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ABSTRACT

Heat transfer in particular can be optimized by
designing the macro-structure of the fluid-solid inter-
face, which includes mounting pin-fins or acid etch-
ing of the surface. However, the mechanism behind
heat transfer at the nanoscale is different from that
at macroscale as the size of the surface structure
reaches the phonon mean free path. While recent
studies have considered the ballistic phonon trans-
port in many nanoscale metallic materials, the rela-
tion between ballistic configuration and solid-liquid
heat transfer is still limited. To this end, we investi-
gate the effect of the nano hole on solid-liquid heat
transfer using molecular dynamics simulations in the
presence of nanoscale surface structures – here rep-
resented by nanoholes in the surface. As a result,
the larger hole can enable a better capacity to wa-
ter molecules for absorbing the energy from copper
substrate. Therefore, the presence of the nanoholes
results in a smaller temperature difference at the in-
terface which enhances the solid-liquid heat transfer.
Our results could provide the basis for further re-
search on the thermal transport of bubble nucleation
on nanostructures and could shed light on some prin-
ciples behind the coupling of ballistic configuration
and bubble nucleation.

INTRODUCTION

The bubble nucleation of water received signifi-
cant attention with respect to improve heat transfer
in thermal management system of micro-electric sys-
tem, which is required for solving the safety issues
of explosion and fire resulting from heat and mass
transfer [1–3]. Moreover, with the rapidly growing list
of applications of nanofluidic system, there is an in-
creased interest on boiling and micro- and nanoscale.
However, in contrast to macroscale cases, Fourier law
describing heat transfer is known to fail for bubble

nucleation and its thermal transport [4, 5]. The size
of the object structure is became the major factors
that affect bubble conformations and nanoscale heat
transfer [6, 7]. Several experimental and theoreti-
cal studies have been performed to understand the
unique behaviour of heat transfer at nanoscale based
on molecular dynamics simulation. Mukherjee and
Datta [8] investigated the bubble nucleation on sili-
con substrates. They found that the rate of bubble
growth is a function of notch height, notch width,
notch type, and notch spacing on the uneven surface.
Zhang [9] demonstrated the explosive boiling on a
copper surface using the liquid argon as the work-
ing fluid. Their results showed that nanochannels
can significantly facilitate the thermal energy trans-
fer from the solid copper surface to the liquid argon.
Diaz and Guo [10] showed that using nano bulges can

NOMENCLATURE

Φj [eV] The pair potential interaction between
atoms i and j

rij [Å] The distance between particles i and j
ρj [e/cm3] Atomic electron densities
Uij [eV] The Lennard-Jones 12-6 interaction and

Coulombic potentials
σij [eV] The distance parameters of the Lennard-

Jones interactions
εij [Å] The energy parameters of the Lennard-

Jones interactions
qj [e] The electric charge of particle j
Fi [eV] The embedding energy of atom i in the super-

position of atomic electron densities ρj(rij)
D [Å] The diameter of the nanohole

Subscripts
Cu Copper
O Oxygen
H Hydrogen
tot Total
ij Between particle i and particle j
i Particle i
j Particle j
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enhance the heat transfer performance in overall
boiling.

In these previous studies, the onset points of the
bubble were triggered firstly by the presence of the
hole on the substrate surface. Hence, the interest for
the ballistic phonon transport in nanoscale holes has
given rise to numerous studies. As reported by Lee
et al. [11], the ballistic phonon via the hole path to
surface region can carry heat without internal scat-
tering when the size of the substrate is smaller than
its phonon mean free path. In nanoconfinements, the
ballistic phonon transport can domain the heat flow
allowing to manipulation of the thermal transport
which is of key importance for potential phononic ap-
plications [12, 13].

The phononic applications on fluids have not
been widely explored because the inherent phonon
scattering is a factor found to reduce thermal con-
ductivity. Only recently, a novel investigation has
demonstrated the effect of phonon-fluid coupling on
energy dissipation [14]. They found that the phonon-
fluid coupling strength and consequently the phonon
relaxation times can be manipulated by changing the
fluid density. In the other hand, Han and Merabia
[15] have shown that nanoparticle can shift the liquid
phonon from low to high frequencies, which leads to a
better heat dissipation in liquids. With this in mind,
the effect of phonon transport on bubble nucleation
should be considered. Therefore, in this paper, we
investigate the relationship between the bubble nu-
cleation and the phonon transport on a copper sub-
strate with holes and aims to provide some informa-
tion. Our results provide insight into the coupling of
ballistic phonon transport and bubble nucleation.

SIMULATION METHODOLOGY

Molecular dynamics simulations are performed
for a solid-liquid system which consists of a solid
copper substrate with or without different size holes
and a water film in contact with the copper slab.
A molecular simulation box with the length of
140Å, width of 140Åand height of 800Å is shown
in Figure 1. The initial configuration of the simu-
lation system comprised of 87025 water molecules
and 50882 copper atoms. The copper atoms were
arranged on a face-centered cubic (FCC) structure
with the lattice constant of 3.61 Å. Besides, in order
to avoid the migration and deformation of the solid
wall, the two layers at the bottom of the copper
substrate are kept fixed. The embedded atom model
(EAM) was used to describe the interaction potential
between copper atoms because it has shown good
agreement with experimental results [16]. This
interaction potential can be expressed as,

Etot =
1

2
ΣΦij(rij) + ΣFij(ρi,tot), ρi,tot = Σρj(rij)

(1)
Here, Φij(rij) is the pair potential interaction be-
tween atoms i and j separated by a distance of rij .
Fij(ρi,tot) is embedding energy of atom i in the su-
perposition of atomic electron densities ρj(rij).

Water molecules are described by the extended
simple point charge (SPC/E) water model. The H-
O-H angle and OH bond are 109.47o and 1 Å, re-
spectively. The partial point charges for the oxy-
gen and hydrogen atoms is q0 = −0.8476e and qH =
0.4238e. The interaction potential between the oxy-
gen atoms involved the Lennard-Jones 12-6 interac-
tion and Coulombic potentials [17], expressed as

Uij = 4εij [(
σij
rij

)12 − (
σij
rij

)6] +
qiqj

4πε0rij
(2)

Where ε0 is the vacuum permittivity. Moreover, σij
and εij are the distance and energy parameters of
the Lennard-Jones interactions, respectively. Here,
the distance and energy parameters of Lennard–Jones
interactions for oxygen atoms are considered to be
εO−O = 0.0067389eV and σO−O = 3.166Å,and no
Lennard-Jones potential between hydrogen and oxy-
gen atoms (εH−H = 0.0eV , σH−H = 0.0Å, εO−H =
0.0eV , σO−H = 0.0Å). Moreover, Lennard-Jones
12-6 interaction was applied to describe the copper-
water interaction, the distance and energy parame-
ters are εCu−O = 0.0524eV and σCu−O = 2.7519Å
[17].

This simulations in the present work were
carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). The
periodical boundary conditions are applied to all
three direction of the box. The motion equations are
integrated in time using a time step of 2 fs. The bond
length and angle of the water molecules are main-
tained by applying the SHAKE algorithm [18]. And
the particle-particle-particle-mesh (PPPM) method
[19] was used to modify the long-range Coulombic
interaction with a accuracy of 10−6. Initially, the
system was equilibrated at a temperature of 298.15
K for 50000 steps in NVT ensemble. To ensure the
system reaches the equilibrium state, it was run for
60000 steps in the NVE ensemble. After equilibra-
tion is reached, the atoms in the top layer were kept
at 500 K by using the Nose–Hoover thermostat for
running 500000 steps. The thermal and physical
parameters, including temperature, heat flux and
velocity autocorrelation function were calculated for
different reference cases. In the simulations, these
parameters were computed from atomic trajectories
extracted each 1 ns.
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Figure 1: The schematic diagram of the simulation
system

Figure 2: The temperature variation of the water re-
gion in four cases with different hole diameter

RESULTS AND DISCUSSION

Figure 2 shows the temperature variation of the
water region in the course of simulation for the four
cases with different diameter of the holes (D=5, 10,
15 and 20 Å). It can be found that the temperature
of the water region after the simulation was up to
363.88, 369.41, 373.31 and 375.60 K, respectively. For
these four cases, with the increase of the hole diam-
eter, the larger aperture can transfer the heat to the
water region faster, which leads to the less time for
the same operating temperature range. It should be
pointe out that the increase rate of temperature be-
tween the cases of 20 Åand 15 Åslows down compared
to that of 15 Åand 10 Åcases.

As shown in Figure 3, the temperature difference
of the water region for the cases of 20 Åand 5 Åis
close to that between 15 Åand 5 Åcases, indicating
that the growth rate of the water temperature is a
non-linear relationship to the increase of the hole
diameter. Indeed, when the diameter of the hole
exceeds a certain value, its effect on increasing the
temperature of the water region is not obvious, even

Figure 3: The temperature difference of the water
region for three cases (10 Å, 15 Åand 20 Å) compared
to the case of 5 Å

impedes the heat transfer. In other word, the energy
absorption would be mitigated during the simulation
process.

In addition, for the holes of 15 Åand 20 Å, they
leaded to the shorter time for heating the water region
to the same temperature point within 1 ns, indicat-
ing the water region in this cases absorbed the en-
ergy from copper substrate more effectively. Figure 4
shows the dependence of the total energy difference
between the copper substrate and the water region
in this simulation system on the simulation time for
the four cases (D=5, 10, 15 and 20 Å). In the early
time of running, the energy difference between the
copper substrate and water region increases dramat-
ically due to the water molecules absorb the energy
from the copper heating layers. Then, the variation
of the energy difference slows down with the running
time. This results from the increasing temperature of
the water region which reduces the temperature dif-
ference of the copper and water region gradually. A
low temperature difference retarded the heat transfer
from copper substrate to water region. On the other
hand, it can be found that the energy difference de-
creases with the increase of the hole diameter. In
the whole process, the case with the diameter of 20
Åkeeps the lowest energy difference. This indicates
that the hole with a larger diameter can improve the
energy transfer from the copper to the water region,
which results to the effective heat transfer, especially
for the vibrating water molecules. As shown in Fig-
ure 5, the water molecules collect the potential and
kinetic energy from the copper atoms to push its to-
tal energy dramatically in the early of the running.
As time goes by, the weakened energy transmission
slowed down the increase of the water total energy. It
is in a well agreement with the temperature variation
of the water region in Figure 2. In a word, the differ-
ence of the hole diameter leads to the lower energy
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Figure 4: The comparison of the total energy differ-
ence between the copper and the water region for four
cases

Figure 5: The comparison of the water energy for
four cases

difference of copper substrate and water region in the
process of solid-liquid heat transfer, as well as giving
a better capacity for absorbing the energy from cop-
per substrate.

CONCLUSION

Preliminary molecular dynamics simulations
have been performed to study the thermal trans-
port on the solid-liquid system with copper substrate
and water region has been studied based on different
holes. The thermal properties and phonon transport
characteristics of the system, including the copper
substrate and water region are evaluated and com-
pared under the heating temperature of 500 K. The
results indicate that the presence of the holes facili-
tate the heat transfer from copper substrate to water
region for all cases studied. It was found that the
hole in the copper substrate have a significant in-
fluence on the enhancement of heat transfer between
copper wall and water region. Moreover, the enhance-
ment increases with the increasing hole diameter in a
certain range. The temperature of the water region
increase faster in the case with a lager hole. Besides,

the temperature difference associated with the copper
substrate and water area reduced with the increase of
the hole diameter. More than this, the difference of
the hole diameter leads to the lower energy difference
of copper substrate and water region in the process
of solid-liquid heat transfer, as well as giving a better
capacity for absorbing the energy from copper sub-
strate.
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