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ABSTRACT
Explosive boiling occurs when a liquid film contacts with the
wall at extremely high temperature, which is detrimental to
continuous heat transfer process. In this paper, five kinds of
nanostructured surfaces with equal distance between
neighboring nano-concaves and flat surface are set up to study
the explosive boiling of liquid argon on copper surface. For all
the five cases with concave nanostructured surface, the ratio of
concave nanostructured surface area to flat surface area is kept
as a constant. The temporal and spatial distributions of
temperature, atomic motion and number density are recorded to
study the effects of different nanostructured surface designs on
explosive boiling. From the perspective of reducing explosive
boiling, the most favorable nanostructured surface is determined.
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INTRODUCTION
As an effect way to convey thermal energy from the material
surface to liquid, boiling is crucially important in thermal
management. If the temperature difference between liquid and
material surface causes the liquid temperature to be slightly
higher than the boiling point, thermal energy is transferred from
material surface to liquid via heterogeneously steady boiling.

However, if the temperature difference is sufficiently large to
induce the liquid temperature much higher than the boiling point
at short time, a vapor film forms between material surface and
liquid. Comparing with liquid, vapor film carries much less
thermal energy from hot material surface, which results in the
burnout of material surface. If the temperature of material
surface is above 90% of the critical temperature of liquid, the
liquid contacting with material surface becomes superheated in
terms of homogenous nucleation of vapor bubble [1,2]. The
superheated liquid is metastable, which further explodes and
transforms into a stable liquid-vapor state. As a consequence,
explosive boiling pushes working fluid (mixture of liquid and
vapor) moving away from material surface directly and
terminates the subsequent heat transfer process.
Considerable attentions have been drawn to study the
explosive boiling. By heating a tungsten wire at rapid speed up
to 5 × 105 𝐾/𝑠 , the transition between nucleate and film
boiling was studied by Fau et al. [3]. Nevertheless, the transient
heat transfer coefficient was not measured due to the difficulty
of characterizing vapor wave. A model for boiling explosion
during rapid liquid heating was proposed by Hassan et al. [4].
Good agreement between the result from theoretical model and
that from experiment was reached. Moreover, as pointed out by
Hassan et al. [4], the liquid might be heated to much higher
temperature before theoretical boiling explosion. The explosive
boiling of heated water emulsion droplets was studied by Volkov

1

Copyright © 2018 by ASME

and Strizhak [5]. A non-linear increase of evaporation rate was
found during the disintegration process of droplet. By setting up
different forms of surface, the pool boiling of acetone on an
aluminum surface was studied by Masri et al. [6]. It was found
that ultra-smooth surface with a small number of defects brought
the best thermal characteristics at high heat flux.
From the perspective of boiling at different length scales, the
macroscopic description of continuum liquid film on material
surface becomes questionable at nanoscale regime [7]. Since the
miniaturized size of liquid film, the interfacial thermal resistance
between liquid and material surface at nanoscale is different
from that at macroscale. Up to now, the experimental instruments
still cannot reach the ultrashort time scale of explosive boiling.
Additionally, the macroscopic description of continuum liquid
film on material surface becomes questionable at nanoscale
regime [7]. Molecular dynamics (MD) simulation has the
advantage of capturing detailed information on atomic motion.
For a system containing thousands to millions of atoms, the
explosive boiling process can be simulated. The homogeneous
nucleation of water and liquid nitrogen was studied by Zou et al.
[8]. Since the strong interaction forms of hydrogen bond, water
was found tougher to produce bubble nucleus, which further led
to higher energy conversion ratio in liquid nitrogen than that in
water. The explosive boiling of water on hot copper plate was
simulated by Mao et al. [9]. The results showed a nonvaporization molecular layer staying on the hot plate surface,
even though the surface temperature was much higher than the
critical point of water. By setting hydrophilic, hydrophobic and
neutral properties of material surface for explosive boiling,
hydrophobic surface was found the best to reduce explosive
boiling [10]. Moreover, with the advancement of
nanotechnology, different kinds of nanostructures were placed
on flat material surface to probe their effects on explosive boiling
[11–16]. Nevertheless, to the best of authors’ knowledge, there
is no work focusing on explosive boiling of liquid film on
nanostructured surface generated by laser drilling and microcutting of flat surface. In other words, the available work in
literature focuses on nanostructures added on the flat material
surface, rather than subtracted from flat material surface.
In this paper, five kinds of concave nanostructured surfaces
with equal distance between neighboring nano-concaves are
designed. The same surface area ratios for five nanostructured
surfaces are designed. Namely, the same area of thermal contact
between liquid and material surface is kept. For comparison, the
case with explosive boiling on flat surface is studied as well. The
effects of nanostructured surfaces on the thermophysical
characteristics of explosive boiling are investigated.
NOMENCLATURE
𝐴
Area, 𝑛𝑚2
𝑑
Depth, 𝑛𝑚
𝜖
Depth of potential well, 𝑒𝑉
𝐻
Height, 𝑛𝑚
𝐿
Length, 𝑛𝑚
𝑁
Integer number
𝑟
Radius, 𝑛𝑚

𝜌
𝑅
𝑆
𝑡
𝑇
σ
W

Number density, 1/𝐴3
Radius, 𝑛𝑚
Laser intensity, 𝑊/𝑚3
Time, 𝑛𝑠
Temperature, 𝐾
Characteristic length, 𝑛𝑚
Width, 𝑛𝑚

MODELING AND SIMULATION

Fig. 1

Sliced view of the computational domain.

The MD simulation system was modeled with 𝑊 =
77.41 𝑛𝑚 in the 𝑥 -direction, 𝐻 = 8.68 𝑛𝑚 in the 𝑦 direction and 𝐿 = 8.68 𝑛𝑚 in the 𝑧-direction. Figure 1 shows
the orthogonal view of the 𝑥 − 𝑦 plane sliced at half 𝑧 .
Periodic boundary conditions were imposed in the 𝑦 - and 𝑧 directions during MD simulation.
As seen in Fig. 1, from the left side to the right side, there are
eight groups of atoms, consisting of the left fixed wall, the heat
source wall, the left heat conduction wall, the liquid, the vapor,
the right heat conduction wall, the heat sink wall and the right
fixed wall, respectively. The walls are copper, which has a lattice
constant of 0.36 𝑛𝑚 . The corresponding mass density of
copper is 8.96 𝑔/𝑐𝑚3 . The liquid and vapor are argon at 90 𝐾
and 1.34 𝑏𝑎𝑟 , which correspond to densities 1.38 𝑔/𝑐𝑚3
and 7.54 × 10−3 𝑔/𝑐𝑚3 , respectively [17]. For convenience,
the mixture of liquid and vapor argon is named as working fluid.
The width of left (right) fixed wall is 0.36 𝑛𝑚. The fixed wall
is used to prevent atoms from moving out of the simulation
domain. The left (right) heat source (sink) wall has a width of
1.08 𝑛𝑚. The heat source is used to supply thermal energy to
the simulation domain. On the contrary, the heat sink is designed
to let the thermal energy flow out from the simulation domain.
The left (right) heat conduction wall with a width of 1.8 𝑛𝑚 is
used as interaction surface between heat source (sink) and
working fluid. Widths of liquid region and vapor region are
5.78 𝑛𝑚 and 65.56 𝑛𝑚 . The large enough space of vapor
region allows full development and propagation of superheating
working fluid during explosive boiling.

Fig. 2

Sliced view of the five concave nanostructured surface.

Five kinds of concave nanostructured surface are designed on
the left heat conduction surface, which are shown in Fig. 2. Due
to the periodic boundary conditions in the 𝑦- and 𝑧-directions,
the neighboring nano-concaves with equal distance form an
uniform pattern. The depth 𝑑 of concave nanostructure is fixed
2
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as a constant for all the five cases in Fig. 2. For the case of flat
surface on left heat conduction wall, the interfacial area between
the left heat conduction surface and the liquid is

In addition, the curved surface area of spherical cap is
(2)

𝐴𝐶𝑢𝑟𝑣𝑒 = 2𝜋𝑅𝑑
The bottom area of spherical cap is

(3)

𝐴𝐵𝑜𝑡𝑡𝑜𝑚 = 𝜋𝑟 2

Therefore, the interfacial area between the right side of the left
heat conduction surface and the liquid is
𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐴𝐹𝑙𝑎𝑡 + 𝐴𝐶𝑢𝑟𝑣𝑒 − 𝐴𝐵𝑜𝑡𝑡𝑜𝑚
= 𝐻2 + 2𝜋𝑅𝑑 − 𝜋𝑟 2

(4)

According to the Pythagorean theorem
(5)

𝑅2 = 𝑟 2 + (𝑅 − 𝑑)2
Therefore, Eq. (4) becomes

(6)

𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐻2 + 𝜋𝑑 2

which means 𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is independent of 𝑅 and 𝑟 . In other
words, once 𝑑 is fixed, the areas of heat conduction surface for
the five cases in Fig. 2 are the equal. It eliminates the factor of
different areas of thermal communication between conduction
wall and liquid. Table 1 lists the radius 𝑅 for concave
nanostructures and their volumes 𝑉. The case with flat surface
on left heat conduction wall is named as case 0. Cases 1-5
correspond to the five cases shown in Fig. 2. The diameter of the
nanostructured surface for Case 5 is almost equal to the entire
widths of simulation domain in the 𝑦 - and 𝑧 -directions.
Nevertheless, there are still flat surfaces existing at the four
edges of the nanostructured surface, which occupy 22.18% of
the interfacial area between right side of left heat conduction
surface and liquid region.
Geometric Parameters for the Six Cases

Case Number

𝒓 (𝒏𝒎)

𝜎 12
𝜎 6
𝐸 = 4𝜖 [( ) − ( ) ]
𝑟
𝑟

(1)

𝐴𝐹𝑙𝑎𝑡 = 𝐻2

Table 1

The atomic interactions between argon and argon, argon and
copper, copper and copper are described by Lennard-Jones
potential 𝐸, which is expressed in the following equation

𝑹 (𝒏𝒎)

0

0

0

1

1.44

1.5

2

2.16

2.7

3

2.88

4.38

4

3.6

6.54

5

4.32

9.18

(7)

where 𝑟 is the distance between two atoms, 𝜖 is the depth of
potential well. The interatomic potential becomes zero when 𝑟
is equal to 𝜎.
The Lorentz-Berthelot combination rule is implemented to
obtain potential depth and characteristic length between argon
and copper [18], namely
𝜖𝐴𝑟−𝐶𝑢 = √𝜖𝐴𝑟 𝜖𝐶𝑢
{
𝜎𝐴𝑟−𝐶𝑢 = (𝜎𝐴𝑟 + 𝜎𝐶𝑢 )⁄2

(8)

The entire simulation was divided into three stages. Stage 1
was for thermal preparation at constant temperature. The
Berendsen thermostat [17] was applied to keep the heat source
wall, the working fluid (liquid and vapor) and the heat sink wall
with temperatures at 250 𝐾 , 90𝐾 and 90 𝐾 , respectively.
The thermostat worked on translational degrees of freedom for
atoms by rescaling their velocity every time step. The left and
right heat conduction walls were set as thermal insulators to
impede thermal energy transport between its neighboring walls.
After running for 0.05 𝑛𝑠, well thermal equilibrium reached for
the three regions maintained by Berendsen thermostat.
Subsequently, Stage 2 started by releasing thermostat to let the
entire system run in terms of micro-canonical ensemble. Stage 2
lasted for 0.1 𝑛𝑠. By shifting the left and right heat conduction
walls from thermal insulation to thermal conducting media,
Stage 3 started and lasted from 1 𝑛𝑠. The combined group of
heat conduction walls and working fluid were simulated in terms
of micro-canonical ensemble, while the heat source wall and heat
sink wall were simulated in terms of separate canonical
ensembles. The Nosé-Hoover thermostat [19] was implemented
in the canonical ensemble simulation, which updated the atomic
position and velocity every time step. The MD simulation was
carried out under the framework of LAMMPS [20] program.
It is worth noting the information on atomic motion during
the entire simulation process. For the group of atoms in the left
and right fixed walls, the atomic velocities were set as zero to
prevent atoms from moving out of the simulation domain. For
the group of atoms in the left heat source wall and the right heat
sink wall, the atoms vibrate around their initial positions, which
maintains the walls at solid state. For the group of atoms in the
left and right heat conduction walls, the atoms were fixed at zero
velocity to play the role of thermal insulator at Stages 1 and 2.
However, at Stage 3, the atoms in the left and right heat
conduction walls were allowed to vibrate like those in the left
heat source wall and the right heat sink wall, which conduct heat
from the heat source wall to the working fluid and from the
working fluid to the heat sink wall.
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RESULTS AND DISCUSSION
As seen in Fig. 3, right after releasing the thermal insulation
of heat conduction wall, the average temperature of working
fluid is heated above the critical point 150.86 𝐾 of argon [21].
Due to the separation of working fluid from the concave
nanostructured surface and the local thermal expansion of
superheated liquid cluster, the temperature of working fluid 𝑇𝑊𝐹
presents steep decrease from 0.006 𝑛𝑠 to 0.015 𝑛𝑠 .
Moreover, as seen in the inset of Fig. 3, due to the occurrence of
explosive boiling in ultrashort time (less than 10 𝑝𝑠 ), the
abruptly increased pressure in the enclosed space of simulation
domain induces sharp temperature increase of heat sink wall
𝑇𝑆𝑖𝑛𝑘 . However, the efficient temperature of Nosé-Hoover
thermostat balances the increased 𝑇𝑆𝑖𝑛𝑘 soon.

Fig. 3 The temporal evolution of temperatures 𝑻 for heat source
wall, working fluid and heat sink wall for Case 3.

boiling has arrived the right heat conduction wall at 0.6 𝑛𝑠. For
the argon atoms having arrived and stopped on the surface of the
right heat conduction wall, the transient compression imposed by
the remained proportion of atoms (still at high speed motion from
left to right) and the fixed heat conduction wall, results in
conversion of atomic potential energy to internal kinetic energy.
Therefore, the abrupt increment of 𝑇𝑊𝐹 is caused by collision
of the atomic argon cluster with the right heat conduction wall.
In addition, as seen in the concave nanostructured surface in Fig.
4, even though the explosive boiling happens, there are still a
small number of argon atoms adhering on the surface of the left
heat conduction wall. Since the strong interatomic force exists
between argon (in liquid layer) and copper (in heated wall), a
non-evaporating thin liquid layer is observed on the heated
surface throughout the simulation. The same kind of results has
been numerically and experimentally find elsewhere [22,23].
After quantitatively counting the number of atoms in the nonevaporating thin layer adhering on the surface of the left heat
conduction wall, the numbers are 1235 for Case 0, 1257 for
Case 1, 1132 for Case 2, 1165 for Case 3, 1084 for Case 4
and 1144 for Case 5. Even though the surface areas are the
same for the six cases, it can be found that Case 4 has the smallest
number of non-evaporating argon atoms. Except for Case 1, the
other concave nanostructured surfaces cause smaller number of
non-evaporating argon atoms. By arranging the sequence of
Cases 0-5 according to the ascending number of non-evaporating
argon atoms for each cases, it can be found the sequence
qualitatively agrees with the sequence of atomic cluster arriving
to right heat conduction wall (seen in Fig. 5). Therefore, it can
be concluded that the slower detachment of atomic cluster from
the left heat conduction wall, the smaller number of nonevaporating argon atoms adhering on left heat conduction wall.

Fig. 5 The temporal evolution of temperature of working fluid
𝑻𝑾𝑭 for the cases with explosive boiling on concave nanostructured
surface and flat surface.
Fig. 4

Snapshots of atomic motion for Case 3.

A zigzag profile of 𝑇𝑊𝐹 is seen from 0.56 𝑛𝑠 to 0.64 𝑛𝑠.
Combing with the snapshots of atomic motion for Case 3 shown
in Fig. 4, it can be seen the atomic cluster induced by explosive

Subsequently, according to the law of conservation of
momentum, the right heat conduction wall exerts a force from
right to left, the atomic cluster is bounced back with volume
expansion, as a result of 𝑇𝑊𝐹 decrease from ~150 𝐾 to
~120 𝐾. Nevertheless, the high pressure (induced by explosive
boiling) in left side the atomic cluster prevents the atomic cluster
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from moving to the left direction, which further keeps the atomic
cluster on right heat conduction wall. The damping oscillation of
several 𝑇𝑊𝐹 peaks and valleys reflects the cycles of
compression and expansion. Since the heat sink extracts thermal
energy from atomic cluster, 𝑇𝑊𝐹 still shows decreasing trend at
the end of simulation. The limit of 𝑇𝑊𝐹 after infinite long time
should be equal to 𝑇𝑆𝑖𝑛𝑘 .
The temporal evolution of 𝑇𝑊𝐹 for the five cases in Fig. 2
and the case with flat surface on left heat conduction wall (Case
0) are plotted in Fig. 5. Due to the smooth flat surface for Case
0, the highest 𝑇𝑊𝐹 is seen for Case 0 after explosive boiling. It
is worth noting that Case 4 has the lowest 𝑇𝑊𝐹 . Therefore, the
case with 𝑅 = 6.54 𝑛𝑚 is a turning point, where the explosive
boiling is least intensive. A fast increase for the degree of the
explosive boiling is seen when 𝑅 increase from 1.5 𝑛𝑚 to
2.7 𝑛𝑚. It is true that the number of argon atoms adsorbed on
right heat conduction wall is significantly less than that of argon
atoms in atomic cluster (film). The adsorption is because of
strong interatomic force existing between argon atom (in liquid
layer) and copper atom (in heated wall). The remained argon
atoms beyond the interaction distance between argon atom and
copper atom are not adsorbed on the right heat conduction wall.
Nevertheless, these argon atoms in the atomic cluster still at high
traveling speed from left to right. The compression accumulates
until all of the argon atoms in the left side of atomic cluster stop
moving from left to right, which results in ~20 𝐾 increase of
the working fluid temperature 𝑇𝑊𝐹 . There are no significant
differences among 𝑇𝑊𝐹 for Cases 2, 3 and 5. The final 𝑇𝑊𝐹 for
all the six cases get converged to 110 𝐾, indicating the effect
of nanostructured surface no longer works.

Fig. 6 The temporal evolution of number of liquid argon atoms
𝑵𝑳𝒊𝒒 for the cases with explosive boiling on concave nanostructured
surface and flat surface.

As seen in Fig. 6, accompanying with the triggered explosive
boiling, the number of liquid argon atoms 𝑁𝐿𝑖𝑞 reduces greatly.
The judgement of whether an argon atom belongs to liquid or
vapor depends on the number of neighboring atoms with a
certain threshold distance. As calculated from [24], the threshold
0.53 𝑛𝑚 and the number of atoms 7 are chosen. In other
words, if an argon atom has more than 7 atoms within the

distance 0.53 𝑛𝑚 from it, the atom is counted as liquid atom.
Otherwise, it is vapor atom. With 𝑁𝐿𝑖𝑞 continues decrease to
~0.26 𝑛𝑠, the minimum 𝑁𝐿𝑖𝑞 is achieved for all the six cases.
Subsequently, with the progress of simulation, 𝑁𝐿𝑖𝑞 gradually
increases, until the atomic cluster of argon atoms arrive to right
heat conduction wall. The damping oscillation of 𝑁𝐿𝑖𝑞 agrees
with the damping oscillation of 𝑇𝑊𝐹 . Since the heat sink plays
the role of cooling down heated argon atoms, 𝑁𝐿𝑖𝑞 still shows
gentle increasing tendency after the atomic cluster arriving to the
right heat conduction wall.
CONCLUSIONS
Explosive boiling of liquid argon on concave nanostructured
surface and flat surface is studied in this paper. By capturing the
temporal evolution of temperature of working fluid (mixture of
liquid and vapor argon), explosive boiling is observed once the
liquid argon contacts with the heat conduction wall at 250 𝐾.
Comparing with the flat surface, the concave nanostructured
design reduces degree of superheating and speed of atomic
cluster after explosive boiling. The design of Case 4 has the best
performance to resist explosive boiling. Other design of
nanostructured surface, such as the grooved surface remains to
be explored in the future work.
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