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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

A molecular dynamics study of bubble nucleation on grooved
surfaces: Effects of wettability and heat flux
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Bubble nucleation plays a crucial role in boiling heat transfer and other applications. Traditional experiments struggle
to capture its microscopic mechanisms, making molecular dynamics simulations a powerful tool for such studies. This
work uses molecular dynamics simulations to investigate bubble nucleation of water on copper surfaces with sinusoidal
groove roughness under varying heat flux and surface wettability. Results show that at the same wettability, higher heat
flux leads to higher surface temperatures after the same heating time, promoting bubble nucleation, growth, and departure.
Moreover, under constant heat flux, stronger surface hydrophilicity enhances heat transfer from the solid to the liquid,
further accelerating the nucleation. This study provides valuable insights into the mechanism of bubble nucleation and

offers theoretical guidance for enhancing heat transfer.
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1. Introduction

The bubble nucleation, growth, and detachment behav-
iors in the nucleate boiling regime play a decisive role
The disturbances caused by the bubbles
lead to a dramatic increase in the heat transfer coefficient

in heat transfer.

and heat flux during boiling heat transfer,!!! which is why
it is widely applied in industrial heat exchangers,>>! gas

release, [0-81 aerospace,[9‘11] biomedical applications,[12‘14]

15-171 and food and chemical industries, 18201

nuclear cooling,
among other fields.

In the study of bubble behavior, traditional experimental
methods primarily observe and measure the process of bubble
formation in liquids through physical experiments. However,
due to limitations in scale and observation, traditional exper-
iments struggle to precisely control and observe microscopic
processes that occur in extremely small spaces and over very
short timescales, making it difficult to reveal the microscopic
mechanisms of bubble nucleation. In contrast, molecular dy-
namics simulations can calculate physical quantities such as
the temperature, volume, and pressure of the simulated system
by considering the interactions and movements between atoms
and molecules. This allows for a precise depiction of the en-
tire process of bubble nucleation at the atomic and molecu-
lar scale, providing deep insights into the conditions for bub-
ble nucleation, the effects of external factors on the nucleation
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process, and helping us to understand the microscopic mecha-
nisms behind bubble nucleation. Molecular dynamics research
on the microscopic phenomena and mechanisms of bubble nu-
cleation has provided new theoretical support and practical
guidance for the optimization of bubble nucleation, making
it an important tool in the study of bubble nucleation. Pang!?!!
employed molecular dynamics simulations to model the pool
boiling process on surfaces with different structured grooves.
The results indicated that an arrayed grooved surface signifi-
cantly improved heat transfer efficiency during the boiling pro-
cess by altering the nucleation position and morphology of the
bubbles. Specifically, on surfaces with wider grooves, bub-
bles formed earlier and at the bottom of the grooves, while
on surfaces with narrower grooves, bubble formation occurred
slightly later and at the top of the grooves. Miao and Xial?*!
constructed nanocanals with structured surfaces to investigate
the effect of nanostructure depth on flow boiling. The re-
sults found that the grooves induced bubble nucleation, mainly
because the presence of cavities allowed the internal argon
atoms to absorb extra energy from the surrounding wall and
get closer to the heating layer. The reduction in solid thermal
resistance led to increased heat transfer efficiency, resulting in
earlier bubble nucleation and a stronger tendency for nucle-
ation to occur within the cavities. The above studies mainly
focus on the impact of surface roughness on bubble nucleation.
In addition, wettability conditions are also a significant factor
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affecting bubble nucleation. Miao er al.>’! used molecular
dynamics methods to study the bubble nucleation process of
liquid in a nanoscale channel on a solid wall. They analyzed
the effect of wall wettability on bubble nucleation and growth.
The results showed that as the wettability of the wall increases,
the time for homogeneous nucleation is advanced. Zhao!?*]
employed molecular dynamics simulations to investigate the
impact of mixed hydrophilic—hydrophobic wettability surfaces
on the boiling heat transfer performance of water films. The
study found that when the area of the strongly wetting region
accounts for 60% to 70% of the total surface area, the maxi-
mum heat flux is achieved; furthermore, the bubble nucleation
time is close to that on a completely strongly wetting surface.
This indicates that strong wettability conditions can promote
bubble nucleation and enhance boiling heat transfer. Liu et
al.™! used molecular dynamics simulations to study the ef-
fect of mixed wettability columnar nanostructures on the boil-
ing heat transfer performance of a nanometric argon film on a
copper plate. The study showed that compared to a purely hy-
drophilic wall, increasing the hydrophobic ratio changed the
solid-liquid interface properties, which caused the liquid to
begin boiling earlier. Zhou et al.?Y) studied the bubble nucle-
ation process of liquid argon on nanostructured surfaces with
different wettabilities. The study found that the location of
bubble nucleation depended on the wettability of the columns.
When the columns were hydrophilic, bubble nucleation oc-
curred in most of the fluid, while when the columns were
hydrophobic, bubble nucleation occurred on the column sur-
faces. Bail?”! established a three-dimensional surface poten-
tial model to explore the relationship between wettability, sur-
face potential, and boiling heat transfer. The study found that
water molecules on hydrophilic surfaces have higher temper-
ature gradients and initial heat flux compared to those on hy-
drophobic surfaces, as well as shorter boiling initiation times
and lower interface thermal resistance. This indicates that hy-
drophilic surfaces are favorable for enhancing rapid boiling
heat transfer. Liu ez al.?®! used non-equilibrium molecular dy-
namics simulations to study the nanoscopic liquid—gas phase
transition process of argon on solid copper substrates with dif-
ferent surface wettabilities and roughness. The study found
that increased wettability of argon on solid copper surfaces en-
hances the heat transfer between solid and fluid atoms, as well
as increases the evaporation mass flux of liquid argon. The
bubble nucleation time also occurred earlier with the increase
in wettability. Yin!*°! used molecular dynamics simulations
to study the mechanism of nanofluids in boiling heat transfer.
The results showed that because nanoparticles can improve the
thermal conductivity of the liquid, increase the frequency of
bubble nucleation, and enhance the bubble departure veloc-
ity, the introduction of nanofluids can significantly improve
boiling heat transfer performance. Wang!*?! studied the wet-

tability characteristics of nanofluids and their role in enhanc-
ing boiling heat transfer. The study found that compared to
base fluids, nanoparticles enhance boiling heat transfer, and
hydrophilic particles provide a more significant enhancement
effect compared to hydrophobic particles.

Molecular dynamics studies on bubble behavior have re-
vealed that surface roughness and wettability significantly in-
fluence bubble dynamics. Heat transfer research indicates that
pits, crevices, and cavities on heated walls are the most likely
nucleation sites for vaporization, making them a fundamen-
tal focus in the engineering development of enhanced boiling
heat transfer.!'! However, existing molecular dynamics studies
have rarely explored bubble nucleation, coalescence, and dis-
turbances within adjacent pits. To address this gap, this study
investigates the bubble behavior of water on a copper surface
with closely spaced dual-groove structures while considering
the effect of surface wettability. Additionally, most molecular
dynamics studies have stimulated bubble behavior by control-
ling the temperature of the heated wall. However, in practical
applications such as industrial heat transfers and electronic de-
vice cooling, boiling heat transfer typically occurs under con-
stant heat flux conditions. Therefore, this study employs a
constant heat flux on the heated wall to induce phase change in
water. This research examines bubble nucleation, growth, and
coalescence on dual-groove structures under different surface
heat flux and wettability conditions. It identifies variations in
bubble nucleation sites and morphologies, as well as single-
and multi-bubble behaviors. Furthermore, through statistical
analyses of number density, volume, temperature, and temper-
ature distribution, this study elucidates the influence of surface
heat flux and wettability on bubble behavior and the underly-
ing microscopic mechanisms.

2. Simulation methods

As shown in Fig. 1, the simulated atomic model sys-
tem consists of three parts: the copper atoms of the upper
plate, the copper atoms of the lower plate, and the water
molecules between the two plates. The simulation system in-
cludes 6679 water molecules and 5832 copper atoms, total-
ing 25869 atoms, forming a rectangular domain with dimen-
sions of 122.69 A, 20.00 A, and 520.00 A in the x, y, and
z directions, respectively. The copper atoms are arranged in
a face-centered cubic (FCC) lattice with a lattice constant of
3.61 A. The undulating dual-groove structure on the bottom
copper wall along the x-direction is constructed based on the
following sine function:

F(x) = ho + Asin(27x/p), (1

where hg represents the distance to the z-axis, A is the ampli-
tude, and p is the period.l3!! Beneath the sinusoidal grooves,
a substrate composed of six layers of 2592 copper atoms is
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present. Among them, the bottom three layers of copper atoms
are fixed to prevent atomic displacement or penetration during
the heating process. The upper three layers are subjected to a
heat flux, serving as the heat source to induce the phase transi-
tion of water. Throughout all simulation stages, a fixed bound-
ary condition is applied in the negative z-direction, while pe-
riodic boundary conditions are implemented in all other direc-
tions.

¥y
p

(a) b)

(c)

520.00 A

Solid copper on the plate‘\

Liquid water

Substrate solid copper:

(d)

Fig. 1. Initial configuration of the simulation domain. (a) Overall
model diagram. (b) Bottom copper atoms under hydrophobic conditions.
(c) Bottom copper atoms under middle conditions. (d) Bottom copper
atoms under hydrophilic conditions.

The interaction force between copper atoms is repre-
sented by van der Waals (vdW) forces and described using the
Lennard—Jones (L-J) potential function

12 6
o o
q)(r,'_,‘) =4e [(7) - (}’> ] , F < reu, 2
ij ij

where € is the energy parameter, o is the distance parameter,
rij is the distance between atoms i and j, and r¢y is the cutoff
radius. Additionally, to ensure that all copper atoms vibrate
only around their initial positions and to prevent deformation
of the sinusoidal groove structure, an elastic force is applied to
the copper atoms: [3?]

F = —Kr, 3)

where K = 52 N/m is the elastic constant, and r is the dis-
placement of an atom relative to its initial position. The in-
teractions between water molecules are described using the
SPC/E model, which effectively captures the physical and
chemical properties of water molecules'**3*! and is a widely-
used classical water model in molecular dynamics simula-
tions. In this model, the charges of the oxygen (O) and hydro-
gen (H) atoms in the water molecule are go = —0.8476¢ and
qn = 0.4238e, respectively. The Coulombic long-range inter-
actions are calculated using the particle-particle-particle-mesh
(PPPM) solver.!®! The intermolecular forces between water
molecules are described through the O-O interaction. To save
computational time while maintaining accuracy, the SHAKE

[36]

algorithm'”®' is applied to constrain the O—H bond length and

the H-O-H angle in the water molecules, ensuring they re-
main rigid. The wettability conditions are determined by the
intermolecular interaction forces between water molecules and
copper atoms and are adjusted by modifying the L-J potential
function parameters:

N\ 12 N 6
¢(r,-j) =4¢' [(G ) — <G > ‘| , T < TFeut, “®
r,'j rij

¢ =¢p?, 5)
o' =B/ (6)

Here, [ is the parameter used to adjust the interface wettabil-
ity conditions, and &’ and ¢’ are the modified energy and dis-
tance parameters, respectively. The potential energy parame-
ters for this study are listed in Table 1. The water contact angle
(CA) on the copper substrate is calculated by the density pro-
file of a cylindrical water droplet on smooth bare surface.37-38
When €g_cy is set to 3.685 meV (6p_cy = 0.338 nm), a CA
of approximately 120° is achieved and indicates a hydropho-
bic wetting condition. Furthermore, a CA of approximately
87.3° is obtained for a middle wetting condition when €p_cy
is set to 7.37 meV (cp_cuy = 0.319 nm), which is close to the
experimental value of 85.9° and simulation value of 84.1° in a
previous study.*”! Lastly, for hydrophilic wetting conditions,
setting €o_cy to 14.74 meV (6p_cy = 0.3011 nm) yields a CA
of close to 4.7°.

Table 1. Parameters of H,O and Cu.

Atom pairs o (nm) & (meV)
Cu-Cu 0.2377 409.3
0-0 0.3166 6.739
O-Cu (hydrophobic)  0.3380 3.685
O—Cu (middle) 0.3190 7.370
O-Cu (hydrophilic)  0.3011 14.740

In this study, the piston-assisted pressure control method
is employed to maintain the pressure stability of the simula-
tion system.[**! Specifically, the copper plate at the top is set
as a movable piston, and an external force is applied to each
atom along the z-direction to maintain pressure equilibrium,
thereby preventing pressure fluctuations from interfering with
or affecting the bubble behavior. The external force applied
to each atom in the upper copper plate is determined by the
following equation:

Ftotal P 'Sxoy
F = = 7
atom Nup Nup ) @)

where Fio 1S the total external force applied to the upper cop-
per plate, Ny, is the number of atoms in the upper copper plate,
P =1 bar is the set pressure, and Sy,y is the area of the projec-
tion of the top plate onto the xoy plane. The setup enables bub-
ble evolution under an approximately constant-pressure envi-
ronment. Although the periodic boundary conditions impose
some degree of spatial constraint, the top plate has sufficient
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room to move upward, preventing the bubble size from being
significantly affected by finite-size effects.

In this study, molecular dynamics simulations are per-
formed on the entire system, excluding the fixed copper atoms
at the bottom, which are divided into two stages: the relaxation
process and the heating process. The relaxation process lasts
for 1 ns, during which the microcanonical (NVE) ensemble

1401 thermostat is used to stabi-

combined with the Langevin
lize the temperature of the simulation system at 298 K. In the
heating process, the system equilibrium is controlled by the
microcanonical (NVE) ensemble, and heat flux is applied to
the copper atoms in the heat source region, inducing a tem-
perature rise that leads to bubble formation. The duration of
the heating process varies with the wettability conditions: un-
der hydrophilic conditions, bubbles are observed after 1 ns of
heating, whereas under hydrophobic conditions, the heating
process must last for 2 ns. To comprehensively study the phe-
nomena and mechanisms of bubble dynamic evolution during
the heating process, the temperature, density, and trajectory
data of the atoms are statistically analyzed every 1 ps. The
heat flux applied to the copper atoms in the heat source region
and the calculated wall heat flux during the heating process are
shown in Table 2.

Table 2. Heat flow applied to the heat source and the calculated heat flux.

System Heat flow (W) Heat flux (W-m~2)
#1 5.00 x 1077 1.77 x 1010
#2 5.60 x 1077 1.97 x 100
#3 8.01x 1077 2.82 x 1010

The molecular dynamics simulations in this study are
conducted using LAMMPS software,[*!] with the atomic
equations of motion numerically integrated using the Verlet
algorithm and a time step of 1 fs. To analyze bubble nucle-
ation, growth, and their dynamic behaviors, atomic trajectory
and other data are visualized and analyzed using the Open Vi-
sualization Tool (OVITO)[*?I and Visual Molecular Dynamics
(VMD)*3 software.

3. Results and discussion

This study employs the aforementioned model and sim-
ulation methods to investigate the bubble behavior of water
on a dual-groove copper surface under nine different scenar-
ios, considering three different surface wettabilities and three
heat flux. In this section, the dynamic process of bubble nu-
cleation is analyzed through the calculation of density distri-
butions, temperature changes, temperature distributions, and
bubble volume changes. The study explores the influence pat-
terns and mechanisms of wettability and heat flux on the bub-
ble nucleation behavior.

As shown in Fig. 2, snapshots of the bubble growth pro-
cess on the bottom copper substrate surface under different

0 ns 0.94 ns 1.03 ns

m Qg
o e R

0 ns 0.93ns 0.97ns 1.07ns 1.12ns 1.13ns 1.15ns 1.28 ns

= 5

0 ns 0. 0.73ns 0.8ns 0.84ns 0.93ns 0.95ns

@

1.26 ns 1.42 ns

3
-]
LB
=
=
w
-]
@

0.94 ns

70 ns 0.44 ns

0.84 ns
()

0 ns 0.33ns 0.44 ns 0.49 ns 0.52 ns

(@) |

0.54 ns

Ons 0.55ns 0.6ns
wl 1 [

0.63 ns 0.64 ns

0.64 ns  0.67 ns

0.41 ns 0.42 ns 0.43 ns 0.45 ns 0.5 ns

0 ns 0.3 ns 0.4 ns
Fig. 2. Snapshot of bubble nucleation in a simulated system. Hydropho-
bic conditions: (a) heat flux #1, (b) heat flux #2, (c) heat flux #3. Middle
conditions: (d) heat flux #1, (e) heat flux #2, () heat flux #3. Hydrophilic
conditions: (g) heat flux #1, (h) heat flux #2, (i) heat flux #3.
heat flux are displayed for various wettability conditions. It

is evident that under hydrophobic conditions, at the initial mo-
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ment when the liquid water comes into contact with the bottom
copper substrate, it cannot completely wet the substrate sur-
face. This phenomenon corresponds to the Cassie model. [*4]
This occurs because, under hydrophobic conditions, the inter-
molecular interactions are reduced,*! thus preventing com-
plete wetting of the copper substrate. However, this does not
affect the research results. In contrast, under middle and hy-
drophilic conditions, the water molecules are able to fully wet
the bottom copper substrate surface at 0 ns, corresponding to
the Wenzel model.[**! Furthermore, in Figs. 2(a)-2(c), it can
be observed that under hydrophobic conditions, as the simu-
lation progresses, water molecules begin to undergo irregular
thermal motion due to heating. The volume of the water re-
gion expands, and the upper copper plate moves upward to
maintain pressure stability within the system. At three dif-
ferent heat flux (from small to large), small bubbles form at
1.03 ns, 0.97 ns, and 0.73 ns in the liquid phase. These bub-
bles continue to grow and eventually form stable bubble nu-
clei at 1.23 ns, 1.13 ns, and 0.93 ns. With continuous heat-
ing, the bubble nuclei grow into a steam film, which gradu-
ally detaches from the bottom copper substrate surface. Under
middle and hydrophilic conditions, figures 2(d)-2(i) show that
as the heating region begins to heat under middle conditions,
bubbles form at 0.63 ns, 0.61 ns, and 0.44 ns at three different
heat flux, respectively. These bubbles continue to grow and
eventually form stable bubble nuclei at 0.85 ns, 0.73 ns, and
0.54 ns. Subsequently, a steam film forms and detaches from
the bottom copper surface. Under hydrophilic conditions, bub-
bles form at 0.6 ns, 0.54 ns, and 0.4 ns for the three different
heat flux, respectively. These bubbles continue to grow and
form stable bubble nuclei at 0.65 ns, 0.62 ns, and 0.43 ns. A
steam film subsequently forms and detaches from the bottom
copper surface. The results show that with increasing heat flux
in the heating region, the time at which bubble nuclei form is
advanced. Hydrophilic conditions also significantly promote
the nucleation of bubbles and the formation and detachment
of the steam film.

When bubbles are generated in the liquid water region,
a decrease in the number of water molecules in that area is
observed, leading to a reduction in local density.*®! To bet-
ter understand the bubble nucleation process, the number den-
sity of water molecules in the region above the bottom cop-
per substrate groove within a 36.4 A range was statistically
analyzed, and the variation in the number density of water
molecules over time was plotted, as shown in Fig. 3. Under
hydrophilic conditions, the decrease in the number density of
water molecules occurs the fastest, which indicates that bubble
nucleation and growth happen the earliest, with the most pro-
nounced growth trend. This is because hydrophilic surfaces
have strong adsorption properties, which effectively lower the
energy barrier required for bubble nucleation,*”! thus facili-

tating bubble nucleation and growth. Under hydrophobic con-
ditions, the decrease in the number density of water molecules
is slower, and the bubble nucleation occurs the latest. This
is due to the weaker interaction between hydrophobic surfaces
and water molecules, requiring a higher energy barrier for bub-
ble nucleation, and leading to a delayed nucleation time. The
figure also shows that heat flux is another key factor affecting
bubble nucleation. Under high heat flux (heat flux #3) con-
ditions, the number density of water molecules decreases the
fastest, indicating that bubble nucleation occurs more rapidly,
and the rate of bubble evaporation is also the fastest. The bub-
bles form a steam film earlier and detach from the bottom cop-
per substrate surface sooner. In the combination of high heat
flux and hydrophilic conditions, the number density of water
molecules decreases the fastest, indicating that the joint effect
of high heat flux and hydrophilic surfaces significantly pro-
motes bubble nucleation and growth.

0.12 5 Hydrophobic wetting, heat flux#1 Middle wetting, heat flux#1
0.11F Hydrophobic wetting, heat flux#2 Middle wetting, heat flux#2
- Hydrophobic wetting, heat flux#3 Middle wetting, heat flux#3
0.10 pw Hydrophilic wetting, heat flux#1
3 o Hydrophilic wetting, heat flux#2
&> 0.09F- M\’\w\ Hydrophilic wetting, heat flux#3
| [ v
g 0.08+
=] L
Ra¥
5, 0.07F
_4: -
12 -
Z 0.06
5] L
= 0.05F
= -
)
‘é 0.04F
5 B
Z. 0.03 I
0.02f
0.01F
0 L n 1 n 1 N n -
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ns)
Fig. 3. Density variation with time in the statistical region.
45

l—— Hydrophobic wetting, heat flux#1
—— Hydrophobic wetting, heat flux
401 Hydrophobic wetting, heat flux#3
— Middle wetting, heat flux#1
351 Middle wetting, heat flux#2
—— Middle wetting, heat flux#3
301 Hydrophilic wetting, heat flax#1
—— Hydrophilic wetting, heat flux#2
25 = Hydrophilic wetting, heat fflux#3

20

15

10

Displacement of upper Cu plate (nm)

= T n L "
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ns)

Fig. 4. Variation of the upper plate displacement over time.

As the bubbles gradually form and grow, the upper plate
continues to move upward. The displacement of the upper
plate can clearly reflect the changes in bubble growth. To
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analyze this, the displacement of the upper plate over time
was statistically examined, and the resulting plot of the up-
per plate displacement versus time is shown in Fig. 4. At the
initial stage of heating, the curve for the upper plate displace-
ment rises slowly, indicating a small displacement. This cor-
responds to the stage where water molecules are undergoing
random thermal motion. When bubbles form, the displace-
ment curve of the upper plate shows a distinct inflection point,
marking the transition to the phase where the bubbles grow
into stable bubble nuclei. During this stage, the displacement
of the upper plate increases rapidly. Subsequently, as the bub-
ble nuclei grow into a steam film and detach from the bottom
copper substrate surface, the upper plate continues to move
upward. From the overall results, it is clear that when the heat
flux is the same, as the surface wettability changes from hy-
drophobic to hydrophilic, the displacement of the upper plate
increases, and the inflection point appears earlier. Similarly,
when the wettability conditions are consistent, increasing the
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heat flux leads to a faster displacement of the upper plate, with
the inflection point also occurring earlier.
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Fig. 5. Temperature variation of H,O in the statistical region with time.
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Fig. 7. Temperature distribution map at the moment of bubble nucleation stabilization. Hydrophobic wetting: (a) heat flux #1, 1.23 ns; (b) heat
flux #2, 1.13 ns; (c) heat flux #3, 0.93 ns. Middle wetting: (d) heat flux #1, 0.85 ns; (e) heat flux #2, 0.73 ns; (f) heat flux #3, 0.54 ns. Hydrophilic
wetting: (g) heat flux #1, 0.65 ns; (h) heat flux #2, 0.62 ns; (i) heat flux #3, 0.43 ns.

The essence of bubble nucleation is the heat transfer from
the bottom copper plate to the liquid water molecules, and the
efficiency of this heat transfer directly influences the formation
and growth of the bubbles. To analyze this process, the temper-
ature in the nucleation region was monitored, and its change
over time was plotted, as shown in Fig. 5. Under the maximum
heat flux (#3), the temperature increase in the water molecule
region shows the steepest slope, and the temperature quickly
reaches its maximum simulated value.*®! In contrast, under
the minimum heat flux (#1), the temperature increase in the
water molecule region is slower. Additionally, the wettability
conditions also have a significant impact on the temperature
change of the water molecule region. Under hydrophilic con-
ditions, the temperature increase is more rapid, and the slope
of the temperature increase curve is steeper. Under hydropho-
bic conditions, the temperature increase is slower compared to

both middle and hydrophilic conditions. This indicates that a
higher heat flux leads to a faster temperature increase in the
water molecule region. Moreover, hydrophilic conditions sig-
nificantly enhance the heat transfer from the bottom copper
plate to the liquid water molecules.

We performed a statistical analysis of the temperature at
the same time point (0.43 ns) for all nine simulations and cre-
ated a temperature distribution map, as shown in Fig. 6. Under
the same wettability conditions, when the heat flux increases,
the temperature of the bottom copper substrate is higher, and
the temperature in the water molecule region is also higher.
This indicates that, at the same time point, a higher heat flux
leads to more heat being transferred from the bottom copper
substrate to the water molecule region, thereby promoting bub-
ble nucleation.

When a stable bubble nucleus forms in the water molecule
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region, the temperature distribution between the bottom cop-
per substrate and the water molecules varies according to dif-
ferent conditions, as shown in Fig. 7. Under hydrophobic
conditions, the bottom copper substrate temperature is higher,
while under hydrophilic conditions, the bottom copper sub-
strate temperature is the lowest. Compared to middle and
hydrophilic surfaces, hydrophobic surfaces weaken the inter-
molecular interactions between liquid water molecules and the
bottom copper substrate,*’! thereby hindering heat transfer
and leading to greater heat accumulation within the copper
region. In contrast, middle and hydrophilic surfaces transfer
heat more effectively to the liquid water region, leading to a
higher temperature in the liquid water area. This also provides
strong evidence that hydrophilic surfaces can promote bubble
nucleation, as the heat transfer to the liquid water region is
more efficient, resulting in higher temperatures in the liquid
and facilitating the formation of bubbles.

The most critical factor influencing bubble nucleation is
the heat transfer between Cu and H,O, which can be eluci-
dated in terms of the Kapitza resistance

_h-T

Rg = ——, ®)
q

where 7, represents the average temperature of the top three
layers of Cu atoms on the bottom, 7] represents the average
temperature of the selected liquid H,O molecules adjacent to
the solid surface, and ¢ is the heat flux from the solid surface to
the liquid. As shown in Fig. 8, the Kapitza resistance exhibits
an obvious dependence on the varying wettability. As the sur-
face hydrophilicity becomes stronger, the Kapitza resistance
decreases and the heat transfer efficiency is improved, result-
ing in the enhancement of bubbles on a hydrophilic surface.

30

— Hydrophobic wetting, heat flux#2
Middle wetting, heat flux#2
25F — Hydrophilic wetting, heat flux#2

20
15

10

Kapitza resistance (1078 m2K-W~1)

OO 02 04 06 08 1.0 1.2 14

Time (ns)
Fig. 8. Variation of the Kapitza resistance between the bottom plate and
liquid.

To better investigate the growth pattern of bubble nucle-
ation in the double-groove simulation system, we compared it
with the bubble nucleation process in a single-groove simula-
tion system. The results are as follows. By comparing Fig. 9
with Figs. 2(c), 2(e), and 2(f), it can be observed that in the

single groove, bubbles always nucleate first at the bottom of
the groove and grow as a single bubble until they reach the
top of the groove and span across it, eventually forming a va-
por layer. In the double-groove structure, each groove inde-
pendently generates a bubble nucleus, and each nucleus grows
independently to the top of its groove before merging, after
which the bubble continues to grow. Both experimental and
MD studies indicate that surface grooves serve as the primary
nucleation sites, and increasing the number of grooves creates
more effective nucleation sites. Furthermore, since the bottom
of the groove is the core region for heat transfer, providing
a highly superheated environment favorable for bubble nucle-
ation, the increase in the groove number significantly promotes
bubble nucleation. Results from the number density variation
of water molecules in the statistical region, the displacement of
the top plate, and the temperature variation of water molecules
in the statistical region all indicate that the double-groove sim-
ulation system facilitates the bubble growth process.

(a)

0 ns 0.5 ns 1 ns

(b)

1.12 ns

1.38 ns

0 ns 0.7ns  0.72 ns
(e)

0.74 ns

0.61 ns 0.69ns 0.7 ns 0.76 ns

0 ns 0.6 ns

0.66 ns 0.68 ns

Fig. 9. Snapshots of bubble nucleation in the single-groove simulation
system under heat flux #2. (a) Hydrophobic, (b) middle, and (c) hy-
drophilic wetting conditions.
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Fig. 10. Temporal variation of water molecule number density in the
statistical region during bubble nucleation for single- and double-groove
systems under heat flux #2.
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We statistically analyzed the energy during the bubble nu-
cleation process in the double-groove simulation system under
heat flux #2 and middle wettability, and plotted the energy dis-
tribution at corresponding time points, as shown in Fig. 13.
During the initial stages of bubble nucleation and growth, the
energy in the regions where bubbles form is relatively high,
and the local energy continues to increase as the bubbles grow.
When the simulation reaches approximately 0.75 ns, bubble
coalescence across grooves occurs, and it can be clearly ob-
served that the system energy significantly decreases due to
the merging of bubbles. Meanwhile, the coalescence process
is accompanied by local liquid backflow, resulting in rewet-
ting. These results indicate that bubble coalescence not only
alters the local thermodynamic state but also has a significant
impact on nucleation kinetics through energy reduction and
rewetting effects, revealing the unique physical significance of
multi-bubble interactions in double-groove structures.

Finally, we summarize all the results by statistically an-
alyzing the time at stable bubble nuclei and the bubble nu-
cleation rate, as shown in Figs. 14 and 15. Since the system
pressure is constant, the displacement of the top plate can ef-
fectively reflect the state of bubble growth. Additionally, as
the bottom plate is fixed, the change in the product of the
top plate’s upward displacement and the bottom surface area
of the system approximately represents the change in bubble
volume during the growth process. The bubble growth rate
is defined as the ratio of the change in bubble volume from
the initial bubble appearance to the formation of a continuous
vapor layer to the corresponding time required. It is evident
that as the heat flux increases, the time for stable bubble nu-
cleus formation is significantly advanced. Additionally, the
enhancement of hydrophilic conditions also noticeably pro-
motes bubble nucleation. This highlights the combined effect

Energy (eV)

11.7

0 (b)
Ifo.oos 1.7

of increased heat flux and improved wettability in accelerating
the bubble nucleation process.
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[=]
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Fig. 11. Temporal variation of the top plate displacement during bubble
nucleation for single- and double-groove systems under heat flux #2.
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Fig. 12. Temporal variation of water molecule temperature in the statis-
tical region during bubble nucleation for single- and double-groove sys-
tems under heat flux #2.
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0.73 ns, (e) at 0.74 ns and (f) at 0.75 ns.
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Fig. 14. Stable bubble formation time under different heat flux and wet-
ting conditions.
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Fig. 15. Bubble nucleation volume growth rate.

4. Conclusions

This study employs molecular dynamics simulations to
investigate the bubble behavior of water on a copper substrate
By apply-
ing a constant heat flux to the substrate, the effects of dif-

with a sinusoidal double-groove rough surface.

ferent wettability conditions and heat fluxes on bubble nucle-
ation and growth were observed. The micro-mechanism of
bubble behavior was explained through temperature distribu-
tion analysis. The results are summarized as follows. (i) As
the hydrophilic conditions increase, the interaction between
the copper substrate and water molecules strengthens, signif-
icantly promoting bubble nucleation, and the growth rate be-
comes faster. (ii) Heat flux directly influences the local tem-
perature of the copper substrate and water molecules, thereby
determining the bubble nucleation process. A higher heat flux
provides sufficient heat more quickly, causing bubbles to form
earlier and grow faster. The results bridge the microscopic and
macroscopic insights on bubble behaviors in nucleate boiling.
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