
MD simulation on nano-scale heat transfer mechanism of sub-cooled
boiling on nano-structured surface

Wang Weirong a,b, Huang Shenghong a,b,⇑, Luo Xisheng a

a School of Engineering Science, University of Science and Technology of China, Hefei 230026, China
bCAS Key Laboratory of Mechanical Behavior and Design of Materials, University of Science and Technology of China, Hefei 230026, China

a r t i c l e i n f o

Article history:
Received 22 November 2015
Accepted 5 April 2016
Available online 10 May 2016

Keywords:
Micro/nano-structures
Sub-cooled boiling
Heat transfer
Molecular dynamics simulation

a b s t r a c t

In recent years, surfaces with micro/nano-structures were recognized as effective in boiling heat transfer
efficiency enhancement. However, macroscopic observations cannot fully clarify the fundamental mech-
anisms in a nano-scale regime. To understand the mechanism of sub-cooled boiling on the nano-
structured surface in nano-scale view, sub-cooled boiling process and its interaction with different
nano-structured configurations (cuboid and finger) at different wall superheated temperatures are com-
puted with molecular dynamics. Nanobubbles of gas vapor are observed to be generated and condensed
rapidly for nano-scale sub-cooled boiling. With the increasing of wall superheat, the aggregation and coa-
lescence of adjacent nano bubbles become intense, resulting in the formation of a vapor layer separating
the heated wall from cooled water liquid. It is found that nano bubbles are easy to be coalesced in hor-
izontal directions in the case of a plain surface, resulting in an earlier formation of the vapor layer, while
in the cases of nano-structured surfaces, a kind of nano-scale vertical convection induced by nano cavity
is observed, which delays the vapor layer formation and intensifies the initial disturbance causing hydro-
dynamic instability of the vapor layer significantly. This finding clarifies the difference of heat transfer
capacity between the case of nano-structured surfaces and the case of plain surfaces. In view of heat
transfer efficiency, cases with nano-structured surfaces manifest a prominent increase of heat flux and
critical heat flux values with the increase of wall superheat as compared with cases of plain surfaces,
which is in good agreement with available macroscopical experimental results. Therefore, the nano-
cavity-induced nano-scale vertical convection mechanism can give a more fundamental explanation to
those macroscopic observations.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Since Jakob and Fritz [1] first used surfaces with sandblasting
and machined grooves to enhance boiling heat transfer, there has
been a continuous effort to improve boiling processes on heated
surfaces in industrial and academic fields [2–4]. With the develop-
ment of surface manipulation technology in recent years, the sur-
face with micro/nano-structures was recognized as another
pathway for boiling efficiency enhancement. Li et al. [5] first
reported an unexpected enhancement in boiling performance for
a nano-structured copper (Cu) surface compared to a plain surface.
Then many researchers reported their works about effects of many
kinds of nano-structured surfaces on boiling enhancement such as
Chen et al. [6], Betz et al. [7], Yao et al. [8], Weibel et al. [9] and Dong

et al. [10] etc. According to those works, there are several points
about how micro/nano-surface structures affect boiling heat trans-
fer as Kim et al. [11] summarized in a recent review: (1) increase in
active nucleation site density with randomly formed micro/nano-
sized roughness; (2) ability of vapor/gas entrapment to enhance
cavities by reentrant cavities fabrication and wettability control
(increase in liquid contact angle); (3) favorable bubble initiation,
growth, and departure on micro-porous layered surfaces; (4) pro-
motion of evaporation mass flux at vapor–liquid interface by
micro/nano-structures. However, most these points are concluded
from macroscopic observations or some theoretical hypotheses.
Researchers have spared no efforts to establish theoretical models
that can evaluate the thermal performance and represent all basic
mechanisms based on those macroscopic phenomenon and some
theoretical hypotheses. For example, the model of Polezhaev and
Kovalev [12] was established based on Kelvin–Helmholtz
instability wave length change observed in porous surface structure
cases, while the model of Park and Bang [13] was based on the

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.04.018
0017-9310/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: School of Engineering Science, University of Science
and Technology of China, Hefei 230026, China.

E-mail address: hshnpu@ustc.edu.cn (S. Huang).

International Journal of Heat and Mass Transfer 100 (2016) 276–286

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.04.018&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.04.018
mailto:hshnpu@ustc.edu.cn
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.04.018
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


observation that wire heaters coated with various nanoparticles
have different Rayleigh–Taylor wave lengths. The model of Chu
et al. [14] incorporates both intrinsic and apparent dynamic contact
angle to compute the effect of solid–liquid adhesion force increase
with the hypothesis that micropillar structures can enhance the
length of the liquid–vapor–solid triple contact line. The model of
Zou and Maroo [15] incorporates about 10 parameters to evaluate
the effect of additional evaporation of metastable non-
evaporating film beneath the vapor bubble which was hypothe-
sized to be fragmented by the microridges vertically arranged on
the heating surface. A similar situation exists for other models such
as the Kandlikar’s model [16], Liter and Kaviany model [17], Kim
and Kim model [18], the model of Ahn et al. [19], as well as the
model of Quan et al. [20] proposed recently, etc. According to the
models addressed above, it is noted that although each model has
claimed to have got a relative well agreement with some macro-
scopic experimental data, hitherto no one has claimed its general
applicability. That is, these models are still local and contextual in
some conditions. The reason may lie in that there still lacks direct
proofs or theories based on nano-scale observations to validate
them. In fact, most macroscopic observations are very sensitive to
the change of nano-structure configuration as reported in works
of Dong et al. [10]. So, are there some special mechanisms related
with nano-scale world yet to be clarified? A review of
current researches on boiling heat transfer enhancement on
micro/nano-structured surfaces seldom involves direct observa-
tions in nano-scale view due to instrument application limits
(the smallest distinguishable scale in direct observation is about
500 lm according to Ref. [21]) so that the macroscopic conclusions
cannot be fundamentally derived from those microscopic results.
Besides, as addressed previously, since many theoretical models
of nucleate boiling as well as the critical heat flux (CHF) for
micro/nano-structured surfaces have been proposed based on some
theoretical hypotheses, finding some direct evidence in nano scale
view for those hypotheses will be very helpful to further validate
those models. Therefore, to study the boiling process and its inter-
action with nano structures in nano-scale view will be of great sig-
nificance to fully understand the boiling enhancement mechanism
with micro/nano-structured surfaces and help to establish a more
universal theoretical model.

With such motivations, molecular dynamics (MD) is used in the
present paper to simulate the nano-scale sub-cooled boiling process
of water on nano-structured surfaces at different conditions. The
physical sub-processes of nucleate boiling and interaction between
micro-bubbles and nano structures are numerically analyzed.

It should be noted that with the advantages of describing phys-
ical process at atomic level, MD simulation is widely applied to
study micro/nano-scale heat and mass transfer problems in recent
years. For example, Dou et al. [22] conducted a MD simulation on
rapid boiling of water films adjacent to a heated gold surface and
the results clearly show that the water layers nearest the surface
overheat and undergo explosive boiling. Gu and Urbassek [23] per-
formed a MD simulation on rapid boiling of liquid-argon films irra-
diated by an ultrafast laser, in which a detailed microscopic view of
the explosive boiling process is obtained by monitoring the space
and time dependence of the hydrodynamic variables as well as
the local thermodynamic state. Zou et al. [24] simulated a homoge-
neous nucleation of water and liquid nitrogen explosive boiling
induced by laser heating, in which the velocity scaling method is
applied to realize the heating process and three influencing factors,
including the initial equilibrium temperature, the area of the heat-
ing zone and the heat quantity are analyzed. Hens et al. [25] sim-
ulated nano bubble formation in liquid Argon film on a
superheated platinum substrate surface to understand its forma-
tion mechanism under different degrees of superheat and surface
conditions with particular emphasis on the surface texture. Other

MD works include those of Maroo and Chung [26], Yi et al. [27],
Nagayama et al. [28] etc. In summary, although all addressed MD
works are very meaningful and helpful to clarify more insight of
physical process in boiling process, few works are focused on
sub-cooled boiling processes on micro/nano structured surfaces.

To understand the mechanism of sub-cooled boiling of water (a
common industrial coolant) on metal copper surfaces (a common
industrial heat sink) in nano-scale view, sub-cooled boiling process
and its interaction with different nano-structured configurations
(cuboid and finger) at different wall superheated temperatures
are computed with molecular dynamics in the present investiga-
tion. For comparison, cases with plain surfaces are also included.
Nano-bubble formation process and its effect on heat transfer per-
formance at wall superheated degrees ranging from (2–152 K)
under standard atmospheric pressure conditions will be discussed.
Heat transfer effects and its difference in mechanism are analyzed
based on simulation results.

2. Numerical methods and models

2.1. Basic governing equations and potential models

The basic governing equations of MD are based on Newton’s
second law, as listed in Eq. (1), where Fi is the sum of the forces
exerted on molecule i by other molecules in the system, which is
obtained from a gradient of the potential function U between
molecules. Once the force exerted on molecule i is obtained, its

acceleration rate ai, velocity Vi and position ri can also be deter-
mined according to mechanical laws. Then the macroscopic phys-
ical properties of the substance, like volume, temperature,
pressure, etc. can subsequently be obtained via statistical methods.
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The general formula of potential function U is defined in Eq. (2),
where~ri are the coordinates of the i-th atoms.

U ¼ Uð~r1;~r2; � � �;~ri; � � �;~rnÞ ð2Þ
In the present investigation, the heat transfer process of water

and copper plate will be simulated with MD and thus three kinds
of atoms: copper, oxygen, and hydrogen are involved. For interac-
tions of atoms such as Cu–O, Cu–H, and Cu–Cu, Lennard–Jones (L–
J) interaction is applied as
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where i, j correspond to interacting atoms and e;r are parameters
for L–J potential function, and rc is the cutoff distance. For different
kinds of atoms, the e;r can be determined by a mixture rule as
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For water molecule, a rigid planar four-site interaction potential
model for water (TIP4P) proposed by Jorgensen et al. [29] is used,
which is very suitable in description of water’s dynamic and ther-
mal properties. Then the intermolecular interaction between water
molecules is described by a potential function Uab,
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