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Abstract

Molecular dynamics simulations are carried out to examine the bubble behavior confined in a nanochannel with particular emphasis
on the nucleation phenomenon. Simple Lennard-Jones fluids are under consideration and nano-sized bubbles are observed under differ-
ent conditions of solid–liquid interfacial wettability. It is found that the bubble nucleation behavior shows a marked dependence on the
solid–liquid interfacial interaction. In particular, it is found that bubbles appear in the bulk liquid homogenously for a hydrophilic sur-
face, but grow directly on a hydrophobic solid surface. Also, a bubble will not form on a non-wetting surface. A nanobubble exists stably
under the equilibrium state and the number density distribution of the curved liquid–vapor interface is examined. It is also found that
there are few vapor atoms in the nano-sized bubble and the internal vapor pressure of the nanobubble is much lower than that required
from the Young–Laplace equation. The disagreement with the prediction of the Young–Laplace equation can be attributed to the fact
that the liquid–vapor interface region plays an important role on the force balance at the curved liquid–vapor interface of a nanobubble.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of bubble dynamics in the microscale thermo-
fluidic flow has attracted considerable attention recently
owing to rapid advances in micro-electronic fabrication
technologies. In a microsystem, effect of solid surface is
very important and the interface resistance between liquid
and solid plays a dominant role. For single phase flow in
a microchannel, recent studies [1,2] have shown that the
surface wettability affects the heat transfer characteristics
because it changes the interfacial structure and the activi-
ties of fluid molecules adjacent to the solid surface. With
increasing heat flux in a micro-heat exchanger using phase
change working media, bubble formation may occur and a
two-phase flow results [3–5]. From a classical point of view,
however, the formation of nano-size bubble needs much
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higher superheat [6,7]. It appears that there is considerable
controversy as to exactly how bubbles are formed initially
on a solid surface. The mechanism is still unclear.

For bubble nucleation in a pure liquid phase, extensive
works have been done from a molecular scale as well as
the classical point of view [8–16]. Kinjo and Matsumoto
[11] have carried out molecular dynamics simulations for
cavitation processes under negative pressure, and found
that the nucleation rate is 8 orders of magnitude larger
than that of the classical nucleation theory. Maruyama
and Kimura [8] studied heterogeneous nucleation on a
solid surface and they found that the classical nucleation
theory can predict the results obtained by their molecular
dynamics simulation results. Kinjo et al. [13] have con-
ducted molecular dynamics simulation for homogeneous
nucleation or heterogeneous nucleation on a hydrophilic
and a hydrophobic surface. However, a fully understand-
ing about how bubbles are initially formed near the solid
surface has not been presented.
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Nomenclature

D distance between two walls from the first
solid layer

hfg entropy of evaporation
L size of simulation system
P pressure
r radius of the bubble
rij distance between molecule i and j

T temperature
Tw wall temperature

Greek symbols

a potential energy factor to adjust the strength of
hydrophilic interaction

b potential energy factor to adjust the attraction
for hydrophobic interaction

r surface tension (without subscripts)
r length parameter of LJ potential
e energy parameter of LJ potential
t 0 specific volume of liquid
t00 specific volume of vapor
DTs super heat
h contact angle
q density
/ potential energy

Subscripts

l liquid
s solid
sat saturation
v vapor

Fig. 1. Simulation system for bubble formation in the steady state.
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In this paper, we examine the bubble formation in a
nanochannel with particular emphasis on the effect of
solid–liquid interfacial wettability on nucleation phenome-
non. An examination of nanobubble formation based on
molecular dynamics of a simple Lennard-Jones fluid will
provide useful information concerning bubble nucleation
on solid surfaces. A metastable liquid confined in a nano-
channel with an inlet driving force is simulated. A modified
Lennard-Jones potential function is utilized to represent
different solid–liquid interfacial interaction by adjusting
the potential parameters. The bubble formation behavior
is thus examined by changing the magnitudes of the driving
force and the solid–liquid interfacial wettability. It is
shown that there is a significant difference between the
hydrophilic surface and the hydrophobic surface on the
type of nucleation occurring. For a hydrophilic surface,
bubbles are generated in the bulk liquid homogenously.
In the case of a hydrophobic surface, heterogeneous nucle-
ation is observed, i.e., bubbles appear on the solid surface
directly. Apparent velocity slip occurs at the boundary in
this case. For a non-wetting surface, the results show that
a gap exists between the liquid and the solid surface and
no bubble appears in the nanochannel. It is also found that
there are few vapor atoms in the nano-size bubble and the
temperature or pressure inside bubble disagrees with the
prediction of the macroscopic Young–Laplace equation.

2. Simulation methods

Molecular dynamics simulations are performed for
liquid molecules confined in a nanochannel bounded by
two planar solid walls in the canonical ensemble (NVT).
Fig. 1 shows the simulation system, where the simulation
cell has the size of Lx = 5.83 nm, Ly = 3.85 nm, Lz =
7.22 nm and the distance between two walls D is 5.41 nm.
Each solid wall consists of four layers of atoms arranged
as a FCC lattice and its h111i surface is in contact with
the liquid. It is assumed that the solid walls are made of
platinum and the Lennard-Jones fluid is argon. Periodic
boundary conditions are applied along the x- and y-direc-
tions. In the z-direction, outside each solid wall of the sim-
ulation cell, four layers of phantom solid atoms anchored
by their lattice are located to model a semi-infinite poten-
tial field of the solid wall [8]. For the geometry under con-
sideration, there are 2688 solid atoms corresponding to the
density of platinum, 21.45 · 103 kg/m3. If the system tem-
perature is maintained at 100 K and if the effect of the solid
wall is ignored, the liquid saturation density corresponds to
2400 liquid argon atoms in the nanochannel. Simulations
for 2400 atoms were performed in our previous work cor-
responding to an initial state with ql/qlsat = 1 where no
bubble was observed [2]. In this paper, we carry out simu-
lations at a temperature of 100 K on two different initial
conditions: (i) 1440 argon atoms corresponding to ql/
qlsat = 0.600, and (ii) 2000 argon atoms corresponding to
ql/qlsat = 0.833. Fig. 2 shows the simulation points
(NAr = 1440 and NAr = 2000) in comparison with the coex-
istence curve and the spinodal line [11] of bulk liquid for
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Fig. 2. Simulation points and phase diagram with coexistence curve and
spinodal line.
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reference, where the region between the coexistence curve
and the spinodal line represents the metastable region. As
discussed in a previous paper [2], the bulk liquid density
should be influenced by the wall-boundaries. A decrease
in the bulk liquid density is found at the hydrophilic sur-
face but an increase is found at the hydrophobic surface.
For the simulation point on the outside of the metastable
region of the open circle (NAr = 1440), the bubble is found
at both the hydrophilic wall surface and the hydrophobic
wall surface from the initial condition without any driving
force. The details are shown in later Sections 3.2 and 3.3.
For the simulation point on the inside of the metastable
region of the closed circle (NAr = 2000), no bubble has
been observed from the initial condition without any driv-
ing force and the details are described in Sections 3.2 and
3.3. Therefore, the simulation points are in substantial
agreement with those shown in Fig. 2.

All simulations were performed with a time step of 5 fs.
A selected cut off radius of 3.5rl for the spherically trun-
cated and shifted (STS) potential was used to simulate
force field. The equations of motion were integrated by
the Velocity Verlet algorithm [17].

An equilibrium system at 100 K from the initial state
without liquid–solid interaction was first achieved. Then,
simulations were carried out under different solid–liquid
interfacial wettabilities for 5 ns to reach a steady equilib-
rium state. Non-equilibrium molecular dynamic simulation
(NEMD) was then carried out from this equilibrium state.

In order to examine the bubble formation from a meta-
stable state, we apply an external force at the inlet region of
the channel. The external force is added to each particle
located at the inlet and the length of the inlet region is
defined as one atomic diameter of argon, which is about
4.7% of the channel length. Simulations with the driving
force were carried out with a magnitude of 1.96 pN.
Because the work of external driving force may lead to
the generation of heat in the system, the simple velocity
scaling technique [18] was applied to the outside layer of
each wall (not all wall atoms) to maintain a constant wall
temperature. Since the control of the system temperature
was not applied to all wall atoms, it would allow the local
temperature fluctuation in the channel if it occurred during
nucleation process. Similarly, a constant inlet temperature
of 100 K (the same as the wall) was applied to the liquid in
the inlet region. It should be noted that no thermostat was
coupled to liquid or solid elsewhere for all simulation cases.

Force field for molecular dynamics simulation was
based on the Lennard-Jones (LJ) potential function. For
the liquid–liquid interaction, the LJ potential was applied
to argon with the length parameter rl = 3.405 Å, and the
energy parameter el = 1.67 · 10�21 J:

/lðrijÞ ¼ 4el

rl

rij

� �12

� rl

rij

� �6
" #

ð1Þ

The LJ potential was also applied for the solid–solid inter-
action with rs = 2.475 Å corresponding to the lattice con-
stant 2.776 Å of platinum, and es = 8.35 · 10�20 J for the
potential well depth of Pt–Pt:

/sðrijÞ ¼ 4es

rs

rij

� �12

� rs

rij

� �6
" #

ð2Þ

The method of tethering the solid molecules to a fixed lat-
tice site was not used and present energy parameter es for
Pt results in a good agreement with the frequency of vibra-
tion around the lattice site. For the solid–liquid interaction,
a modified form of the LJ potential was used [2]. It is a
combination of the potential models used by Din and
Michaelides [19] as well as by Barrat and Bocquet [20]:

/slðrijÞ ¼ 4esl

rsl

rij

� �12

� b
rsl

rij

� �6
" #

; ð3Þ

where rsl = (rl + rs)/2, and the energy parameter esl is
given by esl ¼ a

ffiffiffiffiffiffiffi
eles
p

based on the Lorentz–Berthelot com-
bining rule [21]. Parameters a and b in Eq. (3) are used to
adjust the strength of the hydrophilic interaction and the
hydrophobic interaction. Details for the values of a and b
setting will be reported in the next section.

3. Results and discussion

3.1. Solid–liquid interfacial wettabilities and contact angles

The parameters a and b of Eq. (3) with the correspond-
ing values of the contact angle were obtained from simula-
tions of droplet formation on a solid substrate. The
simulation system illustrated in Fig. 3 consists of a solid
substrate with 1344 platinum atoms and 500 argon atoms
in an equilibrium state at 100 K. The simulation method
is similar to the studies of Barrat and Bocquet [20] as well
as Maruyama et al. [8–10].

Cases (a)–(c) are at b = 1 with the values of a = 1 for (a),
a = 0.5 for (b), and a ¼

ffiffiffiffiffiffiffiffiffi
el=es

p
¼ 0:14 (i.e., esl = el) for (c).

As shown in Fig. 3, Cases (a)–(c), the liquid molecules wet
the solid surface well, which have zero contact angles. That
is, the values of a and b for Cases (a)–(c) correspond to the
hydrophilic surfaces. For the hydrophilic surface (a) with



Fig. 3. Solid–liquid interface wettability and potential parameters a and b of Eq. (3). (a) a = 1, b = 1; (b) a = 0.5, b = 1; (c) a = 0.14, b = 1; (d) a = 0.14,
b = 0.5; (e) a = 0.14, b = 0.3; (f) a = 0.14, b = 0.1.

Fig. 4. Bubble in a nanochannel with hydrophilic surfaces (a) of a = 1,
b = 1. ql = 0.6qlsat; ql = 0.833qlsat.
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a = 1 and b = 1, it shows that the liquid molecules distrib-
ute orderly in the vicinity of the solid interface due to
strong solid–liquid interactions. Three orderly layers
attached to the solid surface can be seen in this case. With
decreasing a, Case (b) (a = 0.5) shows two orderly layers
and Case (c) (a = 0.14) shows only one layer. Therefore,
parameters a and b for Cases (a)–(c) represent strong, mid-
dle and weak hydrophilic interactions, respectively.

Cases (d)–(f) are at a ¼
ffiffiffiffiffiffiffiffiffi
el=es

p
¼ 0:14, with different

values of b. Fig. 3 shows that a droplet is formed on the
substrate for the Cases (d)–(f), having contact angles of
95�(±5�), 150�(±5�) and 180�, respectively. We therefore
define Cases (d)–(f) are hydrophobic surfaces, correspond-
ing to the partial wetting and non-wetting situations. The
values of b = 0.5 for (d), b = 0.3 for (e) and b = 0.1 for
(f) represent weak, middle and strong hydrophobic inter-
actions, respectively. Table 1 summarizes surfaces (a)–(f)
with the parameters a and b and the contact angles.

3.2. Bubble formation on a hydrophilic surface

We now examine the bubble formation in a nanochan-
nel with hydrophilic surfaces. Due to the nanoscale of the
Table 1
Simulation Cases (a)–(f) in Fig. 3 and corresponding contact angles

Simulation cases (a) (b) (c)

a 1 0.5 0.14
b 1 1 1
h (�) 0 0 0
Surface wettability Strongly hydrophilic Middle hydrophilic Weak hydro
separate distance of the solid walls, the effect of wall
adsorption on the bulk density of the liquid is very prom-
inent at the hydrophilic surfaces.

Fig. 4 shows bubble formation in a nanochannel with
strong hydrophilic surfaces (a = 1 and b = 1) with the ini-
tial liquid density of ql = 0.6qlsat (left) and ql = 0.833qlsat

(right). For both cases, it is found that the bubble appears
in the bulk liquid, at some distance from the adsorption
layer near the solid surface. For the case of ql = 0.833qlsat,
(d) (e) (f)

0.14 0.14 0.14
0.5 0.3 0.1
95 150 180

philic Weak hydrophobic Middle hydrophobic Strong hydrophobic
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adding the driving force at the inlet results in a two-phase
flow at the center of the channel, while the layer of liquid
adjacent to the wall keeps its strong adsorption to the solid
atoms under the imposed driving force. This means that the
solid–liquid interface has large hydrodynamic resistance
and thus, the flow moves very slowly and no-slip boundary
condition is valid in this case.

For the surface with weak hydrophilic interaction
(a = 0.14 and b = 1), a bubble is found in the bulk liquid
for the initial liquid density of ql = 0.6qlsat (see Fig. 5a).
However, for the initial liquid density of ql = 0.833qlsat,
no bubble was observed in the channel full of liquid as
shown in Fig. 6a. As mentioned earlier, the liquid in this
case (ql = 0.833qlsat) is in the metastable state (see Fig. 2)
and phase change may occur only by disturbance to the
system. It is found that a bubble generates in the bulk
liquid within the first 100 ps during the NEMD simulation
after the driving force is imposed. The bubble growing pro-
cess is illustrated in Fig. 6b and c. During the first 50 ps of
the NEMD simulation, density of liquid fluctuates and the
liquid begins to flow due to the driving force. An embryo is
observed after 50 ps shown in Fig. 6b and it grows to a
vapor bubble within the following 50 ps shown in Fig. 6c.
Further run for 1900 ps shows that the bubble stops grow-
ing and its size is maintained at r = 1–2 nm in the two-
phase flow. It is considered that the disturbance of the
driven force may cause a localized region with low liquid
density. The molecular collisions will increase the local
translational energy if the density is low enough. Where
atoms with large energy gather around, then the vapor
Fig. 5. Comparisons of nucleation behavior with different interface wettability
b = 0.1.

Fig. 6. Bubble formation in a nanochannel with hydrophilic surfaces (c) of a =
at the inlet.
embryo is generated. Therefore, the bubble is sustained
by the surrounding atoms at the curved liquid–vapor inter-
face with large energy.

3.3. Bubble formation on a hydrophobic surface

In the case of the hydrophobic surface with weak inter-
action (a = 0.14, b = 0.5), heterogeneous nucleation is con-
sidered next. As shown in Fig. 5b and c, a bubble is found
for the initial liquid density of ql = 0.6qlsat, which appears
on the hydrophobic surface directly with a hemispherical
shape. Since the initial liquid density of ql = 0.833qlsat is
in a metastable state, it is found that a bubble generates
at the solid–liquid interface within the first 100 ps after
adding the driving force as shown in Fig. 7c. Comparing
with the case of hydrophilic surface showing in Fig. 6,
the bubble is smaller but in a hemispherical shape. The
behavior of the nucleation on a hydrophobic surface
clearly differs from that of the hydrophilic surface: the het-
erogeneous nucleation is caused by the collisions of liquid
to the solid atoms. Also, the liquid adjacent to the solid
wall is little dense and velocity slip occurs at the boundary
in this case.

For the non-wetting surface with a = 0.14, b = 0.1, the
result shows that a gap always exists between the liquid
and the solid surface as shown in Fig. 5c for the case of ini-
tial ql = 0.6qlsat. It is found that no bubble appears in the
nanochannel with non-wetting surfaces. Apparent velocity
slip is observed at the boundary and the velocity profile
normalized to the flow direction is of a plug flow shape [2].
at initial ql = 0.6qlsat; (a) a = 0.14, b = 1; (b) a = 0.14, b = 0.5; (c) a = 0.14,
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Fig. 7. Bubble formation in a nanochannel with hydrophobic surfaces (d) of a = 0.14, b = 0.5 from initial metastable state (ql = 0.833qlsat) with driving
force at the inlet.
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3.4. Temperature and pressure profiles in the nanochannel

The local data of temperature, pressure and density
along the z-direction during a simulation time of 500 ps
(the details are described elsewhere [2]) were also collected.
The temperature profile along the z-direction is reduced by
the wall temperature of 100 K and the pressure, density
profiles are compared with the saturation properties at
100 K. The results are shown at the right side of Fig. 6
for the hydrophilic surface and Fig. 7 for the hydrophobic
surface. It is shown that the temperature is almost
uniform in the bulk liquid, but is low in the area where
bubble nucleation takes place. This is considered to be
the reason that there are few vapor atoms in the bubble
as confirmed from the density profiles. Therefore, the
pressure profile shows a trend similar to the density
distribution.

3.5. Comparison with the Young–Laplace Equation

From the classical point of view, the bubble is consid-
ered to generate from a ‘‘critical size’’ and nucleation can
proceed at fairly low levels of gas superheat once gas cav-
ities exist on a substrate surface [6,7]. Consider the simplest
case of homogenous nucleation, i.e., a bubble existing in
pure liquid in a stable equilibrium situation as shown in
Fig. 8. The Young–Laplace equation requires that the
vapor pressure inside bubble Pv is higher than the liquid
pressure Pl due to the surface tension r of vapor–liquid
interface.
Fig. 8. Force balance on an embryo vapor bubble in pure liquid.
P v � P l ¼
2r
r
; ð4Þ

where r is the radius of the bubble. Applying the Clausius–
Clapeyron equation:

P s � P l ¼
T v � T sat

T sat

� hfg

t00 � t0
ð5Þ

to Eq. (4), the required liquid superheat DTs is

DT s ¼ T v � T sat ¼
1

qv

� 1

ql

� �
T sat

hfg

� 2r
r
: ð6Þ

Here, Tv is the temperature of vapor, Tsat is the saturation
temperature corresponding to Pl, t00 and t 0 are the specific
volume of vapor and liquid, qv is the vapor density and
ql is the liquid density, hfg is enthalpy of evaporation. Since
the pressure difference of Pv � Pl and the superheat DTs

are proportional to 1/r, it results in (Pv � Pl))1 or
DTs)1 as r) 0.

Based on the molecular dynamics simulation described
in the previous sections, it is clear that the bubble is gener-
ated from a size smaller than one nanometer through the
space between the liquid atoms or liquid–solid atoms in
collisions. Also, the pressure and temperature in a nano-
bubble is lower than those given by Eqs. (4) and (6). Eq.
(4) for bubble formation is based on a hypothesis that
the bubble is full of vapor atoms and thus, the force inside
the bubble is in balance with that outside of the bubble.
However, this hypothesis is not applicable in the case of
a nano-size bubble. As seen from the snapshot shown in
Fig. 8, few vapor atoms are inside the nanobubble. The
present work suggests that Eq. (4) may be inadequate to
explain the nanobubble formation. In disagreement with
the prediction of the Young–Laplace equation, we suggest
that the force balance for nanobubble is supported with the
curved liquid–vapor interface instead of the vapor inside
nanobubble. That is, the liquid–vapor interface plays an
important role on the force balance of nanobubble.

4. Conclusions

Bubble nucleation dynamics for a liquid confined in
nanochannels based on molecular dynamics simulations
has been studied in this paper. The following conclusions
may be drawn from the present study:
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1. The bubble nucleation behavior is remarkably different
at surfaces with different wettabilities. The nucleation
at the hydrophilic surface is of homogeneous type, while
heterogeneous type is found at the hydrophobic surface.
No bubble nucleation will take place on a non-wetting
surface.

2. The Young–Laplace equation may be inadequate to
describe a nanobubble since there is few vapor atoms
inside bubble to support a force balance with the sur-
rounding liquid.
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