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Abstract: Despite the fact that engineered surface enabling remarkable phase change heat transfer
have elicited increasing attention due to their ubiquitous applications in thermal management, the
underlying mechanisms of intrinsic rough structures as well as the surface wettability on bubble
dynamics remain to be explored. Therefore, a modified molecular dynamics simulation of nanoscale
boiling was conducted in the present work to investigate bubble nucleation on rough nanostructured
substrates with different liquid–solid interactions. Specifically, the initial stage of nucleate boiling
was mainly investigated and the bubble dynamic behaviors were quantitively studied under different
energy coefficients. Results shows that as the contact angle decreases, the nucleation rate increases,
because liquid obtains more thermal energy there compared with that on less wetting surfaces.
The rough profiles of the substrate can provide nanogrooves, which can enhance initial nucleate
embryos, thereby improving thermal energy transfer efficiency. Moreover, atomic energies are
calculated and adopted to explain how bubble nuclei are formed on various wetting substrates.
The simulation results are expected to provide guidance towards surface design in state–of–the art
thermal management systems, such as the surface wettability and the nanoscale surface patterns.

Keywords: engineered surface; nucleate boiling; molecular dynamics simulation

1. Introduction

Pool boiling, as a complex, non-equilibrium process with spatial inhomogeneity,
depends on the nature of solid−liquid interactions which are not explainable using existing
meso- and macro-scale approaches [1]. Nucleate boiling, as an efficient and controllable
boiling stage, has found wide application in industry [2,3]. Nucleate boiling involves
a slew of complex dynamic processes, including nucleation, development, coalescence,
and detachment from a surface [4]. The critical heat flux (CHF) refers to the highest
heat flux under certain surface superheat [5]. The substantial increases in heat flux and
heat transfer efficiency accompany the rise of superheat. Maintaining nucleate boiling
and enhancing CHF are important to the design of efficient and safe heat–dissipation
systems [6]. Increases in the quantity of nucleation sites and the departing frequency and
reduction of the departing radius are essential to improving the heat transfer [7,8].

At present, nanostructured surfaces (nanowires, for instance) have been produced to
have adjustable and desirable specifications, which contributes to better control over surface
morphologies [9]. Surface modifications such as variation of wettability and structures
have internal correlations [10]. The nanostructures can make a hydrophilic coating surface
more hydrophilic, and make a hydrophobic surface more hydrophobic. Generally, the small
size of structures can affect bubble behaviors in the following ways [11–13]: (1) offering
a larger number of nucleation sites; (2) facilitating expansion of bubbles by enlarging the
contact areas; and (3) enhancing the departing frequency of bubbles favored by the capillary
force [14]. Nanostructures can increase the area over which heat transfer occurs, which
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enables acquisition of more energy by liquid from solid surfaces and faster growth of
bubble nuclei. Variation of wettability has been proven to be conflictive with improvement
of the onset of nucleate boiling (ONB) and CHF at the same time, making it necessary to
clarify the working mechanism underlying liquid–solid interactions on rough structure
surfaces during nucleate boiling [15].

Boiling on solid surfaces containing nanoscale roughness has been studied in some
experiments, including electropolished metal surfaces, silicon dioxide films, and vapor–
deposited metal nanofilms [16–18]. However, the superheating reported by the experi-
mental studies is much lower than the results calculated according to the classical nu-
cleation theory. Among the reasons for this, a possible cause is that smooth solid sub-
strates are not perfectly smooth in essence but contain some nanoscale and microscale
structures [19]. Moreover, pre–existing gas may be present in cavities, thus enhancing
formation of bubbles [20]. Surface morphologies play an important part in performance en-
hancement of boiling heat transfer, necessitating a deeper understanding of the mechanism
underlying nucleation of nanostructures, and increasing thermal management efficiency
in the engineering process. However, experiments fail to reveal all the detail of the early
stage of bubble nucleation because physical mechanisms are complex and the accuracy
of nanoscale observations is limited [21]. It remains to researchers to explore three-phase
contact line motion and bubble expansion at the nanoscale [22].

Research at the molecular-scale appears to be promising for the modelling of pool
boiling [23]. This is because the out-of-equilibrium nature of boiling and the molecular
interaction effects are acquired at the atomistic scale, and there is no need to set closure
assumptions [24]. Molecular dynamic simulations are an approach that has found extensive
application to interfacial research because of the high resolution and low cost [25]. Molec-
ular modelling of pool boiling provides double advantages: firstly, it offers insights and
helpful information suitable for models at a larger scale; secondly, revealing the atomistic
nature of phase change allows one to explore pivotal phenomena and basic principles. It is
worth noting that many studies have been conducted on explosive boiling and nucleate
boiling induced by heating solid walls underneath the liquid [26,27]. Smakulski et al. have
summarized and made comparison of three techniques for increasing heat flux by taking
construction, reliability, and feasibility into consideration [28,29]. Influences of surface
wettability on explosive boiling have also been explored in liquids in the fast heating
process. According to previous research, strong–wettable surfaces are conducive to explo-
sive boiling. Molecular dynamics (MD) simulations of explosive boiling have also been
conducted on the thin layer of liquid argon on nanostructured solid surfaces of various
wettabilities [30–32]. The research revealed that strong wettable surfaces enable a far higher
rate of energy transfer compared with those in other cases. The present literature review
indicates that the three common methods to induce bubble nucleation mainly include direct
control of liquid temperature, creation of an under pressure, and liquid superheating based
on solid surfaces.

Although numerous studies have been reported, the role of solid–liquid interactions in
nanobubble nucleation still calls for systematic exploration. First, the boiling surface is not
strictly smooth. The randomly distributed rough nano–structures [33,34] instead of artificial
rule structures [35] should be discussed to provide better guidance of surface designation,
especially on such a small simulation scale. Secondly, bubbles are expected to exhibit
various dynamic behaviors during different environment pressures [36,37]. However,
the fixed volume method has usually been applied in literatures, which means that the
change of the fluid temperature induced by the heat transfer results in a change of the
system pressure [38]. The system pressure during the phase–change process should be
taken into consideration. Therefore, the present research contributes to highlight effects of
rough nanostructures, surface wettability, and system pressure in driving and controlling
formation of nanobubbles by conducting systematic parametric analysis.

A nucleate boiling model of liquids on a rough structural surface is constructed
in the present work. The research simulates phase changes in the Lennard Jones (LJ)



Materials 2023, 16, 1984 3 of 17

system adopting non-equilibrium molecular dynamics. The LJ system is investigated
mainly because of the low computational cost, which allows investigation under numerous
operating conditions, without loss of generality. The interface evolution is directly observed.
The mechanism of the liquid–solid interactions on the heat transfer is explained from the
microscopic perspective. The remainder of the paper is organized as follows: detailed
numerical information and operation conditions of the system studied are introduced; then,
the main results are provided and discussed; finally, the last section provides conclusions
and suggestions for future research.

2. Simulation Method
2.1. Simulation Model

Figure 1a displays the schematic map of the simulated system, which initially consists
of the following three parts: argon liquid, argon vapor, and a nanostructured copper surface.
The argon is chosen as the simulation medium since it is the conventional working fluid
in most MD simulations. Copper is selected for being one of the most attractive materials
for heat-transfer studies due to its high thermal conductivity. The initial simulation box
measures 300 Å (x) × 50 Å (y) × 432 Å (z). The pseudo-two-dimensional method that
is advantageous in capturing main physical processes of boiling at low computational
expense is used, though it maintains a wide system along the x- and z-directions. Solid
surfaces are set at the top and bottom of the simulation box and they are generated in
face–centered cubic lattices (lattice constant: 0.35 nm). The bottom wall is set as the heat
source during the boiling process. Rough structures are generated on the solid surface,
the details of which are elaborated upon in Section 2.2. The upper wall is set to control
the system pressure, as explained in Section 2.3. Argon atoms are placed above the rough
substrate and are produced in simple cubic lattices (lattice constant: 0.52 nm). The periodic
boundary conditions are applied to x- and y-directions, while the fixed boundary condition
is applied to the z-direction. The atomic interactions in the present study are characterized
by the pairwise LJ potential [12]

φ
(
rij
)
= 4εij

(σij

rij

)12

−
(

σij

rij

)6
, rij ≤ rc (1)

where σij and εij separately denote distance and energy parameters of two generic atoms i
and j with a distance rij, and rc represents the cut–off distance. Interaction potential between
argon atoms (Ar) and copper atoms (Cu) has correlations with wettability at solid–liquid
interfaces, which can be calculated thus:

εCu−Ar = α
√

εCuεAr, (2)

σCu−Ar =
σCu + σAr

2
, (3)

where the energy coefficient α is introduced to adjust the substrate wettability. The greater
the εCu–Ar is, the higher the energetical intensity of atomic Ar–Cu interactions. Potential
energy parameters are set in Table 1.

Table 1. Potential energy parameters.

Inter–Particle Interaction
Potential Energy Parameter

ε/eV σ/Å

Ar–Ar 0.0104 3.405
Ar–Cubottom Variable 2.87

Ar–Cuup 0.02 2.87
Cubottom–Cubottom, Cuup–Cuup 0.406 2.338
Cubottom–Cuup, Cubottom–Cuup 0 0
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Figure 1. Simulation system set-up and simulation procedures. (a) Initial configuration of the simulation
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2.2. Rough Surface Construction

According to the classical heterogeneous nucleation theory, grooves on substrates are
sites desirable for breeding bubble nuclei. Solid surfaces are not perfectly smooth but con-
tain defects, so rough substrates are considered in the present study. To construct rough sur-
faces with random distributions, the following generalized W–M (Weierstrass–Mandelbrot)
function involving several variables is applied [39]:
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It is superimposed on two-dimensional fractal profiles, namely, M ridges, which
form surface morphologies with random phases. The random phase array Φm,n is several
stochastic values with random distributions within [0, 2π], which prevents cosine functions
coinciding with the geometrically increased frequency. γ (γ > 1) as a parameter controlling
frequency density, is set to 1.5 in the present study. lmax represents sample size that is
measured in the length unit; Ds denotes the fractal dimension (2 < Ds < 3) of surfaces.
Contributions of high and low–frequency components to surface profiles are determined
by the value of Ds, which is set to 2.8. C indicates a scaling factor that determines the mean
amplitude of cosine waves, as given by [17]

C = lmax

(
G

lmax

)Ds−2 Inγ1/2

M
, (5)

where G represents the roughness constant because of correspondence of greater G to
rougher surfaces. The research applies G = 0.5 to produce rough substrates. Then, based
on a smooth surface, the number of copper atoms is increased or decreased in accordance
with relative locations of various copper lattice sites with values of the W–M function. A
custom MATLAB script is firstly written to generate coordinates of atoms that compose the
rough substate controlled by the W–M function. Then the coordinates of the atoms are read
by the LAMMPS code. The resulting solid substrate is shown in Figure 1.

2.3. Pressure Control Method

Usually, in the MD simulation of pool boiling, the size of the simulation box remains
unchanged, however, during the boiling process, the liquid will undergo a gas–liquid phase
change under the heating of the wall, and the system pressure will change if the simulation
area remains unchanged, which will influence the whole boiling process. Therefore, a
systemic pressure-control method is proposed herein to keep the pressure in the simulated
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area constant in the boiling process. Specifically, a control wall is set above the simulation
area, as shown in Figure 2a. In the simulation process, an external force is applied to each
solid particle on the control wall. The applied external force in the z-direction is balanced
with the pressure applied by the system to the pressure control wall in the z-direction, to
keep the whole system pressure constant and avoid the influence of pressure change on
the bubble dynamics. The force applied on every single atom of the pressure–control wall
Fatom is calculated by

Fatom =
Ftotal
Nup

=
p× Sxy

Nup
, (6)

where Ftotal is the total force applied on the pressure–control wall, Nup is the number of
atoms on the pressure–control wall, p denotes the pressure set in the simulation, which is
1 bar in the present work, and Sxy denotes the cross–section area on the x–y plane. It should
be noted here that the force applied on the pressure–control wall is only used to control the
system pressure during the phase-change process. The size of the simulation box in the
z-direction is not fixed, but can change along with the system pressure. Due to this, the
force applied will only affect the pressure control wall, having no effect on argon atoms.
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2.4. Surface Wettability Evaluation

The solid–liquid interaction strength, namely the interfacial wettability, can be regu-
lated through varying the energy parameter between the argon atom and the copper atom.
Therefore, an energy coefficient α is introduced to represent the solid–liquid interaction.
In order to characterize the solid–liquid interaction, the relationship of surface wettability,
i.e., the contact angle of argon atoms on the copper surface, with the energy coefficient
should be explored first. Specifically, a spherical argon droplet, the diameter of which is
6 nm, is first put on the bottom solid wall of the simulation box having dimensions of
16 nm × 5 nm × 20 nm. Separate contact angles are then simulated in the constant–energy,
constant–volume ensemble (NVE), also known as the microcanonical ensemble, during
which all atoms are kept at 80 K by using a Langevin thermostat. The simulation lasts for
1 ns to ensure that the droplet has been sufficiently equilibrated. For equilibrium droplets
on the copper surface, the droplet boundary is defined generally through algebraic cir-
cle fitting and the contact angle can be measured graphically. The energy coefficient of
solid and fluid atoms, α, determines solid–liquid interactions and it is set explicitly and
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appropriately to enable different surface wettabilities. The contact angles are measured
in 12 cases of various surface wettabilities (α = 0.02, 0.04, 0.06, 0.2, 0.4, 0.8, 1.5, 2, 2.5, 3, 4,
5). The contact angle (CA) calculation procedure is as follows [40]: (a) The computational
box is discretized into bins of square cross sections in the x−z plane, and the entire length
of the computational box in the y direction is the depth of the bins. The resolution of the
bins was set as 0.8 × 0.8 Å2. The position of each atom of the tested group is stored in
the appropriate bin for every snapshot, and the mass density is calculated as the average
over time of the bins count per unit volume. (b) The averaged mass density of bins is
plotted as contour maps, and the droplet interface is defined by the contour line in which
ρ(x, y) = ρl/2, where ρl is the fluid density. (c) The coordinates of the surface position and
the droplet interface are obtained and fitted using the equation of a circle. (d) Finally, the
fitted equation is plotted, and the contact angle is measured.

2.5. Simulation Procedures

MD simulations are performed using the large–scale atomic/molecular massively
parallel simulator (LAMMPS). The simulation process is divided into two stages: the
equilibrium stage (Stage I, Figure 1b), and the phase-change stage (Stage II, Figure 1c). A
Nose−Hoover thermostat with a characteristic relaxation time constant of 100∆t to achieve
equilibrium of the initial configuration of the system in an NVT ensemble (constant molec-
ular number (N), constant volume (V), and constant temperature (T)) is used for updating
positions and velocities of atoms in each time step. Therein, ∆t represents the value of
time steps, which is set to 0.005 ps by referring to Refs. [17,25]. The equilibration lasts for
5000 ps to bring the system to the target temperature Tcold = 80 K. After the equilibration
stage, the temperature of bottom surface rises to Theat = 160 K. The temperature is set for
the purpose of collecting the evaporate argon atoms and saving compactional source. Heat
is provided from the bottom by retaining the solid substrate thermostatic control afforded
by the Langevin thermostat. The standard velocity Verlet integrator algorithm is adopted
for time–integrating the equation of motion of atoms. Simulations last for 5000 ps in the
microcanonical ensemble. It must be noted that a harmonic spring force with a spring
constant of 100 is used to tether solid atoms at their equilibrium positions in the entire
simulation process. This prevents penetration and translational movements of liquid–phase
atoms in the simulation.

2.6. Data Post Processing

Graphical images of the molecular systems are generated using an Open Visualization
Tool (OVITO). For the sake of investigating heat transfer during nanoscale phase change,
heat flux is calculated thus [41]:

q =
1
V

[
∑

i
eiui,z + ∑

i<j

(
fij ·
(
ui + uj

))
xij

]
, (7)

where ei denotes energy per atom (kinetic and potential included); ui,z represents the
velocity of an atom along the z-direction; fij is the pair-wise force vector of atoms i and j; ui
and uj separately denote velocity vectors; xij is a position vector. A simple criterion based
on the instantaneous positions of particles (Figure 2b) is used for quantitative description
of bubbles. The simulation domain is divided into three-dimensional cells of 0.2 nm, which
are deemed to be “voids” if there are no argon atoms in this domain. Small voids continue
to grow and coalesce to form large bubbles defined by the sum of connected voids. Thus,
the vapor–liquid interface is formed and can be recognized and calculated by OVITO.

3. Results and Discussion
3.1. Effect of Argon–Copper Interactions on the Contact Angle

The relationship between the contact angle and energy coefficient is simulated (Table 2): the
trend in the data is to a gradual decrease in the contact angle as the energy coefficient
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increases, which leads to the nonwetting-to-superwetting transition of surface wettability.
After the energy coefficient reaches 1.5, the surface wettability remains unchanged as the
surface is superwetting.

Table 2. Surface wettability under different solid–liquid interactions.

Energy Coefficient α Energy Parameter εAr–Cu (eV) Contact Angle CA (◦) Surface Wettability

Case 1 0.02 0.0013 120 Nonwetting
Case 2 0.04 0.0026 110 Nonwetting
Case 3 0.06 0.0039 80 Wetting
Case 4 0.2 0.013 50 Wetting
Case 5 0.4 0.026 40 Wetting
Case 6 0.8 0.052 35 Wetting
Case 7 1.5 0.0975 30 Wetting
Case 8 2 0.13 25 Superwetting
Case 9 2.5 0.1625 20 Superwetting
Case 10 3 0.195 12 Superwetting
Case 11 4 0.26 5 Superwetting
Case 12 5 0.325 3 Superwetting

3.2. Preliminary Visualization of Bubble Dynamics

Based on the aforementioned simulation system and approaches, simulations are
performed in 12 cases. The simulation is conducted in two stages. Figure 3 shows the
snapshots of the system at the equilibrium stage, which shows that the simulation box has
a decreased height over time. This is because the pressure control method is applied. There
are two types of forces applied to the atoms of the upper wall: one comes from the system
pressure, which is in the z-direction; the other is the external force Fatom in the –z-direction.
Therefore, the upper wall moves due to the unbalanced forces, reaching a stable state in the
equilibrium position.
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Figure 3. Snapshots of the system at the equilibrium stage.

After the system reaches equilibrium, the bottom wall is heated, and the phase–change
process starts. Different phenomena are found under variation of the surface wettability.
Figure 4 illustrates snapshots of three representational cases (Cases 4, 7, and 9). The upper
wall moves slowly as the argon is heated by the bottom wall (Figure 4a), however, there is
no boiling observed when α is 0.2.

In contrast, nucleate boiling phenomena is observed when α is 1.5. Moreover, repre-
sentative snapshots of nucleate boiling of liquid argon on nanostructured surfaces with
different solid–liquid interactions are shown in Figure 5. At first, despite the random
appearance and disappearance of voids in space and time, these voids always fail to form
bubbles because their size are smaller than the critical size of nuclei throughout the simu-
lation process. It should be noted here that if a void can continue to grow into a bubble,
then the initial observed size is defined as the critical of nuclei in the present study. As
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time continues, bubble embryos generate in an activated site, i.e., nucleation site, which
are marked with dashed circles in Figure 4b. Bubble embryos undergo rapid expansion
because of heat transfer of liquid surrounding the bubble, forming a dry area below the
bubble surrounded by the three-phase contact line. At about 850 ps, it is found that many
little voids coalesce to form an apparent bubble. If buoyancy exceeds surface tension,
the liquid is likely to rewet dry sites and a bubble gradually departs from the surface.
Attention should be paid to the crystallization of liquid atoms close to the surface heated,
which surround two liquid-atom layers that need to be regarded as solid. The three-phase
contact line does not have direct contact with substrates. Then, it continues to develop as a
thermodynamically stable bubble until becoming a vapor film. Hence, the growth process
of a bubble can be portioned into two stages: slow void growth and coalescence, and rapid
growth of the bubble.
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In Case 9 (α = 2.5), voids form above the surface and develop rapidly to a vapor film
(750 ps), followed by complete isolation of the film from the surface, that is, occurrence of
explosive boiling.

These results suggest presence of a reasonable wettability range allowing occurrence
of stable bubbles. According to results in all 12 cases, the wettability in Figure 6 is roughly
differentiated by proposing three regions: Regions I (α < 0.4), II (0.4 ≤ α < 2.5), and III
(α ≤ 2.5), which separately represent cases of no bubble, all cases of nucleation boiling, and
all cases of explosive boiling. Hence, it is a delicate matter to choose the surface wettability.
There is a reasonable wettability range (Region II) for the appearance of stable bubbles. It is
worth noting here that values in this range are only suitable for the situation discussed in
the present work. However, the changing trend of the boiling mode with the solid–liquid
interactions applied to global situations.
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3.3. Quantitative Research into the Effect of Solid–Liquid Interactions

According to the above analysis, it is proven that the formation probability of voids
above weak wettable surfaces is higher compared with those above strong wettable surfaces
before nucleation. The continuous heat transfer from surface to liquid enables formation of
stable bubbles by these voids, which occurs only when surface wettability is in the range
of 0.4 ≤ α ≤ 2.5 (Section 3.2). In this section, the bubble growth, and the heat–transfer
performance on surfaces of different wettability are quantitatively investigated based on
methods introduced in Section 2.

Figure 7a shows the temporal evolution of the bubble volume. It can be obtained that
the entire boiling processes is classified into two stages based on the volume change trend:
a slow nucleation stage and a rapid growth stage to form stable bubbles. Naturally, this
shares some similarity with the homogeneous nucleation process in previous research, and
the slow nucleation stage turns to the rapid growth stage only when critical nuclei are
formed. The waiting time tw is defined as the simulation duration from the beginning to
the moment for appearance of critical nuclei, and the inception time tin is the time taken for
formation of the vapor film from the non–equilibrium stage. Figure 7a indicates that the
time taken by voids to grow to the size of critical nuclei shortens as the surface wettability
increases in the formation process of critical nuclei.
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Figure 7. Quantitative investigations of the boiling process with different solid–liquid interactions.
(a) The time evolution of the bubble growth curve; (b) The average bubble growth rate with different
solid–liquid interactions; (c) The time evolution of temperature in the liquid film near the bottom
wall; (d) The average heat flux with different solid–liquid interactions.

At the nanoscale, greater wettability corresponds to lower interfacial thermal resistance
and therefore more easy nucleation. A bubble continues to steadily grow when its volume
reaches the critical level, that is, the bubble enters the rapid growth stage. Considering this,
studying the rate of bubble growth in this stage is important. It is worth noting that here
the average growth rate Jg indicates a single bubble, which can be expressed as

Jg =
∆V

tin − tw
, (8)
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where ∆V represents the difference of the volume of the greatest bubbles before departing
from the substrate with the critical volume; tin − tw is the time taken by a bubble to grow
from critical nuclei to a vapor film. Figure 7b depicts the increasing growth rate of bubbles
as the surface wettability rises.

Figure 7c,d illustrates time evolution of the liquid temperature and heat fluxes under
different solid–liquid interactions on rough surfaces. The liquid rises as the boiling process
continues, and the heat flux increases with the increasing energy coefficient. To explore
the reasons behind this, density and temperature contours are also plotted. Classical
nucleation theory reveals that local regions of low density will be formed in the liquid due
to density fluctuations attributed to disordered molecular movement. These regions of low
density are regarded as voids, where nucleation is initiated, and so it is of significance to
explore how surface wettability affects formation of voids. It should be noted here that
the temperature of liquid with α equals 0.4 has an apparent fluctuation compared with the
other cases. The reason might be the relatively low bubble growth rate when α equals 0.4.
As shown in Figure 5a, it takes around 3500 ps for the bubble growing large enough to
depart. Bubbles encounter fluctuation with each other during this period, resulting in the
fluctuated temperature curve.

The simulation domains are discretized into meshes measuring 2 Å (x) × 2 Å (z).
Number density contours of the case α = 1.5 at the initial moment, the nucleation moment, a
certain bubble growth moment, and the bubble detachment moment are plotted (Figure 8).
The density in navy blue regions is the lowest (nearly zero), so there is the highest prob-
ability for formation of voids. In time, the number of the navy–blue regions increases;
it is worth noting here that, there are many more voids on this rough nanostructured
surface compared with that on smooth surfaces. This is because the rough surface provides
more nanogrooves to generate void. Thus, the voids grow and merge with each other
(i.e., nucleation), which also coincides with the snapshots in Figure 5.

Materials 2023, 16, x FOR PEER REVIEW 12 of 18 
 

 

the other cases. The reason might be the relatively low bubble growth rate when α equals 
0.4. As shown in Figure 5a, it takes around 3500 ps for the bubble growing large enough 
to depart. Bubbles encounter fluctuation with each other during this period, resulting in 
the fluctuated temperature curve. 

The simulation domains are discretized into meshes measuring 2 Å (x) × 2 Å (z). 
Number density contours of the case α = 1.5 at the initial moment, the nucleation moment, 
a certain bubble growth moment, and the bubble detachment moment are plotted (Figure 
8). The density in navy blue regions is the lowest (nearly zero), so there is the highest 
probability for formation of voids. In time, the number of the navy–blue regions increases; 
it is worth noting here that, there are many more voids on this rough nanostructured sur-
face compared with that on smooth surfaces. This is because the rough surface provides 
more nanogrooves to generate void. Thus, the voids grow and merge with each other (i.e., 
nucleation), which also coincides with the snapshots in Figure 5. 

 
Figure 8. The number density contours of the case α = 1.5 at (a) the initial moment, (b) the nucleation 
moment, (c) a certain bubble growth moment, and (d) the bubble detachment moment. 

Figure 9 displays contours for argon temperature under α = 1.5 on the x–z plane in 
representational time steps. Uniform temperature contours with an average value of 80 K 
are observed in the initial time step. Then, the temperature rises gradually in liquid re-
gions during heat transfer from solid surfaces to liquid regions. At the initial moment, no 
stable bubble appears, with uniform temperature distribution in liquid regions. As stable 
bubbles are gradually formed and develop, non–uniform temperature distribution begins 

Figure 8. The number density contours of the case α = 1.5 at (a) the initial moment, (b) the nucleation
moment, (c) a certain bubble growth moment, and (d) the bubble detachment moment.



Materials 2023, 16, 1984 12 of 17

Figure 9 displays contours for argon temperature under α = 1.5 on the x–z plane
in representational time steps. Uniform temperature contours with an average value of
80 K are observed in the initial time step. Then, the temperature rises gradually in liquid
regions during heat transfer from solid surfaces to liquid regions. At the initial moment, no
stable bubble appears, with uniform temperature distribution in liquid regions. As stable
bubbles are gradually formed and develop, non–uniform temperature distribution begins
to appear in liquid regions. It can be seen, from Figure 9b, that the corresponding regional
temperature of voids decreases gradually.
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According to the above results, the quantity of voids in liquid above the surfaces
gradually increases, and the probability of nucleation also increases with the enhanced
solid–liquid interaction. Strongly wettable surfaces have higher heat transfer efficiency
compared with weakly wettable ones, and stable bubbles occur above strongly wettable
surfaces before those above weakly wettable ones. As a result, more energy is acquired by
argon on strongly wettable surfaces compared with that on weakly wettable ones. Because
the nucleation process of bubbles occurs at the nanoscale, the surface effect is non-negligible
and it even functions as the dominant factor for the nucleation process.

3.4. Mechanisms behind Pool Boiling with Different Solid–Liquid Interactions

It is worth noting that intense interatomic solid–liquid interactions on super–wetting
surfaces are likely to inhibit atomic evaporation in solid-like liquid layers. This is always
limited to substrate surfaces (right–hand panel, Figure 10a). This means that solid–like
liquid atoms do not in fact participate in nucleation of bubbles. Therefore, it is necessary
to divide that near–wall liquid film (from z = 20 Å to z = 40 Å in the current study) into
two individual regions when analyzing energy barriers of nucleation: one is the solid-like
liquid layer (from z = 20 Å to z = 25 Å), and the other is the near-wall bulk liquid layer
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(from z = 25 Å to z = 40 Å) (Figure 11a). The former is projected to have thickness of 5 Å
according to snapshots and contours obtained above. Furthermore, the temporal evolution
of kinetic energy, potential energy, and total energy in the near-wall layer in the case that α is
1.5 and the average energy under various solid–liquid interactions in the near-wall layer are
calculated separately and presented in Figure 10b–e. Contours for kinetic energy, potential
energy, and total energy in the case α = 1.5 at the initial moment (0 ps), nucleation (600 ps),
moment of certain bubble growth (750 ps), and bubble detachment moment (850 ps) are
also plotted (Figure 11).
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The potential energy in the near-wall layer is found to dramatically rise with the
energy coefficient. The mean potential energy barrier for liquid films in the near-wall
region always increases with enhanced solid–liquid interactions, which is mainly attributed
to the solid-like liquid layer. This is also confirmed by comparison of contours for potential
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energy. According to the above analysis, the solid-like liquid layer has a much higher
number density compared with bulk liquid film, leading to a shortened distance of liquid
atoms in this layer and therefore greater average potential energy. The effect of solid–liquid
interactions upon heat transfer during nucleate boiling on superwetting surfaces mainly
arises from changes in heat transfer efficiency at solid–liquid interfaces. It is fascinating
that the near-wall bulk liquid layer plays the dominant part in the analysis of potential
energy barriers, to which close attention needs to be paid.
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With the temperature rise of bottom walls from equilibrium to target values, most of
the absorbed thermal energy is transformed into atomic kinetic energy in the solid-like
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liquid layer, leading to a significant increment in the overall temperature. Energy is found
to undergo only small changes in the solid-like liquid layer, while most thermal energy
transferred from the heated wall is absorbed by the near-wall bulk liquid layer. Moreover,
it is worth noting that thermal energy absorbed by the bulk liquid layer is mainly used for
overcoming potential energy barriers of liquid atoms regardless of the heating stage. The
result also verifies that this near-wall bulk liquid layer is significant for analyzing energy
barriers to nucleation.

4. Conclusions

The bubble dynamics of nucleate boiling on the rough nanostructured surface with
different wettability was analyzed by conducting a modified molecular dynamics method.
The following key findings are drawn from the simulated results. Bubbles can be observed
if the energy coefficient α between surfaces and fluid atoms is in a reasonable range
(0.4 ≤ α ≤ 2.5). Explosive boiling would be formed if the surface were superwetting. Void
generation and bubble growth rate were increased by increased liquid–solid interactions.
The rough structured surfaces were reported to generate new contact lines on structures,
which included more microlayers and the heat transfer was enhanced as a result. The
simulation results are expected to reveal boiling phenomena in nanoscale and provide
guidance towards surface design in state-of-the-art thermal management systems.
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Nomenclature

CHF The critical heat flux
ONB The onset of nucleate boiling
MD Molecular dynamics
LJ Lennard Jones
Ar Argon
Cu Copper
W–M Weierstrass–Mandelbrot
NVE the constant–energy, constant–volume ensemble
LAMMPS The large-scale atomic/molecular massively parallel simulator
NVT constant molecular number, constant volume, and constant temperature ensemble
OVITO Open Visualization Tool
CA Contact angle
ϕ The Lennard–Jones potential
σ The distance parameter
ε The energy parameter
rij The distance between two atoms i and j
rc The cut–off distance
Φm,n Stochastic values with random distributions within [0, 2π]
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γ The parameter controlling frequency density
lmax The sample size measured in the length unit
Ds The fractal dimension of surfaces
G The roughness coefficient for scaling the height of functions
Fatom The force applied on every single atom of the pressure control wall
Ftotal The total force applied on the pressure control wall
Nup The number of atoms on the pressure control wall
p The pressure set in the simulation
Sxy The cross–section area on the x–y plane
α The energy coefficient of the solid–liquid interaction
∆t The timesteps
Tcold The initial temperature of the simulation
Theat The target temperature of the bottom surface
q The heat flux
ei The energy per atom (kinetic and potential included)
ui,z The velocity of an atom along the z-direction
fij The pair–wise force vector of atoms i and j
u A velocity vector
xij A position vector
tw The time from the beginning to the moment of the critical nuclei appearance
tin The time taken for formation of the vapor film from the non-equilibrium stage
Jg The average growth rate of a single bubble
∆V The volume difference of the greatest bubbles before departing from the substrate

References
1. Liang, G.T.; Mudawar, I. Review of pool boiling enhancement by surface modification. Int. J. Heat Mass Transf. 2019, 128, 892–933.

[CrossRef]
2. Chen, Z.H.; Haginiwa, A.; Utaka, Y. Detailed structure of microlayer in nucleate pool boiling for water measured by laser

interferometric method. Int. J. Heat Mass Transf. 2017, 108, 1285–1291. [CrossRef]
3. Shin, S.; Choi, G.; Rallabandi, B.; Lee, D.; Il Shim, D.; Kim, B.S.; Kim, K.M.; Cho, H.H. Enhanced boiling heat transfer using

self–actuated nanobimorphs. Nano Lett. 2018, 18, 6392–6396. [CrossRef]
4. Das, S.; Saha, B.; Bhaumik, S. Experimental study of nucleate pool boiling heat transfer of water by surface functionalization with

SiO2 nanostructure. Exp. Therm. Fluid Sci. 2017, 81, 454–465. [CrossRef]
5. Lu, M.C.; Huang, C.H.; Huang, C.T.; Chen, Y.C. A modified hydrodynamic model for pool boiling CHF considering the effects of

heater size and nucleation site density. Int. J. Therm. Sci. 2015, 91, 133–141. [CrossRef]
6. Kandlikar, S.G. Microscale to macroscale–extending microscale enhancement techniques to large–scale boiling equipment. J. Heat

Transf.–Trans. ASME 2022, 144, 050802. [CrossRef]
7. Zhou, W.B.; Mao, L.; Hu, X.G.; He, Y. An optimized graphene oxide self–assembly surface for significantly enhanced boiling heat

transfer. Carbon 2019, 150, 168–178. [CrossRef]
8. Moze, M.; Senegacnik, M.; Gregorcic, P.; Hocevar, M.; Zupancic, M.; Golobic, I. Laser–engineered microcavity surfaces with

a nanoscale superhydrophobic coating for extreme boiling performance. ACS Appl. Mater. Interfaces 2020, 12, 24419–24431.
[CrossRef] [PubMed]

9. Dhillon, N.S.; Buongiorno, J.; Varanasi, K.K. Critical heat flux maxima during boiling crisis on textured surfaces. Nat. Commun.
2015, 6, 8247. [CrossRef]

10. Han, H.X.; Merabia, S.; Muller–Plathe, F. Thermal transport at a solid–nanofluid interface: From increase of thermal resistance
towards a shift of rapid boiling. Nanoscale 2017, 9, 8314–8320. [CrossRef] [PubMed]

11. Chen, Y.J.; Zou, Y.; Wang, Y.; Han, D.X.; Yu, B. Bubble nucleation on various surfaces with inhomogeneous interface wettability
based on molecular dynamics simulation. Int. Commun. Heat Mass Transf. 2018, 98, 135–142. [CrossRef]

12. Chen, Y.J.; Yu, B.; Zou, Y.; Chen, B.N.; Tao, W.Q. Molecular dynamics studies of bubble nucleation on a grooved substrate. Int. J.
Heat Mass Transf. 2020, 158, 119850. [CrossRef]

13. Chen, Y.J.; Zou, Y.; Sun, D.L.; Wang, Y.; Yu, B. Molecular dynamics simulation of bubble nucleation on nanostructure surface. Int.
J. Heat Mass Transf. 2018, 118, 1143–1151. [CrossRef]

14. Datta, S.; Pillai, R.; Borg, M.K.; Sefiane, K. Acoustothermal nucleation of surface nanobubbles. Nano Lett. 2021, 21, 1267–1273.
[CrossRef] [PubMed]

15. Bai, P.; Zhou, L.P.; Huang, X.N.; Du, X.Z. How wettability affects boiling heat transfer: A three–dimensional analysis with surface
potential energy. Int. J. Heat Mass Transf. 2021, 175, 121391. [CrossRef]

16. Zhang, J.Y.; Fan, L.W.; Li, J.Q.; Yu, Z.T. Surface–roughness–boosted critical heat flux enhancement during quenching boiling on
wicking surfaces. Int. J. Heat Mass Transf. 2020, 162, 120364. [CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.026
http://doi.org/10.1016/j.ijheatmasstransfer.2017.01.003
http://doi.org/10.1021/acs.nanolett.8b02747
http://doi.org/10.1016/j.expthermflusci.2016.09.009
http://doi.org/10.1016/j.ijthermalsci.2015.01.011
http://doi.org/10.1115/1.4053679
http://doi.org/10.1016/j.carbon.2019.04.119
http://doi.org/10.1021/acsami.0c01594
http://www.ncbi.nlm.nih.gov/pubmed/32352743
http://doi.org/10.1038/ncomms9247
http://doi.org/10.1039/C7NR01215B
http://www.ncbi.nlm.nih.gov/pubmed/28585964
http://doi.org/10.1016/j.icheatmasstransfer.2018.08.017
http://doi.org/10.1016/j.ijheatmasstransfer.2020.119850
http://doi.org/10.1016/j.ijheatmasstransfer.2017.11.079
http://doi.org/10.1021/acs.nanolett.0c03895
http://www.ncbi.nlm.nih.gov/pubmed/33494609
http://doi.org/10.1016/j.ijheatmasstransfer.2021.121391
http://doi.org/10.1016/j.ijheatmasstransfer.2020.120364


Materials 2023, 16, 1984 17 of 17

17. Liu, H.Q.; Qin, X.; Ahmad, S.; Tong, Q.; Zhao, J. Molecular dynamics study about the effects of random surface roughness on
nanoscale boiling process. Int. J. Heat Mass Transf. 2019, 145, 118799. [CrossRef]

18. Wang, Y.Y.; Hussein, S.A.; Saadoon, N.; Jasem, H.; Al Mashhadani, Z.I.; Alasedi, K.K.; Dawood, A.H.; Adhab, A.H.; Toghraie, D.;
Hekmatifar, M.; et al. Using molecular dynamics simulation to investigate the number of wall layers and pyramidal surface
roughness on atomic behavior and boiling characteristics of water/Fe nanofluid flow. J. Mol. Liq. 2022, 362, 119772. [CrossRef]

19. Zhou, W.B.; Han, D.M.; Ma, H.L.; Hu, Y.K.; Xia, G.D. Microscopic mechanisms behind nucleate boiling heat transfer enhancement
on large–aspect–ratio concave nanostructured surfaces for two–phase thermal management. Int. J. Heat Mass Transf. 2022,
195, 123136. [CrossRef]

20. Li, J.Q.; Kang, D.; Rabbi, K.F.; Fu, W.C.; Yan, X.; Fang, X.L.; Fan, L.W.; Miljkovic, N. Liquid film–induced critical heat flux
enhancement on structured surfaces. Sci. Adv. 2021, 7, 4537. [CrossRef]

21. Kim, D.E.; Oh, J.S. Local phase and thermal behaviors in pool boiling on different wettability surfaces. Exp. Therm. Fluid Sci. 2022,
139, 110728. [CrossRef]

22. Lloveras, P.; Salvat–Pujol, F.; Truskinovsky, L.; Vives, E. Boiling crisis as a critical phenomenon. Phys. Rev. Lett. 2012, 108, 215701.
[CrossRef] [PubMed]

23. Lavino, A.D.; Smith, E.; Magnini, M.; Matar, O.K. Surface topography effects on pool boiling via non–equilibrium molecular
dynamics simulations. Langmuir 2021, 37, 5731–5744. [CrossRef] [PubMed]

24. Li, Y.; Zhou, W.J.; Zhang, Y.H.; Qi, B.J.; Wei, J.J. A molecular dynamics study of surface wettability effects on heterogeneous
bubble nucleation. Int. Commun. Heat Mass Transf. 2020, 119, 104991. [CrossRef]

25. Zhou, W.B.; Han, D.M.; Xia, G.D. Maximal enhancement of nanoscale boiling heat transfer on superhydrophilic surfaces by
improving solid–liquid interactions: Insights from molecular dynamics. Appl. Surf. Sci. 2022, 591, 153155. [CrossRef]

26. Wang, Y.H.; Wang, S.Y.; Lu, G.; Wang, X.D. Explosive boiling of nano–liquid argon films on high temperature platinum walls:
Effects of surface wettability and film thickness. Int. J. Therm. Sci. 2018, 132, 610–617. [CrossRef]

27. Yin, X.Y.; Hu, C.Z.; Bai, M.L.; Lv, J.Z. Effects of depositional nanoparticle wettability on explosive boiling heat transfer: A
molecular dynamics study. Int. Commun. Heat Mass Transf. 2019, 109, 104390. [CrossRef]

28. Smakulski, P.; Pietrowicz, S. A review of the capabilities of high heat flux removal by porous materials, microchannels and spray
cooling techniques. Appl.Therm. Eng. 2016, 104, 636–646. [CrossRef]

29. Smakulski, P.; Ishimoto, J.; Pietrowicz, S. The cooling performance of the micro–solid nitrogen spray technique on the cryopreser-
vation vitrification process: A qualitative study. Int. J. Heat Mass Transf. 2022, 184, 122253. [CrossRef]

30. Phan, H.T.; Caney, N.; Marty, P.; Colasson, S.; Gavillet, J. Surface wettability control by nanocoating: The effects on pool boiling
heat transfer and nucleation mechanism. Int. J. Heat Mass Transf. 2009, 52, 5459–5471. [CrossRef]

31. Jo, H.; Yu, D.I.; Noh, H.; Park, H.S.; Kim, M.H. Boiling on spatially controlled heterogeneous surfaces: Wettability patterns on
microstructures. Appl. Phys. Lett. 2015, 106, 181602. [CrossRef]

32. Wu, N.N.; Zeng, L.C.; Fu, T.; Wang, Z.H.; Lu, C. Molecular dynamics study of rapid boiling of thin liquid water film on smooth
copper surface under different wettability conditions. Int. J. Heat Mass Transf. 2020, 147, 118905. [CrossRef]

33. Novak, B.R.; Maginn, E.J.; McCready, M.J. An atomistic simulation study of the role of asperities and indentations on heteroge-
neous bubble nucleation. J. Heat Transf. 2008, 130, 042411. [CrossRef]

34. Fan, L.W.; Li, J.Q.; Zhang, L.; Yu, Z.T.; Cen, K.F. Pool boiling heat transfer on a nanoscale roughness–enhanced superhydrophilic
surface for accelerated quenching in water. Appl. Therm. Eng. 2016, 109, 630–639. [CrossRef]

35. Kim, D.E.; Yu, D.I.; Jerng, D.W.; Kim, M.H.; Ahn, H.S. Review of boiling heat transfer enhancement on micro/nanostructured
surfaces. Exp. Therm. Fliud Sci. 2015, 66, 173–196. [CrossRef]

36. Zhou, W.; Li, Y.; Li, M.; Wei, J.; Tao, W. Bubble nucleation over patterned surfaces with different wettabilities: Molecular dynamics
investigation. Int. J. Heat Mass Transf. 2019, 136, 1–9. [CrossRef]

37. Chen, Y.; Li, J.; Yu, B.; Sun, D.; Zou, Y.; Han, D. Nanoscale study of bubble nucleation on a cavity substrate using molecular
dynamics simulation. Langmuir 2018, 34, 14234–14248. [CrossRef] [PubMed]

38. Wu, Y.W.; Pan, C. A molecular dynamics simulation of bubble nucleation in homogeneous liquid under heating with constant
mean negative pressure. Microscale Therm. Eng. 2003, 7, 137–151. [CrossRef]

39. Ausloos, M.; Berman, D.H. A multivariate weierstrass–mandelbrot function. Proc. R. Soc. Lond. A Math. Phys. Sci. 1985,
400, 331–350.

40. Guo, L.; Tang, G.H.; Kumar, S. Droplet morphology and mobility on lubricant-impregnated surfaces: A molecular dynamics
study. Langmuir 2019, 35, 16377–16387. [CrossRef]

41. Surblys, D.; Matsubara, H.; Kikugawa, G.; Ohara, T. Methodology and meaning of computing heat flux via atomic stress in
systems with constraint dynamics. J. Appl. Phys. 2021, 130, 215104. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ijheatmasstransfer.2019.118799
http://doi.org/10.1016/j.molliq.2022.119772
http://doi.org/10.1016/j.ijheatmasstransfer.2022.123136
http://doi.org/10.1126/sciadv.abg4537
http://doi.org/10.1016/j.expthermflusci.2022.110728
http://doi.org/10.1103/PhysRevLett.108.215701
http://www.ncbi.nlm.nih.gov/pubmed/23003280
http://doi.org/10.1021/acs.langmuir.1c00779
http://www.ncbi.nlm.nih.gov/pubmed/33913329
http://doi.org/10.1016/j.icheatmasstransfer.2020.104991
http://doi.org/10.1016/j.apsusc.2022.153155
http://doi.org/10.1016/j.ijthermalsci.2018.07.007
http://doi.org/10.1016/j.icheatmasstransfer.2019.104390
http://doi.org/10.1016/j.applthermaleng.2016.05.096
http://doi.org/10.1016/j.ijheatmasstransfer.2021.122253
http://doi.org/10.1016/j.ijheatmasstransfer.2009.06.032
http://doi.org/10.1063/1.4919916
http://doi.org/10.1016/j.ijheatmasstransfer.2019.118905
http://doi.org/10.1115/1.2818771
http://doi.org/10.1016/j.applthermaleng.2016.08.131
http://doi.org/10.1016/j.expthermflusci.2015.03.023
http://doi.org/10.1016/j.ijheatmasstransfer.2019.02.093
http://doi.org/10.1021/acs.langmuir.8b03044
http://www.ncbi.nlm.nih.gov/pubmed/30398360
http://doi.org/10.1080/10893950390203323
http://doi.org/10.1021/acs.langmuir.9b02603
http://doi.org/10.1063/5.0070930

	Introduction 
	Simulation Method 
	Simulation Model 
	Rough Surface Construction 
	Pressure Control Method 
	Surface Wettability Evaluation 
	Simulation Procedures 
	Data Post Processing 

	Results and Discussion 
	Effect of Argon–Copper Interactions on the Contact Angle 
	Preliminary Visualization of Bubble Dynamics 
	Quantitative Research into the Effect of Solid–Liquid Interactions 
	Mechanisms behind Pool Boiling with Different Solid–Liquid Interactions 

	Conclusions 
	References

