate, respectively. Ten lay-
ers of light blue platinum atoms are placed at the bottom with
the arrangement of face-centered cubic structures (FCC (1 1 1))
[20]; 40000 liquid argon atoms are placed on the substrate sur-
face with a density of 1.367 g/cm?; the vapor argon atoms evap-
orate from the liquid surface into the upper vapor region during
the equilibrium simulation process. It is noteworthy that the three
layers of platinum atoms at the bottom are set as the heat source,
whose temperature is controlled by a Langevin thermostat. A pe-
riodic boundary is applied to the x-direction and y-direction, and
the argon atoms come back to the simulation box from one side
when it leaves on the opposite side. On the other hand, a reflect-
ing wall is applied to the z-direction because of the existence of
a metal substrate at the bottom. The argon atoms reflect from the
top boundary without any losses of energy and momentum.

* | Air argon

£2. 1 nm

. | Liquid argon

Platinum
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Fig. 1. Initial configuration of the simulation system.
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Table 1

Lennard-Jones parameters for Ar-Ar, Pt-Pt [21]
Interaction type eleV o /nm
Ar-Ar 0.0104 0.34
Pt-Pt 0.52 0.2475

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

o=t [(5) (5] o

where ¢ and o express the energy parameter and length parame-
ter, respectively. The exact values for these parameters are listed in
Table 1.

The interaction potential of Ar-Pt is related to the interfacial
wettability of solid-liquid. Thus a new form of the L-] potential
is presented, as shown in Eq. (3). This new potential formula is
a combination of the potential models used by Din [22] and Barrat
[23].

Oor o\ 12 Om a6
Gre_ar(r) :4sp[_m[( o) p( 2 } 3)
Ept_Ar = OUN/EptEar (4)
opt + O,
Opt_ar = % (5)

where ep;_ar and op;_y, are calculated by Egs. (4) and (5) basing
on the Lorentz-Berthelot combining rule [24]. 8 and « are used to
adjust the substrate wettability, and their values are presented in
Table 2.

The present study is conducted by a Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [25],
which is a popular open-source software for molecular dynamics
simulation developed by the Sandia National Laboratory. During
the simulation process, the cut-off radius r. = 3.504, and time step
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Table 2
Different interfacial wettability of solid-liquid based on «
and B [8]

Surface wettability o B Contact angle

Weak hydrophilicity 0.14 1 0°
Strong hydrophilicity 1 1 0°
Strong hydrophobicity =~ 0.14 0.1 180°

At = 5fs are set to reduce computation time, and the position and
velocity of each atom are updated by a Velocity-Verlet algorithm
[26]. The simulations in the present study include two main
stages: preparation and nonequilibrium. In the preparation stage,
a 2.5 ns simulation in the canonical ensemble NVT (N is atom
number, V is volume, T is temperature) is conducted to achieve an
equilibrium stage at 90 K. In the nonequilibrium simulation stage,
the temperature of heat-source is raised to 200 K (T/T¢=1.3, T is
critical temperature) by the Langevin thermostat. An additional
5 ns nonequilibrium simulation in the microcanonical ensemble
NVE (N is atom number, V is volume, E is energy) is conducted to
study the bubble nucleation process on the grooved substrate. In
both stages, the simulation data are output every 100 time-steps,
and the atom trajectories are visualized by the open visualization
tool OVITO [27].

3. Results and discussion

Based on the above simulation system and methods, in this sec-
tion, the bubble nucleation processes on the grooved substrates
with different wettability are studied to make a comparison with
the classical heterogeneous nucleation theory in the formation of a
bubble nucleus. Moreover, the formation mechanism of the bubble
nucleus on a grooved substrate is illustrated from the competition
of atomic kinetic energy and atomic potential restriction.

3.1. The comparison of bubble nucleation on grooved substrates with
different wettability

The heat transfer efficiency of solid-liquid increases with the
enhancement of substrate hydrophilicity [17]. If the hydrophilic-
ity of the groove region is stronger than that of the smooth re-
gion, bubble nucleation may happen on the groove [10,13]. On the
other hand, some residual gases in the hydrophobic groove were
found in our previous study [14]. Therefore, in the present study,
strong hydrophobicity, weak hydrophilicity, and strong hydrophilic-
ity are taken as the representatives to study bubble nucleation on
a grooved substrate. The wettability configurations of grooved sub-
strates are illustrated in Table 3.

Fig. 2 illustrates the representative snapshots of bubble nu-
cleation processes on the grooved substrates with different wet-
tability. The bubble nucleation phenomena are different between
the hydrophilic groove and hydrophobic groove. For Cases A and
B with a hydrophilic groove, a visible bubble nucleus turns up
from nothing on the groove region at about 4100ps and 3000ps,
respectively, and the bubble nucleus continues to grow up with
the increasing time. It can be concluded that the hydrophilicity
difference between the groove region and smooth region is not
the cause of bubble nucleation, but the incipient nucleation time

Table 3
Configuration of different simulation cases

Simulation case ~ Wettability of groove region = Wettability of smooth region

Case A Weak hydrophilicity Weak hydrophilicity
Case B Strong hydrophilicity Weak hydrophilicity
Case C Strong hydrophobicity Weak hydrophilicity

is shortened with the increase of hydrophilicity. Besides, the hy-
drophilic groove surface is covered with a layer of argon atoms
all the time, which is common in the study of boiling and evap-
oration in nanoscale [28]. For Case C with a hydrophobic groove,
some gases remain in the groove and become the initial bubble
nucleus, which begins to grow up further at about 5100 ps. On the
other hand, the nucleation rate and critical nucleus size are the
concerned quantities in bubble nucleation study. Therefore, based
on the method of mean first-passage times (MFPT), further com-
parisons between different wetting substrates in these two param-
eters are made. The procedure is illustrated as follows.

In an activated process, the rate of barrier crossing is related
to the mean first-passage times, which is defined as the average
elapsed time until the system starting at point x; leaves a pre-
scribed domain [a, b] for the first time [29, 30].

b
r(oiab) = | Dlodyexp[ﬁucy)l [ “dzexpl-pU@]  (6)

where Dg is the generalized diffusion coefficient, U(y) is the free
energy barrier for nucleation, xq is the initial position, and S=1/kT
is the inverse of the product of Boltzmann constant k and tem-
perature T. For most cases of interest, the boundary conditions are
typically reflecting at point a and absorbing at point b. The average
time for the system to reach b for the first time can be obtained
by fixing a given starting point. It is worth stressing that the shape
of the bubble nucleus in the present study likes a cylinder under
the effect of the groove crossing the substrate surface along the y-
direction. Therefore, in the present study, the bubble nucleus vol-
ume is set as the concerned parameter in the calculation of the
nucleation rate, corresponding to the parameter b.

Under reasonably high barriers, the MFPT of volume b can be
evaluated by the method of steepest descent, and it is described
by the following expression [31]:

T
T(b) = {1 +erf{(b—x")c]) (7)
where 7; = ]iv is the inverse of the nucleation rate in unit volume,

erf(x) = Z/ﬁ/g e~*dx is the error function, ¢ = v/ % is the
local curvature around the top of the barrier curve, and x* is the
critical volume of the bubble nucleus. It is attractive that the nu-
cleation rate and the critical nucleus volume can be obtained by
merely fitting the results of MFPT in the MD simulation to this
simple expression.

Next, what we concern about is how to obtain the MFPT from
the MD simulations. Firstly, during the simulation process, the vol-
ume b of the largest bubble nucleus is noted at the regular time
step (1000 time-steps in the present study), and the correspond-
ing time t;(b) is recorded as well. Then, the mean first-passage
time t(b) for each volume b is obtained by averaging t;(b) over
several repetitions of the MD simulations with different initial con-
figurations. It is noteworthy that only one bubble nucleus exists in
the simulation box during the nucleation process, and that is the
largest one at the regular time step, as shown in Fig. 2. On the
other hand, in the present study, the heterogeneous bubble nucle-
ation is induced by the hot substrate, and there is no significant
difference in the bubble size between the repeated MD simulations
at the regular time step. On the contrary, the bubble nucleation
process is arbitrary in the MD study of the homogeneous nucleus
[31]. Therefore, in the present study, 20 repeated MD simulations
are conducted to obtain the MFPT for the cases with different wet-
ting substrates, respectively.

Fig. 3 shows the trends of mean first-passage time with bub-
ble nucleus volume for the cases with different wetting substrates.
The fits work well with Eq. (7) for all cases, and the mean first-
passage time reaches a plateau 7; = le It is noteworthy that the
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Fig. 2. Representative snapshots of bubble nucleation process on the grooved substrate with different wettability.

bubble nucleation (hydrophilic groove) or bubble nucleus growth
(hydrophobic groove) needs a long waiting time, and the thermal
energy cumulation of liquid atoms in this period causes the quick
growth of newborn bubble nucleus or initial bubble nucleus af-
ter some time. As a result, the trends of mean first-passage time
for the cases with wetting substrates lack the first half part to fit
with Eq. (7). The volume of the liquid region is 2250 nm?3 in the
present study. Finally, the nucleation rates of 0.00025 ns~'enm~3,
0.00063 ns~'enm=3, and 0.00014 ns~!enm~—3 for Cases A, B, and C
are obtained, respectively. The hydrophilic case shows a higher nu-
cleation rate than the hydrophobic one, and this trend is different
from the classical heterogeneous nucleation theory. The reason for
that is illustrated in the following part.

The critical volume of the bubble nucleus is derived from the
fitting results. The nucleation rate is in inverse proportion to the
time from the initial moment to the transition state of reaching
the critical volume [30, 32].

1

J= 2T (x*)V

(8)

where the factor 1/2 comes from the fact that, at the top of the
barrier, the system has a 50% chance of falling to either side.

For Case C, the critical volume of the bubble nucleus is 35.16
nm?3, which is bigger than the initial one at the beginning moment
of the nonequilibrium simulation stage. The initial bubble nucleus
needs to absorb thermal energy to break the energy barrier and
grow up further. However, the exchange efficiency of thermal en-
ergy is very low between the strongly hydrophobic groove and
the liquid on it. As a result, the liquid on the strongly hydropho-
bic groove can only absorb thermal energy from that on the hy-
drophilic region to break the energy barrier of critical volume, and
it costs much time. On the other hand, the critical volumes of bub-
ble nucleus only are 3.75 nm? and 0.16 nm3 for Cases A and B,
respectively. The critical volume of the bubble nucleus on the hy-
drophilic groove is so small that once the bubble nucleus turns up,
it will exceed the critical size quickly and grow up further. Namely,
the incipient nucleation moment is near the transition state. As a
result, the hydrophilic groove has an advantage over the hydropho-
bic groove in the nucleation rate by comparison.

The nucleation kinetics can be described by the Fokker-Planck
(FP) equation [31,33,34].

AP(x,t) = % [D(x)eﬂAG(x)aax(P(x, t)eﬂAG(")):I (9)
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Fig. 3. Trends of mean first-passage time for the cases with wetting substrates.

where the effective diffusion D(x) is the rate of bubble nucleus to
a volume of x and is expressed as Eq. (10).

Dent () = A(x*) px?/3 7/ 2 mkT (10)

where p is the vapor pressure and A(x*) the surface area of the
critical bubble.

However, the temperature and pressure of the liquid are not
constant in the present study of heterogeneous nucleation. There-
fore, it is hard to obtain the theoretical results of the nucleation
rate and critical nucleus size. On the contrary, for the homoge-
neous nucleation in the references [31,33,34], the temperature is
fixed, and parameters p and A(x*) can be easily obtained [34]. As a
result, a comparison can be made between the MD result and the
theoretical result in the homogeneous nucleation.

In summary, the nucleation rate increases with the enhance-
ment of groove hydrophilicity, and the critical bubble volume
shows the opposite trend. More attractively, at the initial moment
of nonequilibrium simulation stage, an initial bubble nucleus forms
in the strongly hydrophobic groove, which is totally different from
the bubble nucleation phenomenon in the hydrophilic groove. For-
tunately, this difference can be used for the exploration of bub-
ble nucleus formation from two perspectives of classical nucleation
theory: some residual gases in groove becoming the initial bubble
nucleus and the liquid in the groove obtaining more thermal en-
ergy to achieve nucleating [18]. Therefore, the next studies are di-
vided into some parts according to the following questions:

(1) Whether the reason for the bubble nucleation on the grooved
substrate with uniform weak hydrophilicity is the liquid atoms
on the groove region obtain more thermal energy than that on
the smooth region?

(2) For the hydrophilic groove, why the incipient nucleation time
is shortened with the enhancement of groove hydrophilicity
(nucleation rate improves with the enhancement of groove hy-
drophilicity)?

(3) Why some gases remain in the hydrophobic groove to form the
initial bubble nucleus?

(4) The heat transfer efficiency between the strongly hydrophobic
groove and the liquid atoms on it is very low. How can the ini-
tial bubble nucleus grow up from the hydrophobic groove by
obtaining less thermal energy?

3.2. The introduction of the idea for explaining bubble nucleus
formation on the grooved substrates with different wettability

To find the answers to the mentioned questions in Section 3.1,
the study method is introduced firstly. On the macro scale, the
barrier for the phase transition from liquid to vapor is the la-
tent heat, which is overcome by absorbing enough thermal en-
ergy. This idea is available to explain the phase transition phe-
nomenon at the macroscale, but not for the bubble nucleation at
the microscale because of the restrictions of time scale and space
scale.
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On the microscale, the kinetic theory was proposed by Shen to
illustrate homogeneous bubble nucleation [19]. In their study, the
theory method is taken to analyze the potential energy well for the
L-J liquid atoms evaporating from the vapor-liquid interface. In the
study of Hill [35], for two monatomic molecules in phase space, if
the relative kinetic energy of the molecules smaller than the neg-
ative of the potential energy of interaction, they were "bound" to
each other and belonged to the same liquid cluster. For a group
of monatomic molecules, a line was used to connect each “bound”
molecules, and they were regarded as a part of one liquid clus-
ter. However, in the present study, once bubble nucleation hap-
pens, many vapor atoms appear inside the bubble nucleus. Some
vapor atoms inside the bubble nucleus may be “bound” with each
other, but they should not be regarded as a part of the liquid.
Therefore, based on the ideas of Shen and Hill, a modification is
made to meet the requirement of the present study. If the av-
erage kinetic energy of a group of liquid atoms inside liquid ex-
ceeds their average potential restriction, the bubble nucleation is
happening. On the other hand, the analogies can be made be-
tween latent heat and atomic potential restriction, thermal en-
ergy and atomic kinetic energy by combining the macro theory.
Therefore, based on the above analysis and comparison, we believe
that the formation mechanism of a bubble nucleus can be illus-
trated by the competition between atomic potential energy and
atomic kinetic energy, and this idea is named “PK” norm (the let-
ters “P” and “K” are the abbreviation of “Potential energy” and “Ki-
netic energy” respectively, and the combination “PK” implies the
competition of atomic potential energy and atomic kinetic energy)
in the present study. The idea of the “PK” norm is illustrated as
follows.

Firstly, the idea of the “PK” norm is illustrated by the move-
ments of two argon atoms, as shown in Fig. 4(a). Two argon atoms
are put on a horizontal line at the initial moment. The Atom 1 is
fixed at the original position all the time, and Atom 2 horizon-
tally moving between Position 1 and Position 2 likes the simple
harmonic motion under the potential restriction from Atom 1. The
potential energy between Atom 1 and Atom 2 at Position 1 and Po-
sition 2 is the same, and the corresponding kinetic energy of Atom
2 is 0 at these two positions. Atom 2 is a part of the liquid in
the present situation. Then, Atom 2 obtains a little thermal energy
by an artificial mean, and its kinetic energy is increased slightly.
The motion range of Atom 2 is changed to which from Position 3
to Position 4, as shown in Fig. 4(b). Although the moving distance
of Atom 2 is increased, it cannot get rid of the potential restriction
from Atom 1. Atom 2 still is a part of liquid as before. Furthermore,
Atom 2 absorbs more energy, and its Kinetic energy is larger than
the potential restriction from Atom 1 at some moment. As a result,
Atom 2 moves to Position 5 and continues to move freely along the
opposite direction from Atom 1, as shown in Fig. 4(c). The poten-
tial energy between Atom 1 and Atom 2 is 0 when their distance
is infinite. Thus Atom 2 keeps moving horizontally according to the
law of energy conservation. Finally, Atom 2 is considered a part of
the bubble nucleus.

Then, the idea of “PK” norm is further illustrated by a group of
argon atoms inside the liquid, as shown in the red ring region in
Fig. 5(a). This group of argon atoms moves within a tiny region at
the initial moment of nonequilibrium simulation stage, and they
are a part of the liquid. Then, they absorb thermal energy from
the heating substrate, and their average kinetic energy is increased.
Moreover, some of the thermal energy is converted to the poten-
tial energy (negative value) of this group of atoms, leading to the
slight enlargement of the distance between different liquid atoms.
Therefore, this group of atoms tends to move within a broader re-
gion, and the average potential restriction from the surrounding
atoms to them is decreased at the same time, as shown in Fig. 5(b).
However, this group of atoms still cannot get rid of their poten-
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Fig. 4. Sketch map of the movement of one atom during the heating process.

tial restriction, and no bubble nucleation happens. As time goes
on, this group of atoms absorbs more and more thermal energy
from the substrate, leading to a further decrease in average poten-
tial restriction and a further increase in average kinetic energy. At
some moment, this group of atoms breaks their potential restric-
tion, leading to the formation of a bubble nucleus, as shown in
Fig. 5(c).

3.3. The exploration of the reason for the bubble nucleation on the
uniform hydrophilic grooved substrate

Based on the “PK” norm, the formation mechanism of a bub-
ble nucleus on the uniform hydrophilic grooved substrate is illus-
trated in this subsection. The bottom half of the simulation box
is divided into 30(x) x 35(z) subregions with a size of 0.5 nm
(x) x 149.0 nm (y) x 0.5 nm (z). The average kinetic energy of
atoms in each subregion is calculated to obtain the kinetic energy
contour, and the potential energy contour is obtained in the same
way.
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Heating

(b)

©

Fig. 5. Sketch map of the movement of a group of atoms during the heating pro-
cess.

The temperature of heat-source is raised to 200 K by the
Langevin thermostat at the beginning of the nonequilibrium stage
(2500 ps). In Case A with uniform wettability, the liquid atoms in
the vicinity of the grooved substrate directly obtain the thermal
energy from the heating substrate. One part of the thermal energy
is converted to the atomic kinetic energy, as shown in Fig. 6 (the
solid-liquid interface at z=0 A and the liquid-vapor interface at
z=90 A). The kinetic energy of liquid atoms is raised from the bot-

120

60 90
Y &)

tom to the top with the heating process, especially for the liquid
atoms on the groove region, which have higher kinetic energy than
the liquid atoms on the smooth region. It is worth stressing that
the distribution of kinetic energy in the upper region is uneven
because of the sparse distribution of vapor atoms. On the other
hand, another part of thermal energy is converted to the atomic
potential energy, as shown in Fig. 7. Similarly, the potential energy
of liquid atom closing the substrate is raised, especially for the lig-
uid atom on the groove region. The distributions of kinetic energy
and potential energy indicate that the existence of a groove makes
the liquid atoms on there obtain more thermal energy and tend to
convert into a bubble nucleus. Even so, for the liquid atoms on the
groove, the potential restriction is still much stronger than the ki-
netic energy during the initial stage of the nonequilibrium simula-
tion process, as shown in Fig. 8. On the contrary, the kinetic energy
is larger than potential restriction for the vapor atoms in the upper
region. Therefore, more and more liquid atoms at the liquid-vapor
interface evaporate into the upper vapor space.

With the heating process, the liquid atoms absorb more and
more thermal energy from the heating substrate to increase their
kinetic energy and weaken their potential restriction. As a result,
the liquid atoms on the groove region obtain enough kinetic en-
ergy to break their potential restriction at about 4100 ps, as shown
in Fig. 9(a). It is attractive that the position where the total energy
larger than O eV coincides with the bubble nucleation position in
Fig. 2(a), moreover, the incipient nucleation time shows the same
consistency. Furthermore, once a bubble nucleus forms inside the
liquid, the potential restriction on the liquid atoms at the interface
of the bubble nucleus is significantly weakened, as shown in the
potential energy contours of Fig. 9. Therefore, more and more lig-
uid atoms at the interface of the bubble nucleus get rid of their
potential restriction, and the region atomic kinetic energy larger
than atomic potential restriction is enlarging, as shown in Fig. 9(b)
and (c). As a result, the bubble nucleus keeps growing. Similarly, at
the same time step, the shape of where total energy larger than 0
eV is almost the same as the bubble nucleus in Fig. 2. It notewor-
thy that the potential restriction on the argon atoms clinging to
the substrate is always larger than their kinetic energy during the
bubble nucleation process, which explains why a layer of solid-like
argon atoms is restricted to the hydrophilic substrate surface all
the time in the present study and the relevant researches [14-17].

The evolution of energy contours in Case A illustrates the avail-
ability of the “PK” norm in explaining the bubble nucleus forma-
tion on the hydrophilic grooved substrate. Moreover, to some ex-
tent, the classical heterogeneous nucleation theory about the liquid

60 90
Y (A)

Fig. 6. The kinetic energy distribution in Case A during the initial stage of heating.
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Fig. 7. The potential energy distribution in Case A during the initial stage of heating.
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Fig. 8. The total energy distribution in Case A at 3000 ps.

on the groove region obtaining more thermal energy than that on
the smooth region to achieve nucleating is verified as well.

3.4. The exploration of the reason for the strongly hydrophilic groove
in shortening the incipient nucleation time

The groove hydrophilicity has significant effects on both heat
transfer efficiency of solid-liquid and potential restriction on the
liquid atoms, and to explain further the reason for the strongly hy-
drophilic groove in shortening the incipient nucleation time, the
effects should be fully illustrated. The heat transfer efficiency of
solid-liquid enhanced with the increase of substrate hydrophilicity
has been shown in many studies [17], but the reason for that has
not been reasonably explained. On the other hand, the relation-
ship between substrate hydrophilicity and the potential restriction
on liquid atoms has not been revealed as well. Therefore, in this
subsection, the effects of hydrophilicity on the heat transfer effi-
ciency of solid-liquid and potential restriction on the liquid argon
are illustrated through a theoretical approach. Based on that, the
reason for the strongly hydrophilic groove in shortening the incip-
ient nucleation time is explained further.

The first is to calculate the potential restriction on liquid atoms.
As shown in Fig. 10, an argon atom on the solid substrate is se-
lected as the target atom. The calculation domain is a sphere with

a radius of Rey_opp=12 A, and the target atom is in the center
of this sphere. The dark red region and light blue region repre-
sent liquid argon and metal platinum, respectively. The vertical dis-
tance between the target atom and the substrate surface is h. It is
noteworthy that the minimum vertical distance h,;, cannot be 0
because of the considerable interatomic repulsion. In the present
study, hy, is set to 2.94 A, which is the average value of op_p
and OAr—Ar-

The potential restriction on liquid atoms changes with the
nonequilibrium heating process because one part of thermal en-
ergy from the substrate is converted into the potential energy.
However, at the initial moment of the nonequilibrium simulation
stage, the density of argon liquid is approximately uniform un-
der the equilibrium temperature of 90 K. Therefore, to simplify the
derivation process and achieve the quantitative assessment of po-
tential restriction for the cases with different wetting substrates,
we assume the distribution of liquid atoms is uniform at the ini-
tial moment of the nonequilibrium simulation stage. The molecular
number density of liquid argon and metal platinum are n; and np,
respectively. The details of the derivation process of potential re-
striction are illustrated as follows.

The total potential restriction on the target atom is shown as
Eq. (11).

q>=/vf/¢(r)ndv (11)

where ¢(r) and n represent L-] potential and molecular number
density, respectively.

In the spherical coordinate system, the Eq. (11) is explained as
follows.

T 2 -
® = //f(b(r)ndv:n,f d@f d<p/ " ¢(r)rsinfdr
Oh 0 hmin
v

eh 2 Rcut—off ks 2
+ny / do / do / & (r)rsinddr + s / do /
0 0 Rmin Oh 0

RCU[*O
x dg ff<,z§(r)rzsin¢9dr (12)

"~ cos®

Expand the first integral item on the right of the equal sign in
Eq. (12):
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T 2 L
”l/ dG/ d(p/ cost ¢ ryr2sinddr
n 0 hmin
. __n
=27ml_/(; sin@d@[h cost ¢ ryrldr
h min
—2mn, /rr sing <7 ‘l‘ﬁ‘Al'—Ar‘;Ar—Ar6 c0s36 + 45A|’—Ar‘7é\r—Ar12 c0s%6 — ‘lsAl';:rUA;—Ar6 n 48Ar;;ro'Ar9—Ar12 )de
h min min
6 4 6 4 12 4 6 4
_ 2”"1/ h (_ gAr—/;r;Ar—Ar cos36 + 5Ar—A;:9Ar—Ar c0s%6 — EAr;;:rGA;—Ar 4 EArg;\lrUArg—Ar dcosh (13)
x ) )
EAr—ArOAr—Ar® 6, 28 Ar—ArOAr—Ar > 6 48A:n—l:raAr—Ar12 48Ax:1—"/1\r‘7'Ar—ArG 6)
=2mm | - AR cost6| 1 + —Ee cos!0g [ + T Rl cosd| !
EAr_ArOAr_Ar® 2¢ Opr_ar 2 4emmA OAr_Ar! A n pOAr A
= nn,[—% (cos*6), — 1) + % (cos'06y, — 1) | —ACATALAL Ar;z' e >(cos€h + 1):|
min min
28 Ar—ArOAr—Ar > cosmeh _ EAr—ArOAr—Ar® COS49h n 46 pr_ArOAr—Ar 2 _ 48 pr—ArOAr—Ar® cosf,
45h9 3 9hming 3hmin3

=2mn 12 6 12
 2epr_ArOAr-Ar EAr—ArPAr—Ar 4ear-ArOAr-Ar ©  4EAr-ArOAr-Ar

9 3 9 3
45h 3h hmin 3hmin




10 Y.-J. Chen, B. Yu and Y. Zou et al./International Journal of Heat and Mass Transfer 158 (2020) 119850

Liquid argon
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Fig. 10. calculation domain for calculating the vertical component of force on the
target atom.

The same integration method is adopted to expand the remain-
ing two terms on the right side of the equal sign in Eq. (12):

T 2 Reut—oft
n /e d6 / do / T pyrsingdr
h 0 ~os?

cost

1
_ 2‘E'Ar—PtUAr—Pt

2
& o
10 Ar—PtY Ar—Pt
2580 cos0 + —— 35—

6
cos*6y

4Aepr_ptOar—pt®  4EAr_ptOAr_pt 2 4epr_ptOAr—_pt®
=27TT13 +( Ar—PtYAr-Pt Ar—PtYAr—Pt C059h+ Ar—PtUAr—Pt

3Rcut—off3 chut—aff9 3Rcut—off3

12 6 12
_AEarpOAar—pt  EArPtOAr—Pt | 2EAr—PtOAr—Pt

chutfofff’ 3h3 45h9
(14)
0h 21 Rcut—off .
n,/ d@/ d(p/ ¢ (r)r’sinfdr
0 0 Rmin
45/\r—Ar0’Ar—Ar6 _ 4“'3Ar—ArO'Ar—Ar12
3Reut—off” Reyt—of”
= 2mn (1 - cos eh) cut—off . cut—off H
_ A€ ar—_ArOAr—Ar 4Ear_ArOAr—Ar
3Rming, 9Rming
(15)

The final expression of the total potential restriction on the tar-
get atom is obtained by substituting Eqs. (13), (14) and (15) into
Eq. (12).

0] =/V//¢(r)ndv

6 12
(sAr—ArJAr—Ar _ 2&pr_ArOAr-Ar

)h " EAr—ArgAr—Ars h-3

4 10
Rcut—aff SRcut—uff
_ 2eAr—ArO'Ar—Aru -9 S‘E‘Ar—ArO‘Ar—Ar12 8E‘Ar—ArO’Ar—ArG
=2mn| - 15 h=2 + 5 - 3
ngin 3Rmin
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3 9
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+27ng

12 6 12
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45
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(16)

Substitute the known parameters into Eq. (16), we can obtain
the potential restriction on the target atom under different sub-
strate hydrophilicity conditions, as shown in Fig. 11. It is evident
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Fig. 11. Trends of potential restriction on target atom under different substrate hy-
drophilicity.
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Fig. 12. Comparison between MD result and the mathematical analysis result in
potential restriction.

that the argon atom in the vicinity of the substrate suffers a con-
siderable potential restriction (negative value) from the surround-
ing atoms, and the magnitude of potential restriction increases
with the enhancement of substrate hydrophilicity. Besides, the po-
tential restriction quickly decreases with the increase of vertical
distance h and closes to a fixed value, which is equal to potential
restriction on the target atom without platinum atoms in the range
of Rutofr- FOr the hydrophilic substrates, the potential restriction
on the target atom reaches the peak when vertical distance h is
2.94 A. Therefore, the reason for solid-like liquid atoms on the hy-
drophilic substrate surface is further verified by the mathematical
method.

To verify the validity of the mathematical analysis results in po-
tential restriction, a comparison between that and the MD result
is made based on the strongly hydrophilic substrate, as shown in
Fig. 12. There is no significant difference in the change trends of
potential restriction between the MD result and the mathematical
analysis result. Moreover, the average relative difference between
them is 26.1%, which is tolerable considering some assumptions
are made in the procedure of mathematical analysis.

The next is to obtain heat transfer efficiency of solid-liquid un-
der different hydrophilicity. The thermal energy is transferred to
the liquid from the heating substrate by the interatomic interac-
tion, and the energy exchange efficiency can be heightened with
the increase of the interaction probability. If the liquid atoms tend
to approach the substrate surface, the probability of the solid-
liquid interaction will be promoted. Therefore, the vertical com-
ponent of force on the target argon atom is further calculated by
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Fig. 14. Computational regions for obtaining transverse density and temperature
profiles.

taking the derivative of Eq. (16).
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Fig. 13 shows the vertical force with a downward direction on
the target atom under different substrate hydrophilicity conditions.
The vertical force on the target atom is bigger than 0 and becomes
stronger with the enhancement of substrate hydrophilicity. There-
fore, the liquid atoms tend to accumulate in the vicinity of the
more hydrophilic substrate surface, and the corresponding prob-
ability of the metal-liquid interaction is promoted. Therefore, the
heat transfer efficiency of solid-liquid is strengthened with the en-
hancement of substrate hydrophilicity.

To further quantitatively demonstrate the heat transfer effi-
ciency difference between different hydrophilic substrates, the
temperature and density profiles of liquid atoms near the grooved
substrate and Kapitza resistance for different wetting substrates
are obtained. The first is the temperature and density profiles of
liquid atoms in the vicinity of the grooved substrate. A layer of ar-
gon film with a height of 30 A clinging to the substrate surface
is divided into 10 subregions with a width of 15 A, as shown in
Fig. 14. The density and temperature of each subregion are calcu-
lated at a regular time step to obtain the transverse density pro-
file and temperature profile in both Cases A and B, respectively.
It is noteworthy that the density profile is obtained at the initial
moment of the nonequilibrium simulation stage because the heat-
ing process will affect the density comparison results. As shown

do
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Fig. 15. Transverse density profile of argon film in the vicinity of the grooved sub-
strate surface.
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Fig. 16. Transverse temperature profile of argon film in the vicinity of the grooved
substrate surface.

in Fig. 15, the transverse density profiles indicate that the ar-
gon atoms prefer to accumulate on the groove, especially on the
strongly hydrophilic groove. Therefore, the probability of the ther-
mal energy exchange through the liquid-metal interaction is large
in the groove region. After a period of heating, the temperature of
liquid on the groove region is higher than that on the smooth re-
gion at 2750 ps, and the strongly hydrophilic groove has a better
performance in heat transfer, as shown in Fig. 16.

The next is the Kapitza resistance for different hydrophilic sub-
strates. The Kapitza resistance is defined as follows [36]:
R, = AT,

dk

where AT, is the temperature difference at the solid-liquid inter-
face, and g, is the heat flux through the solid-liquid interface.

To obtain the required parameters for the calculation of Kapitza
resistance, a simulation system with a heat source and a heat sink
is designed, as shown in Fig. 17. The controlling temperatures of
the heat source and the heat sink are 96 K and 76 K, respectively.
For the different wetting substrates, the accumulative energy flow-
ing through the heat source is opposite to that flowing through
the heat sink, as shown in Fig. 18. The slope of the accumulative
energy flow curve is heat flux gy, and the fitting results for the
cases with different hydrophilic substrates are shown in Table 4.
On the other hand, to obtain the temperature difference AT at the
solid-liquid interface, the simulation box is divided into 44 slices
with a thickness of 5 A along the z-direction. The temperature of
each slice is calculated every 100 time-steps and is averaged ev-
ery 1000 time-steps. A steady longitudinal temperature profile of
liquid is obtained after 5 ns simulation, as shown in Fig. 19. Based
on the temperature profile, the temperature difference at the solid-
liquid interface is obtained by linear extrapolation [37]. Finally, the
Kapitza resistances for different hydrophilic substrates are easily

(18)
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Fig. 17. Configuration of the simulation system for the calculation of Kapitza resistance.

Table 4

Interfacial thermal resistance for the different wettability systems

Wettability Heat flux (105W/m2)  Temperature difference (K)  Kapitza resistance (10-8Ke m?2/ W)
Strong hydrophilicity ~ 96.72 1.83 1.89
Weak hydrophilicity 41.44 5.55 13.39

—&— Strong hydrophilicity-heat source
—=— Strong hydrophilicity-heat sink
450 1—a— Weak hydrophilicity-heat source
—a— Weak hydrophilicity-heat sink
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Fig. 18. Accumulative heat flows through heat source and heat sink for the cases
with different hydrophilic substrates.

calculated by Eq. (18), and the results are listed in Table 4. The
Kapitza resistance decreases with the enhancement of substrate
hydrophilicity.

Based on the above analysis, we can find that both the heat
transfer efficiency and the potential restriction on liquid atoms are
improved with the enhancement of groove hydrophilicity. There-
fore, the further comparison between atomic kinetic energy and
atomic potential energy of liquid atoms on the strongly hydrophilic
groove is needed. Fig. 20 illustrates the competition of atomic ki-
netic energy and atomic potential energy in Case B at 3000 ps.
Compare with the kinetic energy contour in Fig. 6(b), the lig-
uid atoms on the strongly hydrophilic groove obtain more kinetic
energy than that on the weakly hydrophilic groove within the
same time. Meanwhile, more thermal energy from the strongly hy-
drophilic groove is converted to decrease the potential restriction

—=a— Strong hydrophilicity

102 —— Weak hydrophilicity

Heat source: 96 K

Temperature (K)

Heat sink: 76 K

72 T T T T
0 40 80 120 160 200

z(A)

Fig. 19. Longitudinal temperature profiles of liquid for the cases with different hy-
drophilic substrates.

on the liquid atoms. Finally, the atomic kinetic energy wins the
competition with the atomic potential restriction at about 3000 ps,
leading the formation of a bubble nucleus on the groove, as shown
in Fig. 20(c). On the other hand, the potential restriction on the
liquid atoms from the strongly hydrophilic groove is so strong that
more liquid atoms are limited in the groove after bubble nucle-
ation.

In summary, both the heat transfer efficiency of solid-liquid
and potential restriction on argon atom increase with substrate hy-
drophilicity, but the former wins the competition for the strongly
hydrophilic groove. Therefore, for the hydrophilic substrate, with
the increase of groove hydrophilicity, the incipient nucleation time
is shortened, and the nucleation rate is improved.
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Fig. 21. The potential restriction and vertical force on the target atom in Case C.

3.5. The exploration of the reason for the residual gas in the strongly
hydrophobic groove

The reason for the residual gas in the strongly hydrophobic
groove has been preliminarily studied by the Lennard-Jones poten-
tial between two atoms in our previous study [17]. In the present
study, the reason is explained further through the potential restric-
tion and the vertical force on the target liquid atom discussed in
Section 3.4. Substitute the parameters of the strongly hydrophobic
substrate into Eqs. (16) and (17), we obtain the potential restriction
and vertical force on the target argon atom, as shown in Fig. 21.
The trends of both potential energy and vertical force in Case C
are completely different from that in Cases A and B. For Case C,
the potential restriction on the target liquid atom decreases with
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3 0.025

ool : . - [y 00175 90
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60 90
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(a) Kinetic energy
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the decrease of solid-liquid distance h. Therefore, the liquid atoms
tend to stay away from the strongly hydrophobic substrate to de-
crease their total energy. More importantly, the liquid atom suf-
fers a repulsion from the strongly hydrophobic substrate, especially
for the liquid atom closing to the substrate surface. As a result, it
is hard for the liquid atoms to get into the strongly hydrophobic
groove. Therefore, an initial bubble nucleus exists in the strongly
hydrophobic groove at the beginning of the nonequilibrium heat-
ing stage.

On the other hand, the formation of the initial bubble nucleus
can be further explained by the “PK” norm, as shown in Fig. 22. At
the initial moment of the nonequilibrium stage, the kinetic energy
of argon atoms is uniform. However, in the strongly hydrophobic
groove region, the potential restriction on the argon atoms is so
weak that some argon atoms can easily break it to form the initial
bubble nucleus. In summary, to some extent, the classical hetero-
geneous nucleation theory about some residual gases in groove be-
coming the initial bubble nucleus is further explained in this sub-
region.

3.6. The exploration of the reason for the growth of the initial bubble
nucleus from the strongly hydrophobic groove

The Kapitza resistance between liquid and the strongly hy-
drophobic substrate is 289.20 x 10~8 Kem?2/W, which is calculated
by Eq. (18). Obviously, the initial bubble nucleus introduces a large
thermal resistance, leading to the extremely inefficient heat trans-
fer of solid-liquid in the strongly hydrophobic groove, as shown
in Fig. 23. At 3000ps, the average kinetic energy of liquid atoms
on the strongly hydrophobic groove region has little change by
comparing the Kinetic energy distribution in Fig. 22(a). Fortunately,
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Fig. 22. The energy distributions in Case C at 2525 ps.
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Fig. 23. The kinetic energy distribution in Case C at representative time steps.
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Fig. 24. The energy distributions in Case C at representative time steps.

the liquid atoms on the strongly hydrophobic groove can obtain
thermal energy from the surrounding liquid atoms, which absorb
thermal energy from the hydrophilic smooth regions, as shown in
Figu. 23(b) and (c). As time goes on, the kinetic energy of liquid
atoms on the strongly hydrophobic groove increases slowly and
much higher than that inside the strongly hydrophobic groove.
Fig. 24 illustrates the distributions of kinetic energy, potential
energy, and total energy in Case C at representative time steps.
For the strongly hydrophobic groove, the weak potential restric-
tion plays a dominant impact on the growth of the initial nucleus.
Although the kinetic energy of liquid atoms on the strongly hy-
drophobic groove is smaller than that on the smooth hydrophilic
region, more and more liquid atoms on the strongly hydrophobic
groove break their weak potential restriction and become a part of

the bubble nucleus. As a result, the initial bubble nucleus grows up
from the groove with the heating process. The evolution of energy
distributions in Case C indicates that the “PK” norm is still avail-
able to reveal the formation and growth mechanisms of a bubble
nucleus on the strongly hydrophobic groove, although the effects
of hydrophobic groove on bubble nucleation are completely differ-
ent from that of the hydrophilic groove.

4. Conclusions

In this paper, the molecular dynamics simulation method is
conducted to study the bubble nucleation phenomena on the
grooved substrate with different wettability conditions. The avail-
ability of classical heterogeneous nucleation theory about the ef-
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fects of groove on the bubble nucleus formation is verified, and the
formation mechanism is further illustrated through the “PK” norm.
The conclusions are summarized as follow:

(1) Different bubble nucleation phenomena happen on the grooved
substrate with different wettability. A bubble nucleus generates
from nothing on the hydrophilic groove, but where is covered
by some solid-like liquid atoms all the time. On the contrary,
some gases remain in the hydrophobic groove to form a stable
initial bubble nucleus. These two different bubble nucleation
phenomena are valuable to explore the formation mechanism
of bubble nucleus on the grooved substrate from two perspec-
tives of classical nucleation theory: the liquid in the groove ob-
taining more thermal energy to achieve nucleating and some
residual gases in groove becoming the initial bubble nucleus.

(2) A “PK” norm is developed to illustrate the formation mecha-
nism of the bubble nucleus on the grooved substrate. A group
of liquid atoms in the simulation system has two types of en-
ergy: potential energy and kinetic energy. The potential energy
relating to the density distribution limits the atomic movement,
and the kinetic energy decided by the temperature indicates
the atomic ability to move freely. If a group of atoms inside
the liquid obtains enough kinetic energy to break their poten-
tial restriction, the bubble nucleation is happening.

(3) The classical nucleation theory about the liquid in the groove
obtaining more thermal energy to achieve nucleating is verified
by the “PK” norm. For the hydrophilic grooved substrate, the
liquid atoms on the groove absorb more thermal energy than
that on the smooth region within the same time. Some of the
thermal energy is converted to increase atomic kinetic energy,
and the other is converted to decrease atomic potential restric-
tion. As a result, the liquid atoms on the hydrophilic groove ob-
tain enough kinetic energy to break their potential restriction
firstly, leading to the formation of a bubble nucleus.

(4) The classical nucleation theory about some residual gases in
groove becoming the initial bubble nucleus is verified by
the theoretical approach and “PK” norm. The liquid atom on
the strongly hydrophobic groove suffers a large repulsion and
weak potential restriction. Therefore, at the initial moment of
nonequilibrium stage, some argon atoms on the strongly hy-
drophobic groove have got rid of their potential restriction and
convert into an initial bubble nucleus without additional ther-
mal energy.
For the hydrophilic groove, the advantage of the strongly
hydrophilic groove on bubble nucleation is revealed by the
theoretical approach and “PK” norm. Both the heat transfer
efficiency of solid-liquid and potential restriction on liquid
atoms clinging to the substrate increase with the substrate hy-
drophilicity, but the former owns more advantages in the com-
petition. Therefore, the liquid atoms on the strongly hydrophilic
groove quickly obtain much kinetic energy to break their po-
tential restriction and convert into a bubble nucleus in a short
time.

(6) The reason for the growth of the initial bubble nucleus from the

strongly hydrophobic groove is explained by the “PK” norm. On

the contrary to the hydrophilic groove, the liquid atoms on the
strongly hydrophobic groove are hard to absorb thermal energy
from it because of considerable thermal resistance. Fortunately,
the thermal energy from the surrounding liquid atoms helps
them to get rid of the weak potential restriction and become

a part of the bubble nucleus. As a result, the bubble nucleus

grows up further from the strongly hydrophobic groove.

The reason for the existence of solid-like liquid atoms on the

hydrophilic substrate surface is revealed by the “PK” norm. The

potential restriction from the hydrophilic substrate is so strong

—
)]
-

A
]

that a layer of liquid atoms is restricted on the substrate surface
during the whole nonequilibrium simulation process.
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