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a b s t r a c t 

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-J 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. 
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. Introduction 

Bubble nucleation in nucleate boiling is a fundamental issue in-

olving many disciplines, such as heat transfer, physics, and fluid

echanics [1–3] . It has attracted considerable attention in the re-

earches of enhancing heat transfer in the past decades, especially

ith the rapid development of microelectronic technology [4] . The

lassical heterogeneous nucleation theory indicates that the groove

n the heating surface is the most likely place to generate the bub-

le nucleus. Moreover, some studies of boiling on the heated sur-

aces with micro-machined artificial cavities have been conducted

o enhance nucleate boiling efficiency [5] . However, the traditional

ethods are inapplicable to observe the bubble nucleation pro-

ess in the micro-scale because of the restriction of time scale and

pace scale. The further understanding of the bubble nucleation
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rocess on a groove is needed to push forward the application of

ucleate boiling in enhancing heat transfer. 

The molecular dynamics simulation method basing on statisti-

al mechanics is conducted to simulate the microscopic behavior of

olecular motion and obtain the macro properties of the molecu-

ar system, and which is a valuable tool to study bubble nucle-

tion [6] . Hens et al. [7] investigated the bubble nucleation on a

mooth substrate surface with uneven temperatures. The results

evealed that the bubble nucleation could be observed in the re-

ion with higher degrees of superheat. Nagayama et al. [8] studied

he bubble nucleation behavior in a nanochannel. It was found that

ubble nucleation behavior was significantly different from that

n the smooth substrate with varying wettability. Homogeneous

ucleation and heterogeneous nucleation respectively appeared on

ydrophilic and hydrophobic substrates. Moreover, the inapplica-

ility of the Young-Laplace equation in nanoscale was verified.

aruyama et al. [9] expanded the nanochannel gradually, and the

eterogeneous nucleation successfully was visualized under differ-

nt interfacial wettability conditions. Yamamoto et al. [10] investi-
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Fig. 1. Initial configuration of the simulation system. 

Table 1 

Lennard-Jones parameters for Ar-Ar, Pt-Pt [21] 

Interaction type ɛ /eV σ /nm 

Ar-Ar 0.0104 0.34 

Pt-Pt 0.52 0.2475 
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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 ) × 14.9 nm ( y ) × 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] ; 40 0 0 0 liquid argon atoms are placed on the substrate sur-

face with a density of 1.367 g/cm ³; 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. 
The interaction potentials of Ar-Ar and Pt-Pt are described by

he Lennard-Jones (L-J) potential. 

Ar−Ar (r) = 4 ε Ar−Ar 

[(
σAr−Ar 

r 

)12 

−
(
σAr−Ar 

r 

)6 
]

(1)

P t−P t (r) = 4 ε P t−P t 

[(
σP t−P t 

r 

)12 

−
(
σP t−P t 

r 

)6 
]

(2)

here ɛ and σ express the energy parameter and length parame-

er, respectively. The exact values for these parameters are listed in

able 1 . 

The interaction potential of Ar-Pt is related to the interfacial

ettability of solid-liquid. Thus a new form of the L-J potential

s presented, as shown in Eq. (3) . This new potential formula is

 combination of the potential models used by Din [22] and Barrat

23] . 

Pt−Ar (r) = 4 ε Pt−Ar 

[(
σPt−Ar 

r 

)12 

− β
(
σPt−Ar 

r 

)6 
]

(3)

 Pt−Ar = α
√ 

ε Pt ε Ar (4)

Pt−Ar = 

σPt + σAr 

2 

(5)

here ε Pt−Ar and σPt−Ar are calculated by Eqs. (4) and (5) basing

n the Lorentz-Berthelot combining rule [24] . β and α are used to

djust the substrate wettability, and their values are presented in

able 2 . 

The present study is conducted by a Large-scale

tomic/Molecular Massively Parallel Simulator (LAMMPS) [25] ,

hich is a popular open-source software for molecular dynamics

imulation developed by the Sandia National Laboratory. During

he simulation process, the cut-off radius r c = 3 . 5 σ and time step
Ar 
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Table 2 

Different interfacial wettability of solid-liquid based on α

and β [8] 

Surface wettability α β Contact angle 

Weak hydrophilicity 0.14 1 0 ̊

Strong hydrophilicity 1 1 0 ̊

Strong hydrophobicity 0.14 0.1 180 ̊
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t = 5 f s are set to reduce computation time, and the position and

elocity of each atom are updated by a Velocity-Verlet algorithm

26] . The simulations in the present study include two main

tages: preparation and nonequilibrium. In the preparation stage,

 2.5 ns simulation in the canonical ensemble NVT (N is atom

umber, V is volume, T is temperature) is conducted to achieve an

quilibrium stage at 90 K. In the nonequilibrium simulation stage,

he temperature of heat-source is raised to 200 K ( T / T c = 1.3, T c is

ritical temperature) by the Langevin thermostat. An additional

 ns nonequilibrium simulation in the microcanonical ensemble

VE (N is atom number, V is volume, E is energy) is conducted to

tudy the bubble nucleation process on the grooved substrate. In

oth stages, the simulation data are output every 100 time-steps,

nd the atom trajectories are visualized by the open visualization

ool OVITO [27] . 

. Results and discussion 

Based on the above simulation system and methods, in this sec-

ion, the bubble nucleation processes on the grooved substrates

ith different wettability are studied to make a comparison with

he classical heterogeneous nucleation theory in the formation of a

ubble nucleus. Moreover, the formation mechanism of the bubble

ucleus on a grooved substrate is illustrated from the competition

f atomic kinetic energy and atomic potential restriction. 

.1. The comparison of bubble nucleation on grooved substrates with 

ifferent wettability 

The heat transfer efficiency of solid-liquid increases with the

nhancement of substrate hydrophilicity [17] . If the hydrophilic-

ty of the groove region is stronger than that of the smooth re-

ion, bubble nucleation may happen on the groove [ 10 , 13 ]. On the

ther hand, some residual gases in the hydrophobic groove were

ound in our previous study [14] . Therefore, in the present study,

trong hydrophobicity, weak hydrophilicity, and strong hydrophilic-

ty are taken as the representatives to study bubble nucleation on

 grooved substrate. The wettability configurations of grooved sub-

trates are illustrated in Table 3 . 

Fig. 2 illustrates the representative snapshots of bubble nu-

leation processes on the grooved substrates with different wet-

ability. The bubble nucleation phenomena are different between

he hydrophilic groove and hydrophobic groove. For Cases A and

 with a hydrophilic groove, a visible bubble nucleus turns up

rom nothing on the groove region at about 4100ps and 3000ps,

espectively, and the bubble nucleus continues to grow up with

he increasing time. It can be concluded that the hydrophilicity

ifference between the groove region and smooth region is not

he cause of bubble nucleation, but the incipient nucleation time
able 3 

onfiguration 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 

a  

p  

[  

a  

t

 

b  

T  

p  
s shortened with the increase of hydrophilicity. Besides, the hy-

rophilic groove surface is covered with a layer of argon atoms

ll the time, which is common in the study of boiling and evap-

ration in nanoscale [28] . For Case C with a hydrophobic groove,

ome gases remain in the groove and become the initial bubble

ucleus, which begins to grow up further at about 5100 ps. On the

ther hand, the nucleation rate and critical nucleus size are the

oncerned quantities in bubble nucleation study. Therefore, based

n the method of mean first-passage times (MFPT), further com-

arisons between different wetting substrates in these two param-

ters are made. The procedure is illustrated as follows. 

In an activated process, the rate of barrier crossing is related

o the mean first-passage times, which is defined as the average

lapsed time until the system starting at point x 0 leaves a pre-

cribed domain [a, b] for the first time [ 29 , 30 ]. 

( x 0 ; a, b) = 

∫ b 

x 0 

1 

D 0 

d y exp [ βU(y ) ] 

∫ y 

a 

d z exp [ −βU(z) ] (6)

here D 0 is the generalized diffusion coefficient, U ( y ) is the free

nergy barrier for nucleation, x 0 is the initial position, and β= 1/ kT

s the inverse of the product of Boltzmann constant k and tem-

erature T . For most cases of interest, the boundary conditions are

ypically reflecting at point a and absorbing at point b . The average

ime for the system to reach b for the first time can be obtained

y fixing a given starting point. It is worth stressing that the shape

f the bubble nucleus in the present study likes a cylinder under

he effect of the groove crossing the substrate surface along the y-

irection. Therefore, in the present study, the bubble nucleus vol-

me is set as the concerned parameter in the calculation of the

ucleation rate, corresponding to the parameter b . 

Under reasonably high barriers, the MFPT of volume b can be

valuated by the method of steepest descent, and it is described

y the following expression [31] : 

(b) = 

τJ 

2 

{ 1 + er f [ ( b − x ∗) c ] } (7) 

here τJ = 

1 
JV is the inverse of the nucleation rate in unit volume,

r f (x ) = 2 / 
√ 

π
∫ x 

0 e 
−x 2 dx is the error function, c = 

√ 

| U ′′ ( x ∗) | 
2 kT 

is the

ocal curvature around the top of the barrier curve, and x ∗ is the

ritical volume of the bubble nucleus. It is attractive that the nu-

leation rate and the critical nucleus volume can be obtained by

erely fitting the results of MFPT in the MD simulation to this

imple expression. 

Next, what we concern about is how to obtain the MFPT from

he MD simulations. Firstly, during the simulation process, the vol-

me b of the largest bubble nucleus is noted at the regular time

tep (10 0 0 time-steps in the present study), and the correspond-

ng time τ i ( b ) is recorded as well. Then, the mean first-passage

ime τ ( b ) for each volume b is obtained by averaging τ i ( b ) over

everal repetitions of the MD simulations with different initial con-

gurations. It is noteworthy that only one bubble nucleus exists in

he simulation box during the nucleation process, and that is the

argest one at the regular time step, as shown in Fig. 2 . On the

ther hand, in the present study, the heterogeneous bubble nucle-

tion is induced by the hot substrate, and there is no significant

ifference in the bubble size between the repeated MD simulations

t the regular time step. On the contrary, the bubble nucleation

rocess is arbitrary in the MD study of the homogeneous nucleus

31] . Therefore, in the present study, 20 repeated MD simulations

re conducted to obtain the MFPT for the cases with different wet-

ing substrates, respectively. 

Fig. 3 shows the trends of mean first-passage time with bub-

le nucleus volume for the cases with different wetting substrates.

he fits work well with Eq. (7) for all cases, and the mean first-

assage time reaches a plateau τJ = 

1 
JV . It is noteworthy that the
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Fig. 2. Representative snapshots of bubble nucleation process on the grooved substrate with different wettability. 
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∂  
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 0.0 0 025 ns −1 •nm 

−3 ,

0.0 0 063 ns −1 •nm 

−3 , and 0.0 0 014 ns −1 •nm 

−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 ]. 

J = 

1 

2 τ ( 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

m 

3 , which is bigger than the initial one at the beginning moment

f the nonequilibrium simulation stage. The initial bubble nucleus

eeds to absorb thermal energy to break the energy barrier and

row up further. However, the exchange efficiency of thermal en-

rgy is very low between the strongly hydrophobic groove and

he liquid on it. As a result, the liquid on the strongly hydropho-

ic groove can only absorb thermal energy from that on the hy-

rophilic region to break the energy barrier of critical volume, and

t costs much time. On the other hand, the critical volumes of bub-

le nucleus only are 3.75 nm 

3 and 0.16 nm 

3 for Cases A and B,

espectively. The critical volume of the bubble nucleus on the hy-

rophilic groove is so small that once the bubble nucleus turns up,

t will exceed the critical size quickly and grow up further. Namely,

he incipient nucleation moment is near the transition state. As a

esult, the hydrophilic groove has an advantage over the hydropho-

ic groove in the nucleation rate by comparison. 

The nucleation kinetics can be described by the Fokker-Planck

FP) equation [ 31 , 33 , 34 ]. 

 P (x, t) = 

∂ 

∂ x 

[
D (x ) e −β�G (x ) ∂ 

∂ x 

(
P (x, t) e β�G (x ) 

)]
(9)
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Fig. 3. Trends of mean first-passage time for the cases with wetting substrates. 
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here the effective diffusion D ( x ) is the rate of bubble nucleus to

 volume of x and is expressed as Eq. (10) . 

 CNT (x ) = A ( x ∗) p x 2 / 3 / 
√ 

2 πmkT (10) 

here p is the vapor pressure and A ( x ∗) the surface area of the

ritical bubble. 

However, the temperature and pressure of the liquid are not

onstant in the present study of heterogeneous nucleation. There-

ore, it is hard to obtain the theoretical results of the nucleation

ate and critical nucleus size. On the contrary, for the homoge-

eous nucleation in the references [ 31 , 33 , 34 ], the temperature is

xed, and parameters p and A ( x ∗) can be easily obtained [34] . As a

esult, a comparison can be made between the MD result and the

heoretical result in the homogeneous nucleation. 

In summary, the nucleation rate increases with the enhance-

ent of groove hydrophilicity, and the critical bubble volume

hows the opposite trend. More attractively, at the initial moment

f nonequilibrium simulation stage, an initial bubble nucleus forms

n the strongly hydrophobic groove, which is totally different from

he bubble nucleation phenomenon in the hydrophilic groove. For-

unately, this difference can be used for the exploration of bub-

le nucleus formation from two perspectives of classical nucleation

heory: some residual gases in groove becoming the initial bubble

ucleus and the liquid in the groove obtaining more thermal en-

rgy to achieve nucleating [18] . Therefore, the next studies are di-

ided 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? 

.2. The introduction of the idea for explaining bubble nucleus 

ormation on the grooved substrates with different wettability 

To find the answers to the mentioned questions in Section 3.1 ,

he study method is introduced firstly. On the macro scale, the

arrier for the phase transition from liquid to vapor is the la-

ent heat, which is overcome by absorbing enough thermal en-

rgy. This idea is available to explain the phase transition phe-

omenon at the macroscale, but not for the bubble nucleation at

he microscale because of the restrictions of time scale and space

cale. 
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Fig. 4. Sketch map of the movement of one atom during the heating process. 
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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-
ial restriction, and no bubble nucleation happens. As time goes

n, this group of atoms absorbs more and more thermal energy

rom the substrate, leading to a further decrease in average poten-

ial restriction and a further increase in average kinetic energy. At

ome moment, this group of atoms breaks their potential restric-

ion, leading to the formation of a bubble nucleus, as shown in

ig. 5 (c). 

.3. The exploration of the reason for the bubble nucleation on the 

niform hydrophilic grooved substrate 

Based on the “PK” norm, the formation mechanism of a bub-

le nucleus on the uniform hydrophilic grooved substrate is illus-

rated in this subsection. The bottom half of the simulation box

s divided into 30( x ) × 35( z ) subregions with a size of 0.5 nm

 x ) × 149.0 nm ( y ) × 0.5 nm ( z ). The average kinetic energy of

toms in each subregion is calculated to obtain the kinetic energy

ontour, and the potential energy contour is obtained in the same

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

cess. 
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The temperature of heat-source is raised to 200 K by the

angevin thermostat at the beginning of the nonequilibrium stage

2500 ps). In Case A with uniform wettability, the liquid atoms in

he vicinity of the grooved substrate directly obtain the thermal

nergy from the heating substrate. One part of the thermal energy

s converted to the atomic kinetic energy, as shown in Fig. 6 (the

olid-liquid interface at z = 0 Å and the liquid-vapor interface at

 = 90 Å). The kinetic energy of liquid atoms is raised from the bot-
Fig. 6. The kinetic energy distribution in Cas
om to the top with the heating process, especially for the liquid

toms on the groove region, which have higher kinetic energy than

he liquid atoms on the smooth region. It is worth stressing that

he distribution of kinetic energy in the upper region is uneven

ecause of the sparse distribution of vapor atoms. On the other

and, another part of thermal energy is converted to the atomic

otential energy, as shown in Fig. 7 . Similarly, the potential energy

f liquid atom closing the substrate is raised, especially for the liq-

id atom on the groove region. The distributions of kinetic energy

nd potential energy indicate that the existence of a groove makes

he liquid atoms on there obtain more thermal energy and tend to

onvert into a bubble nucleus. Even so, for the liquid atoms on the

roove, the potential restriction is still much stronger than the ki-

etic energy during the initial stage of the nonequilibrium simula-

ion process, as shown in Fig. 8 . On the contrary, the kinetic energy

s larger than potential restriction for the vapor atoms in the upper

egion. Therefore, more and more liquid atoms at the liquid-vapor

nterface evaporate into the upper vapor space. 

With the heating process, the liquid atoms absorb more and

ore thermal energy from the heating substrate to increase their

inetic energy and weaken their potential restriction. As a result,

he liquid atoms on the groove region obtain enough kinetic en-

rgy to break their potential restriction at about 4100 ps, as shown

n Fig. 9 (a). It is attractive that the position where the total energy

arger than 0 eV coincides with the bubble nucleation position in

ig. 2 (a), moreover, the incipient nucleation time shows the same

onsistency. Furthermore, once a bubble nucleus forms inside the

iquid, the potential restriction on the liquid atoms at the interface

f the bubble nucleus is significantly weakened, as shown in the

otential energy contours of Fig. 9 . Therefore, more and more liq-

id atoms at the interface of the bubble nucleus get rid of their

otential restriction, and the region atomic kinetic energy larger

han atomic potential restriction is enlarging, as shown in Fig. 9 (b)

nd (c). As a result, the bubble nucleus keeps growing. Similarly, at

he same time step, the shape of where total energy larger than 0

V is almost the same as the bubble nucleus in Fig. 2 . It notewor-

hy that the potential restriction on the argon atoms clinging to

he substrate is always larger than their kinetic energy during the

ubble nucleation process, which explains why a layer of solid-like

rgon atoms is restricted to the hydrophilic substrate surface all

he time in the present study and the relevant researches [14–17] . 

The evolution of energy contours in Case A illustrates the avail-

bility of the “PK” norm in explaining the bubble nucleus forma-

ion on the hydrophilic grooved substrate. Moreover, to some ex-

ent, the classical heterogeneous nucleation theory about the liquid
e 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. 

Fig. 8. The total energy distribution in Case A at 30 0 0 ps. 
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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
 radius of R cut−of f = 12 Å, and the target atom is in the center

f this sphere. The dark red region and light blue region repre-

ent liquid argon and metal platinum, respectively. The vertical dis-

ance between the target atom and the substrate surface is h . It is

oteworthy that the minimum vertical distance h min cannot be 0

ecause of the considerable interatomic repulsion. In the present

tudy, h min is set to 2.94 Å, which is the average value of σP t−P t 

nd σAr−Ar . 

The potential restriction on liquid atoms changes with the

onequilibrium heating process because one part of thermal en-

rgy from the substrate is converted into the potential energy.

owever, at the initial moment of the nonequilibrium simulation

tage, the density of argon liquid is approximately uniform un-

er the equilibrium temperature of 90 K. Therefore, to simplify the

erivation process and achieve the quantitative assessment of po-

ential restriction for the cases with different wetting substrates,

e assume the distribution of liquid atoms is uniform at the ini-

ial moment of the nonequilibrium simulation stage. The molecular

umber density of liquid argon and metal platinum are n l and n m 

,

espectively. The details of the derivation process of potential re-

triction are illustrated as follows. 

The total potential restriction on the target atom is shown as

q. (11) . 

= 

∫ ∫ 
V 

∫ 
φ( r ) ndV (11)

here φ( r ) and n represent L-J potential and molecular number

ensity, respectively. 

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

ollows. 

= 

∫ ∫ 
V 

∫ 
φ( r ) n d v = n l 

∫ π

θh 

d θ

∫ 2 π

0 

d ϕ 

∫ − h 
cos θ

h min 

φ( r ) r 2 sin θd r 

+ n l 

∫ θh 

0 

d θ

∫ 2 π

0 

d ϕ 

∫ R cut −off 

h min 

φ( r ) r 2 sin θd r + n s 

∫ π

θh 

d θ

∫ 2 π

0 

× d ϕ 

∫ R cut −off 

− h 
cos θ

φ( r ) r 2 sin θd r (12)

Expand the first integral item on the right of the equal sign in

q. (12) : 
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Fig. 9. The energy distributions in Case A at representative time steps. 

n

 

4 ε Ar

 Ar −Ar 

9 h m

− 4 ε Ar

Ar 
12 

−

 −Ar σA

3 h min 
 l 

∫ π
θh 

d θ

∫ 2 π

0 
d ϕ 

∫ − h 

cos θ
h min 

φ( r ) r 2 sin θd r 

= 2 πn l 

∫ π
θh 

sin θd θ

∫ − h 

cos θ
h min 

φ( r ) r 2 d r 

= 2 πn l 

∫ π
θh 

sin θ

(
− 4 ε Ar −Ar σAr −Ar 

6 

3 h 3 
cos 3 θ + 4 ε Ar −Ar σAr −Ar 

12 

9 h 9 
cos 9 θ − 4 ε Ar −Ar σAr −Ar 

6 

3 h min 
3 

+

= 2 πn l 

∫ θh 

π

(
− 4 ε Ar −Ar σAr −Ar 

6 

3 h 3 
cos 3 θ + 4 ε Ar −Ar σAr −Ar 

12 

9 h 9 
cos 9 θ − 4 ε Ar −Ar σAr −Ar 

6 

3 h min 
3 

+ 4 ε

= 2 πn l 

[
− ε Ar −Ar σAr −Ar 

6 

3 h 3 
cos 4 θ

∣∣θh 
π

+ 2 ε Ar −Ar σAr −Ar 
12 

45 h 9 
cos 10 θ

∣∣θh 
π

+ 
(

4 ε Ar −Ar σAr −Ar 
12 

9 h min 
9 

= πn l 

[
− ε Ar −Ar σAr −Ar 

6 

3 h 3 

(
cos 4 θh − 1 

)
+ 2 ε Ar −Ar σAr −Ar 

12 

45 h 9 

(
cos 10 θh − 1 

)
+ 

(
4 ε Ar −Ar σAr −

9 h min 
9 

= 2 πn l 

⎡ 

⎢ ⎢ ⎣ 

2 ε Ar −Ar σAr −Ar 
12 

45 h 9 
cos 10 θh −

ε Ar −Ar σAr −Ar 
6 

3 h 3 
cos 4 θh + 

(
4 ε Ar −Ar σAr −Ar 

12 

9 h min 
9 

− 4 ε Ar

− 2 ε Ar −Ar σAr −Ar 
12 

45 h 9 
+ ε Ar −Ar σAr −Ar 

6 

3 h 3 
+ 4 ε Ar −Ar σAr −Ar 

12 

9 h min 
9 

− 4 ε Ar −Ar σAr −Ar 
6 

3 h min 
3 
 −Ar σAr −Ar 
12 

9 h min 
9 

)
d θ

σAr −Ar 
12 

in 
9 

)
dcos θ

 −Ar σAr −Ar 
6 

3 h min 
3 

)
cos θ | θh 

π

]

4 ε Ar −Ar σAr −Ar 
6 

3 h min 
3 

)(
cos θh + 1 

)]

r −Ar 
6 

3 

)
cos θh 

⎤ 

⎥ ⎥ ⎦ 

(13) 
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Fig. 10. calculation domain for calculating the vertical component of force on the 

target atom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Trends of potential restriction on target atom under different substrate hy- 

drophilicity. 

Fig. 12. Comparison between MD result and the mathematical analysis result in 

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

n s 

∫ π
θh 

d θ

∫ 2 π

0 

d ϕ 

∫ R cut −off 

− h 
cos θ

φ( r ) r 2 sin θd r 

= 2 πn s 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

− 2 ε Ar −Pt σAr −Pt 
12 

45 h 9 
cos 10 θh + 

ε Ar −Pt σAr −Pt 
6 

3 h 3 
cos 4 θh 

+ 

(
4 ε Ar −Pt σAr −Pt 

6 

3 R cut−of f 
3 

− 4 ε Ar −Pt σAr −Pt 
12 

9 R cut−of f 
9 

)
cos θh + 

4 ε Ar −Pt σAr −Pt 
6 

3 R cut−of f 
3 

− 4 ε Ar −Pt σAr −Pt 
12 

9 R cut−of f 
9 

− ε Ar −Pt σAr −Pt 
6 

3 h 3 
+ 

2 ε Ar −Pt σAr −Pt 
12 

45 h 9 

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(14)

n l 

∫ θh 

0 

d θ

∫ 2 π

0 

d ϕ 

∫ R cut −off 

R min 

φ( r ) r 2 sin θd r 

= 2 πn l ( 1 − cos θh ) 

⎛ 

⎜ ⎜ ⎝ 

4 ε Ar −Ar σAr −Ar 
6 

3 R cut −off 
3 

− 4 ε Ar −Ar σAr −Ar 
12 

9 R cut −off 
9 

−4 ε Ar −Ar σAr −Ar 
6 

3 R min 
3 

+ 

4 ε Ar −Ar σAr −Ar 
12 

9 R min 
9 

⎞ 

⎟ ⎟ ⎠ 

(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) . 

� = 

∫ ∫ 
V 

∫ 
φ( r ) n d V 

= 2 πn l 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

(
ε Ar −Ar σAr −Ar 

6 

R cut−of f 
4 

− 2 ε Ar −Ar σAr −Ar 
12 

5 R cut−of f 
10 

)
h + 

ε Ar −Ar σAr −Ar 
6 

3 
h −3 

− 2 ε Ar −Ar σAr −Ar 
12 

45 
h −9 + 

8 ε Ar −Ar σAr −Ar 
12 

9 R min 
9 

− 8 ε Ar −Ar σAr −Ar 
6 

3 R min 
3 

+ 

4 ε Ar −Ar σAr −Ar 
6 

3 R cut −off 
3 

− 4 ε Ar −Ar σAr −Ar 
12 

9 R cut −off 
9 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

+2 πn s 

⎡ 

⎢ ⎢ ⎣ 

(
2 ε Ar −Pt σAr −Pt 

12 

5 R cut−of f 
10 

− ε Ar −Pt σAr −Pt 
6 

R cut−of f 
4 

)
h − ε Ar −Pt σAr −Pt 

6 

3 
h −3 

+ 

2 ε Ar −Pt σAr −Pt 
12 

45 
h −9 + 

4 ε Ar −Pt σAr −Pt 
6 

3 R cut−of f 
3 

− 4 ε Ar −Pt σAr −Pt 
12 

9 R cut−of f 
9 

⎤ 

⎥ ⎥ ⎦ 

(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
hat the argon atom in the vicinity of the substrate suffers a con-

iderable potential restriction (negative value) from the surround-

ng atoms, and the magnitude of potential restriction increases

ith the enhancement of substrate hydrophilicity. Besides, the po-

ential restriction quickly decreases with the increase of vertical

istance h and closes to a fixed value, which is equal to potential

estriction on the target atom without platinum atoms in the range

f R cut-off. For the hydrophilic substrates, the potential restriction

n the target atom reaches the peak when vertical distance h is

.94 Å. Therefore, the reason for solid-like liquid atoms on the hy-

rophilic substrate surface is further verified by the mathematical

ethod. 

To verify the validity of the mathematical analysis results in po-

ential restriction, a comparison between that and the MD result

s made based on the strongly hydrophilic substrate, as shown in

ig. 12 . There is no significant difference in the change trends of

otential restriction between the MD result and the mathematical

nalysis result. Moreover, the average relative difference between

hem is 26.1%, which is tolerable considering some assumptions

re made in the procedure of mathematical analysis. 

The next is to obtain heat transfer efficiency of solid-liquid un-

er different hydrophilicity. The thermal energy is transferred to

he liquid from the heating substrate by the interatomic interac-

ion, and the energy exchange efficiency can be heightened with

he increase of the interaction probability. If the liquid atoms tend

o approach the substrate surface, the probability of the solid-

iquid interaction will be promoted. Therefore, the vertical com-

onent of force on the target argon atom is further calculated by
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Fig. 13. Trends of vertical force on target atom under different substrate hy- 

drophilicity conditions. 

Fig. 14. Computational regions for obtaining transverse density and temperature 

profiles. 
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Fig. 15. Transverse density profile of argon film in the vicinity of the grooved sub- 

strate surface. 

Fig. 16. Transverse temperature profile of argon film in the vicinity of the grooved 

substrate surface. 
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aking the derivative of Eq. (16) . 

 = − d�
dH 

= 2 πn l ε Ar −Ar σAr −Ar 
6 

[ (
2 σAr −Ar 

6 

5 R cut−of f 
10 − 1 

R cut−of f 
4 

)
−

(
2 σAr −Ar 

6 

5 h 10 − 1 
h 4 

)]

− 2 πn s ε Ar −Pt σAr −Pt 
6 

[ (
2 σAr −Pt 

6 

5 R cut−of f 
10 − 1 

R cut−of f 
4 

)
−

(
2 σAr −Pt 

6 

5 h 10 − 1 
h 4 

)] 
(17) 

Fig. 13 shows the vertical force with a downward direction on

he target atom under different substrate hydrophilicity conditions.

he vertical force on the target atom is bigger than 0 and becomes

tronger with the enhancement of substrate hydrophilicity. There-

ore, the liquid atoms tend to accumulate in the vicinity of the

ore hydrophilic substrate surface, and the corresponding prob-

bility of the metal-liquid interaction is promoted. Therefore, the

eat transfer efficiency of solid-liquid is strengthened with the en-

ancement of substrate hydrophilicity. 

To further quantitatively demonstrate the heat transfer effi-

iency difference between different hydrophilic substrates, the

emperature and density profiles of liquid atoms near the grooved

ubstrate and Kapitza resistance for different wetting substrates

re obtained. The first is the temperature and density profiles of

iquid atoms in the vicinity of the grooved substrate. A layer of ar-

on film with a height of 30 Å clinging to the substrate surface

s divided into 10 subregions with a width of 15 Å, as shown in

ig. 14 . The density and temperature of each subregion are calcu-

ated at a regular time step to obtain the transverse density pro-

le and temperature profile in both Cases A and B, respectively.

t is noteworthy that the density profile is obtained at the initial

oment of the nonequilibrium simulation stage because the heat-

ng process will affect the density comparison results. As shown
n Fig. 15 , the transverse density profiles indicate that the ar-

on atoms prefer to accumulate on the groove, especially on the

trongly hydrophilic groove. Therefore, the probability of the ther-

al energy exchange through the liquid-metal interaction is large

n the groove region. After a period of heating, the temperature of

iquid on the groove region is higher than that on the smooth re-

ion at 2750 ps, and the strongly hydrophilic groove has a better

erformance in heat transfer, as shown in Fig. 16 . 

The next is the Kapitza resistance for different hydrophilic sub-

trates. The Kapitza resistance is defined as follows [36] : 

 k = 

�T k 
q k 

(18) 

here �T k is the temperature difference at the solid-liquid inter-

ace, and q k is the heat flux through the solid-liquid interface. 

To obtain the required parameters for the calculation of Kapitza

esistance, a simulation system with a heat source and a heat sink

s designed, as shown in Fig. 17 . The controlling temperatures of

he heat source and the heat sink are 96 K and 76 K, respectively.

or the different wetting substrates, the accumulative energy flow-

ng through the heat source is opposite to that flowing through

he heat sink, as shown in Fig. 18 . The slope of the accumulative

nergy flow curve is heat flux q k , and the fitting results for the

ases with different hydrophilic substrates are shown in Table 4 .

n the other hand, to obtain the temperature difference �T k at the

olid-liquid interface, the simulation box is divided into 44 slices

ith a thickness of 5 Å along the z -direction. The temperature of

ach slice is calculated every 100 time-steps and is averaged ev-

ry 10 0 0 time-steps. A steady longitudinal temperature profile of

iquid is obtained after 5 ns simulation, as shown in Fig. 19 . Based

n the temperature profile, the temperature difference at the solid-

iquid interface is obtained by linear extrapolation [37] . Finally, the

apitza resistances for different hydrophilic substrates are easily
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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 (10 6 W/m 

2 ) Temperature difference (K) Kapitza resistance (10 −8 K • m 

2 / W) 

Strong hydrophilicity 96.72 1.83 1.89 

Weak hydrophilicity 41.44 5.55 13.39 

Fig. 18. Accumulative heat flows through heat source and heat sink for the cases 

with different hydrophilic substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

drophilic substrates. 
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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 30 0 0 ps.

Compare with the kinetic energy contour in Fig. 6 (b), the liq-

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
n the liquid atoms. Finally, the atomic kinetic energy wins the

ompetition with the atomic potential restriction at about 30 0 0 ps,

eading the formation of a bubble nucleus on the groove, as shown

n Fig. 20 (c). On the other hand, the potential restriction on the

iquid atoms from the strongly hydrophilic groove is so strong that

ore liquid atoms are limited in the groove after bubble nucle-

tion. 

In summary, both the heat transfer efficiency of solid-liquid

nd potential restriction on argon atom increase with substrate hy-

rophilicity, but the former wins the competition for the strongly

ydrophilic groove. Therefore, for the hydrophilic substrate, with

he increase of groove hydrophilicity, the incipient nucleation time

s shortened, and the nucleation rate is improved. 
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Fig. 20. The energy distributions in Case B at 30 0 0 ps. 

Fig. 21. The potential restriction and vertical force on the target atom in Case C. 
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.5. The exploration of the reason for the residual gas in the strongly 

ydrophobic groove 

The reason for the residual gas in the strongly hydrophobic

roove has been preliminarily studied by the Lennard-Jones poten-

ial between two atoms in our previous study [17] . In the present

tudy, the reason is explained further through the potential restric-

ion and the vertical force on the target liquid atom discussed in

ection 3.4 . Substitute the parameters of the strongly hydrophobic

ubstrate into Eqs. (16) and (17) , we obtain the potential restriction

nd vertical force on the target argon atom, as shown in Fig. 21 .

he trends of both potential energy and vertical force in Case C

re completely different from that in Cases A and B. For Case C,

he potential restriction on the target liquid atom decreases with
Fig. 22. The energy distributio
he decrease of solid-liquid distance h . Therefore, the liquid atoms

end to stay away from the strongly hydrophobic substrate to de-

rease their total energy. More importantly, the liquid atom suf-

ers a repulsion from the strongly hydrophobic substrate, especially

or the liquid atom closing to the substrate surface. As a result, it

s hard for the liquid atoms to get into the strongly hydrophobic

roove. Therefore, an initial bubble nucleus exists in the strongly

ydrophobic groove at the beginning of the nonequilibrium heat-

ng stage. 

On the other hand, the formation of the initial bubble nucleus

an be further explained by the “PK” norm, as shown in Fig. 22 . At

he initial moment of the nonequilibrium stage, the kinetic energy

f argon atoms is uniform. However, in the strongly hydrophobic

roove region, the potential restriction on the argon atoms is so

eak that some argon atoms can easily break it to form the initial

ubble nucleus. In summary, to some extent, the classical hetero-

eneous nucleation theory about some residual gases in groove be-

oming the initial bubble nucleus is further explained in this sub-

egion. 

.6. The exploration of the reason for the growth of the initial bubble 

ucleus from the strongly hydrophobic groove 

The Kapitza resistance between liquid and the strongly hy-

rophobic substrate is 289.20 × 10 −8 K •m 

2 /W, which is calculated

y Eq. (18) . Obviously, the initial bubble nucleus introduces a large

hermal resistance, leading to the extremely inefficient heat trans-

er of solid-liquid in the strongly hydrophobic groove, as shown

n Fig. 23 . At 30 0 0ps, the average kinetic energy of liquid atoms

n the strongly hydrophobic groove region has little change by

omparing the kinetic energy distribution in Fig. 22 (a). Fortunately,
ns in Case C at 2525 ps. 
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Fig. 23. The kinetic energy distribution in Case C at representative time steps. 

Fig. 24. The energy distributions in Case C at representative time steps. 
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g  
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
 a  
he bubble nucleus. As a result, the initial bubble nucleus grows up

rom the groove with the heating process. The evolution of energy

istributions in Case C indicates that the “PK” norm is still avail-

ble to reveal the formation and growth mechanisms of a bubble

ucleus on the strongly hydrophobic groove, although the effects

f hydrophobic groove on bubble nucleation are completely differ-

nt from that of the hydrophilic groove. 

. Conclusions 

In this paper, the molecular dynamics simulation method is

onducted to study the bubble nucleation phenomena on the

rooved substrate with different wettability conditions. The avail-

bility of classical heterogeneous nucleation theory about the ef-
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ects of groove on the bubble nucleus formation is verified, and the

ormation mechanism is further illustrated through the “PK” norm.

he 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. 

5) 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. 

7) 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
that a layer of liquid atoms is restricted on the substrate surface

during the whole nonequilibrium simulation process. 
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