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A molecular dynamics study of nano-bubble surface tension

H. Rezaei Nejad, M. Ghassemi*, S.M. Mirnouri Langroudi and A. Shahabi

Mechanical Engineering Department, K.N. Toosi University of Technology, Tehran, Iran

(Received 31 January 2010; final version received 21 July 2010)

The main purpose of this paper is to numerically investigate the effect of bubble curvature on the surface tension. The effect
of surface wettability on the bubble shape is also investigated due to its direct effects on the bubble curvature. Also, the
validity of Young–Laplace (Y–L) equation to describe the bubble characteristics in nano order is examined using the
molecular dynamics (MD) simulations method. A computer code based on the MD method is developed. The code carries
out a series of simulations to generate bubbles of various radii between two planar solid surfaces. In our simulation, the total
volume of the simulation box as well as the surface wettability affects the bubble curvature. The pair potential for the
liquid–liquid and liquid–solid interaction is considered using the Lennard-Jones model. Pressure tensor and density profile
are locally calculated. Furthermore, liquid pressure is evaluated far from the interface using the virial theorem and gas
pressure is obtained using an equation of state. It is observed that the gas pressure is almost independent of the bubble radius.
However, the liquid pressure becomes more negative as the radius decreases. Surface tension is computed using the Y–L
equation and compared with the surface tension directly computed from the MD simulation. The amount of surface tension
increases with a decrease in the radius.

Keywords: molecular dynamics; bubble; surface tension; Young–Laplace; wettability

1. Introduction

Vapour– liquid interfacial phenomena of micro-nano

bubbles and droplets have recently attracted considerable

attention of researchers in a wide range of fields.

Researches in micro-nano bubbles and droplets dynamics

and their physical properties gain an outstanding import-

ance due to their statistical uncertainties in engineering and

science fields [1–3], new methods of generating micro-

nano bubbles [4] and their wide applications in the

microelectromechanical systems (MEMS) technology and

the biological remedy. Zhang et al. [5] have performed an

experimental observation over nano-bubble nucleation

where nano-bubbles of H2 molecules are generated

electrochemically in diluted sulphuric acid solution.

However, experimental methods have not been able to

completely study physical properties of nano bubbles and

droplets because of their tiny size and delicateness. Due to

obstacles in experimental methods, molecular dynamics

(MD) simulation of such interfacial phenomena has drawn

researchers’ attention. In principle, any of gas, liquid,

solid states and inter-phase phenomena can be simulated

without the knowledge of thermo-physical properties such

as thermal conductivity, viscosity, latent heat, saturation

temperature and surface tension. In the droplet case

several published papers have investigated the effect of

curvature on the surface tension [6–9]. However, there is

much less attention on the microscopic study of bubbles

and their characteristics [10] due to their relative complex-

ities of encountering higher densities, estimating the bubble

centre and radius and investigating the uncertainties of the

metastable liquid phase around the bubbles.

Additionally, implementing the macroscopic equation

to nano-scale phenomena provides a lot of conveniences

for researchers. However, using the macroscopic equation

in nano order is still one of the most controversial issues.

So, study of how far these macroscopic concepts are

capable to describe microscopic phenomena is indeed

important.

In the bubble case, as long as the size is of micrometer

scale or larger, the Young–Laplace (Y–L) equation

properly describes the bubble dynamics [11,12]. However,

there is mistrust about using the Y–L equation for tiny

bubbles, such as a ‘nano-bubble’. A question arises when

we try to explain the difference between inside and outside

pressure of a bubble, because the pressure difference

(DP ¼ Pin 2 Pout) extremely increases by decreasing the

bubble radius. For instance, pressure difference of a bubble

of radius 10 nm at room temperature (g ø 0.073 (N/m) for

water) is 1.5 £ 107 Pa or 150 atm [13]. It is a really high

pressure that can mechanically make the bubble unstable.

However, for a bulk bubble of radius 1 mm, the pressure

difference is 146 Pa or 0.00146 atm. There are two points of

view to describe this extreme difference. Firstly, Nagayama

et al. [14] noted that the Y–L equation is no more applicable
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for nano-order phenomena and an equation based on

molecular level should be defined instead. The second point

of view is that the Y–L equation is still applicable but the

surface tension differs a lot from its bulk property.

The studies on droplets generally concluded that the

surface tension decreases as the radius of the droplet

decreases [6–9]. Nonetheless, recent investigations of

nano-bubble surface tension with MD simulation gain

unlike results. Park et al.’s. [15] reported that the surface

tension of a micro-nano bubble rather increases slightly

with a decrease in the bubble radius. In contrast,

Matsumoto and Tanaka [13] noted that the vapour

pressure and the surface tension do not depend on its

curvature and they are in good agreement with the bulk

properties of the bubble. As mentioned above, the

treatment of surface tension in the case of bubble does

not follow the previous studies in terms of the surface

tension of the droplet.

The main concern of this paper is to study the effect of

the bubble curvature on the surface tension. Also, the

validity of the Y–L equation to describe the bubble

characteristics in nano order is examined using the MD

simulations method. A computer code based on the MD

method is developed. The code carries out a series of

simulations to generate bubbles of various radiuses

between two planar solid surfaces. In our simulation,

total volume of the simulation box as well as the surface

wettability affects the bubble curvature.

2. Simulation method

The 3D view of the simulation box is depicted in Figure 1.

As shown in Figure 1, the length, width and height of the

simulation box size are Lx ¼ 43.2 Å, Ly ¼ 49.8 Å and

h ¼ 46 Å, respectively. In order to simulate bubble

nucleation, we consider 1688 argon atoms (at its saturated

liquid density) between two planar walls. Each wall

contains a layer of platinum atoms arranged as an face-

centered cubic (FCC) lattice and its ‹111› face is in contact

with liquid molecules [16]. Here, the lattice constant of

platinum is 2.77 Å and the total number of platinum atoms

is 648. A layer of phantom molecules is placed outside of

each platinum surface. The well-known Lennard-Jones (L-

J) pair potential is applied for the liquid–liquid interaction

which is as follows:

UAr2ArðrijÞ ¼ 1Ar

sAr

rij

� �12

2
sAr

rij

� �6
 !

; ð1Þ

where in Equation (1), rij ¼ jrj 2 rij denotes the

magnitude of vector from atom j to atom i and 1 and s

are L-J potential parameters; energy and length,

respectively. The corresponding potential parameters

of argon atoms are 1Argon ¼ 1.65 £ 10221 J and sArgon ¼

3.4 Å. Moreover, the potential among solid and liquid

atoms is applied as below:

UAr2PtðrijÞ ¼ 1int

sint

rij

� �12

2
sint

rij

� �6
 !

¼ a1Ar2Pt

sint

rij

� �12

2
sint

rij

� �6
 !

;

ð2Þ

where 1int is the wettability parameter and sint ¼ (sArgon þ

sPlatinum)/2 is the size parameter. The energy parameter

1Ar – Pt is given by 1Ar – Pt ¼ (1Argon £ 1Platinum)1/2 based on

the Lorentz–Berthelot combining rule [17,18]. The

potential parameters for platinum are sPt ¼ 2.475 Å and

1Pt ¼ 8.35 £ 10220 J. Also, a is the potential energy factor

indicating the strength of hydrophilic interaction [19].

Initially, the Nośe–Hoover thermostat is applied to

argon atoms in order to make the dimensionless liquid

temperature T ¼ 0.8. The temperature of platinum walls is

adjusted by the phantom technique. The phantom

molecules model the infinitely wide bulk solid kept at a

constant temperature T with suitable heat conduction

characteristics [20,21]. After initialisation, we switch off

the Nośe–Hoover thermostat, and the temperature of

argon atoms is only regulated by solid walls temperature.

In earlier MD works on bubble generation [13,14],

external force was directly applied to liquid molecules that

result in making a vacancy in liquid. This method of

adding energy directly to the system seems too artificial.

Hence, to make a more realistic situation, a different

method is considered to simulate the bubble nucleation

[22]. Here, external force is not directly applied to each

molecule. Instead, the volume of the simulation box is

increased which leads to a decrease in total density and

pressure. Consequently, nucleation occurs as a result of

metastable condition of liquid molecules. In the present

study, to generate a bubble, the top wall is moved with the

Ly

h

X Y

Z

Lx

Figure 1. Simulation system for bubble formation and
corresponding box size.
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velocity of Vtop ¼ 1 m/s to reach a specific height listed in

Table 1. Moving the top wall results in changing liquid

density and due to the metastable condition of the liquid

[14], the bubble appears. Initially, several tiny unstable

bubbles generated are scattered around the surface. After a

proper long simulation time, they gather together and

finally a large stable bubble generates [22]. After this step,

the moving process is stopped and the simulation is

prolonged for 200 ps to attain stable condition. Then,

results are extracted through another 600 ps. It should be

noted that we consider a quite wettable potential parameter

(a ¼ 0.0716) on the top surface to prevent bubble

nucleation on it, and change the wettability on the bottom

surface as shown in Table 1. All simulations are performed

with a time step of 5 fs. The cut-off radius of 4s is selected.

The equations of motion were integrated by the leap-frog

Verlet algorithm. All quantities are non-dimensionalised

according to s, 1 and m, which use the values of argon.

3. Results and discussion

3.1 Density distribution and profile

As known, the bubble changes its position in the

simulation box continuously which makes the bubble

density profile and contour calculations a difficult task.

To obtain the bubble position, we use a particle mesh

scheme. In this method, at first, the centre of the voids in

the simulation box is calculated by dividing the whole

domain into small meshes (mesh size ¼ 1s). Then, the

scheme looks for an assembly of vacant mesh. Then, the

centre of the vacancy is calculated and the x and y positions

of the centre of coordinate are adjusted to the centre of the

vacancy. In the second step, at the centre of the vacancy, a

thin plane in x–z direction with 1s depth is considered

[22]. A 2D mesh with 1s grid size in x–z plane is

generated and then the scheme applies a time average

method in order to obtain the amount of density. A sliced

view of the bubble is presented in Figure 2 in comparison

with the density contour.

The volume of the simulation box depends on the time

interval in which the top surface is moving. After reaching

the stable condition, the simulation continues for 600 ps to

extract the results. In this study, two possible effects on

bubble curvature are considered. Case 1: in which the

simulations are labelled as V1–V6, the effect of final

simulation box volume (or final average density, rave) on

the bubble radius, rb, is investigated. Case 2: E1–E5, the

effect of energy parameter of liquid–solid interaction

potential 1int (surface wettability) on the bubble curvature

is studied (for a specific final average density).

In the first case, the 2D density distributions are shown

in Figure 3 for V2, V4, V5 and V6. The first layer of Argon

atoms is neglected in such a way that the shape of bubbles

can be considered as part of a sphere. Also, it is shown that

the radius of bubble increases as the volume increases

which causes the liquid to expand and its pressure to

decline. The hydrophilic interaction parameter between

solid and liquid, a, for top wall and bottom wall is kept

constant at 0.0716 and 0.046, respectively. Therefore, the

contact angle between the bubble and the solid layer

remains almost the same. The value of the contact angle is

presented in Table 1.

Table 1. Conditions and contact angle.

Label rave (s 23) h (s) abottom zc (s) rb 2 1 (s) rb 2 2 (s) rl (s 23) rg (s 23) u 2 1 (8) u 2 2 (8)

V1 0.631 14.37 0.0460 2.12 3.88 3.69 0.78 0.009 56.88 54.91
V2, E2 0.617 14.71 0.0460 2.40 4.34 4.15 0.79 0.008 56.35 54.71
V3 0.591 15.34 0.0460 2.63 4.89 4.85 0.81 0.004 56.56 57.15
V4 0.578 15.67 0.0460 2.75 5.09 5.00 0.82 0.006 57.29 56.63
V5 0.567 16.00 0.0460 2.85 5.34 5.11 0.82 0.001 57.71 56.09
V6 0.545 16.64 0.0460 2.97 5.61 5.43 0.83 0.003 58.07 56.83
E1 0.617 14.71 0.0375 1.52 4.85 4.70 0.81 0.002 71.63 71.12
E3 0.617 14.71 0.0545 2.94 4.11 3.99 0.79 0.017 44.29 42.66
E4 0.617 14.71 0.0630 3.40 4.06 4.09 0.79 0.008 31.76 33.81
E5 0.617 14.71 0.0716 3.94 3.93 3.82 0.79 0.011 – –

Figure 2. Sliced view of the simulation box in comparison with
density contour.
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In the second case, the effect of surface wettability on

bubble curvature is predicted. Figure 4 depicts the density

distribution of various wettabilities of the bottom wall

while the upper wall wettability stays constant. It is

obvious that the less wettable surface leads to more

flattened shape. Furthermore, as wettability of the bottom

surface increases, the contact angles from left to right

decrease, see Figure 4 and Table 1. In Figure 4(e), as

expected, the bubble is not generated on the down surface

and is nucleated away from it because the wettability of

the down surface is the most and the same as that of the

top. It should be noted that in all simulations of the second

case, the final volume of the simulation box (or rave) stays

constant. Therefore, the wettability of the bottom surface

is the only parameter that affects the shape of the bubble.

In order to calculate the contact angle and the surface

tension, the centre of the bubble is determined by

employing the least square fitting method to a chosen

density contour line (all points on the line are at the same

level). The amounts of this parameter, zc, are given in

Table 1. In E1–E5, when higher wettable solid surfaces

are employed, more argon atoms are adsorbed by the solid

and the bubble centre rises. Eventually, in E5, the bubble is

completely separated from the surface (zc . rb).

By locating the bubble centre, the diagram of radial

density distribution is obtained. To achieve this goal, we

defined a spherical shell of inner radius r and outer radius

r þ dr from the centre of the bubble. The radius increases

from zero to the half length of the simulation box with

dr ¼ 0.5s. Then, the average number of Argon atoms in

each shell is calculated for the last 600 ps. The least square

fitting of the tanh function well represents the numerical

data. Figure 5 represents the radial density profiles with

different rave. It is observed from the figure that the liquid

density slightly decreases as rb decreases. This implies that

the liquid is on stretch that will be discussed in the

following section.

The effect of bottom surface wettability on density

profile is presented in Figure 6; it is noticed that by

decreasing the surface wettability, the radius of the bubble

increases; the details are presented in Table 1. Also, it can

be seen that for E3–E5, the density profiles are almost the

same, because the contact between the surface and the

bubbles is weak, and the bubble is about to separate from

the surface.

Two different approaches are used to calculate the

radius of the bubble, rb. In the first approach, since the

centre of the bubble is calculated and the density of gas

(a) (b) (c) (d)
9

8

7

6

5

4

3

2

1
–6 –4 –2 0 –6 –4 –2 0 –6 –4 –2 0 –6 –4 –2 0

0

0.2

0.4

0.6

0.8

Figure 3. Density contours of the bubbles in x–z plane with the top wall a ¼ 0.0716 and the bottom wall a ¼ 0.046, corresponding
values are listed in Table 1, (a) V2, (b) V4, (c) V5 and (d) V6.

–6
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Figure 4. Density contours of the bubbles in x–z plane with the top wall a ¼ 0.0716 and the average density for all cases is rave ¼ 0.617,
also the bottom wall hydrophilic parameter a differs for each case, corresponding values are listed in Table 1, (a) E1, (b) E2, (c) E3, (d) E4
and (e) E5.
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and liquid is obtained from Figures 5 and 6, the radius of

the bubble can be calculated according to Equation (3),

rgvg þ rlðvtotal 2 vgÞ ¼ n; ð3Þ

where n denotes the total number of argon atoms, vtotal is

the volume of simulation box and vg, the gas phase

volume, is only a function of the rb. Here, rl and rg are the

liquid and gas densities, respectively. Since rb is the only

unknown parameter, it can be obtained using Equation (3).

The bubble radius gained from this approach is presented

in Table 1 by rb 2 1.

In the second approach, at first, surface tension, liquid

pressure and gas pressure are calculated directly from the

MD simulation which are illustrated in Sections 3.2 and

3.3. Considering the Y–L equation, Equation (9), the

bubble radius, rb 2 2, can be obtained. The results are

shown in Table 1.

Although the main purpose of this work is to investigate

the effect of curvature on the surface tension, we have

evaluated the contact angle for the sake of determining the

effect of potential energy factor, a, on the shape of the

bubble. To gain the contact angle, a circle with the radius

obtained by Equation (3) and the centre of zc, is fitted on

density contour. Figure 7 illustrates the fitted circle for the

case of E2. Here, solid wall locates at the height of zero. The

contact angle u is evaluated as cos(u) ¼ zc/rb. u 2 1 and

u 2 2 are the bubble contact angles obtained by considering

rb 2 1 and rb 2 2.

Table 1 summarises the results of the contact angle and

all the required parameters to calculate it. In E1–E5, as a

increases, the surface becomes more hydrophilic and absorbs

more liquid atoms. So, the bubbles tend to separate from the

surface and the contact angle obviously decreases. Also, in

E5 there is no contact between the bubble and surface and zc
is bigger than rb.

3.2 Pressure

In our MD simulations, it is necessary to calculate the

pres-sure to monitor gas and liquid pressure as well as the

pressure difference between bubble interior and exterior.

The pressure is calculated using the following virial

expression:

P ¼
NkBT

V
þ

1

3V

XN
i

rif i

* +
: ð4Þ

In the special case of pair-potential simulation, the

virial equation is usually written in a pairwise manner [23].

P ¼
NkBT

V
þ

1

6V

XN
i

XN
j–i

rij f ij

* +
; ð5Þ

Figure 5. Radial density profiles for different final average
densities, rave, of the simulation box.

Figure 6. Radial density profiles for different bottom surface
wettabilities, the parameter a for top surface is kept constant at
0.0716.

Figure 7. The description of the contact angle, zc, u, and rb are
the height of bubble centre, the contact angle and the bubble
radius, respectively.
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where V, T and N are the volume, temperature and the

number of atoms of calculation domain, respectively. fij is

the force on atom i due to atom j, rij ¼ rj 2 ri and kB is

Boltzmann’s constant.

To estimate the pressure profile, we defined a spherical

shell of inner radius r and outer radius r þ dr from the

centre of bubble, as in Section 3.1. The pressure of each

shell is computed by the virial equation and the amount of

pressure is assigned to the radius of the shell. Figure 8

shows the pressure profiles in radial coordinate.

Pg andPl denote the gas pressure and the liquid pressure,

respectively. Liquid pressure is computed by averaging the

amount of pressure from Equation (5) far from the liquid–

gas interface. Equation (5) is not appropriate to calculate the

gas pressure due to low number of argon atoms inside the

bubble and poor statistics. Hence, a separate MD simulation

for the vapour phase is carried out to obtain an equation of

state (the relation between rg and Pg at given T). Pg is

calculated by evaluating the density inside the bubble and

considering the equation of state. All the calculated pressures

are presented in Table 2.

In order to calculate the surface tension of the bubble

directly from the MD simulation, local pressure is

required. The pressure tensor for the spherical bubble is

written as

PðrÞ ¼ PNðrÞ½erer� þ PTðrÞ½eueu þ efef�; ð6Þ

where er, eu and ef are orthogonal unit vectors and PN(r)

and PT(r) are the normal and transverse components of

pressure tensor which are functions of r from the centre of

bubble only. The general condition of mechanical

equilibrium, 7·P ¼ 0, leads to

PTðrÞ ¼ PNðrÞ þ
r

2

dPNðRÞ

dr
: ð7Þ

Here, PN(r) can be written as follows:

PNðrÞ ¼ PKðrÞ þ PUðrÞ; ð8Þ

(a) (b)0.2

0 0

–0.2

P
 (

ε/
σ3 )

–0.4

–0.6

(c) 0.2

0

–0.2

P
 (

ε/
σ3 )

–0.4

–0.6

(d) 0.2

0

–0.2

–0.4

–0.6

0.2

–0.2

–0.4

–0.6
0 2 4

PN

PT

r (σ)

6 8 0 2 4

r (σ)

6 8

0 2 4

r (σ)

6 8 0 2 4

r (σ)

6 8

P

rgi rli

r

Interface area

Figure 8. Radial distribution of pressure and schematic view including important points (rli and rgi): (a) V2, (b) V3, (c) V4 and (d) V5.

Table 2. Survey of measured values and surface tension.

g (1/s 2)

Label Pl (1/s 3) Pg (1/s 3) Y–L MD

V1 20.363 0.0063 0.7164 0.6810
V2, E2 20.317 0.0056 0.7000 0.6700
V3 20.229 0.0028 0.5668 0.5620
V4 20.217 0.0042 0.5630 0.5530
V5 20.197 0.0007 0.5279 0.5050
V6 20.195 0.0021 0.5529 0.5350
E1 20.260 0.0014 0.6339 0.6140
E3 20.324 0.0120 0.6905 0.6716
E4 20.337 0.0056 0.6955 0.7010
E5 20.338 0.0078 0.6795 0.6602
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where PK(r) ¼ kBTr(r). In order to calculate PU(r), we

have followed the method that Thompson and Gubbins

[24] proposed in their paper.

The calculated local, normal and transverse pressures

in cases V2–V5 are depicted in Figure 8. Specified

coloured region is defined as the vapour–liquid interface,

see Figure 8. rgi is the beginning of the interface region and

rli is the end of it. To better verify this point, one can use

the density profile. It is observed from the density profile

that the densities at rgi and rli are almost equal to gas- and

liquid-phase densities, respectively. So, the region between

these two points is assumed as vapour–liquid interface. In

this region, the pressure profile has an intensive variation.

There is no reason for the existence of such an intensive

change in the pressure profile except the effect of surface

tension.

Figure 9 shows the dependence of gas and liquid

pressure on rb As shown, it is observed that Pg is almost

independent of rb. However, Pl slightly increases as the

radius increases. With an increase in rb, the liquid is in less

stretch which results in less negative pressure values. It is

observed that the pressure difference between liquid and

gas is really high and much bigger than the bulk value.

3.3 Surface tension

As it is mentioned in Section 1, using the Y–L equation in

nano order is suspect due to the extreme atmospheric

pressure difference gained from the Y–L equation. Our

results in Section 3.2 which are directly computed from

MD simulation, however, confirm that there is a high-

pressure difference between inside and outside of the

bubble. For instance, in the case V1 (DP ¼ Pg 2 Pl ¼ 155

atm). Thus, we conclude that the high-pressure difference

exists because of the nature of nano bubbles and it is not

caused by employing the Y–L equation.

In the present study, we apply the Y–L equation in

order to calculate the surface tension. The difference

between the liquid and gas pressure far from the interface,

Pl and Pg, is used in the Y–L equation to calculate the

surface tensions. The Y–L equation for a spherical-shaped

bubble or droplet is readily deduced from stability theory,

Pin ¼ Pout þ
2g

rb

; ð9Þ

where Pin, Pout and g denote the interior and exterior

bubble (droplet) pressure and surface tension, respectively.

In order to check the validity of the Y–L equation in nano

order, the surface tension is directly computed from the

MD simulation, as well. Surface tension can be computed as

g3 ¼ 2
1

8
ðPl 2 PgÞ

2

ð1
0

r 3 dPNðrÞ

dr
dr; ð10Þ

where Pl and Pg are liquid and gas pressures far from the

interface. dPN(r)/dr is gained from differentiating

Equation (8).

The treatment of bubble surface tension with respect to

bubble radius is shown in Figure 10 from both the Y–L

equation and direct MD simulation. The result at rb !1 is

directly obtained from a separate MD simulation of a flat

surface [25]. It is observed that the surface tensions

computed from the Y–L equation and direct MD simulations

are in good agreement and show the same trend. As shown,

the surface tension slightly increases as the bubble radius

decreases. Also, with an increase in bubble radius, surface

tension tends to the bulk value (g1 ¼ 0.561).
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Figure 9. Pressure of gas and liquid with respect to the bubble
radius, rb. The error bars show the standard deviation (SD), which
is estimated by dividing the total simulation run of 600 ps into
three parts of 200 ps. Typical SD is 0.0009 for gas and 0.006 for
liquid.
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Figure 10. Variation of surface tension with respect to rb. The
error bars of the surface tension obtained from the Y–L equation
are the result of Pl and Pg. The surface tension gained from direct
MD simulation is calculated through the total simulation run of
600 ps.
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This is in accordance with Park et al.’s [15] study that

concluded that the surface tension of a nano bubble slightly

increases from the bulk values (up to 15%) when bubble

radius decreases. Park et al. used local pressure tensor to

obtain surface tension. On the other hand, Matsumoto and

Tanaka [13] calculated the surface tension of a nano bubble

from the Y–L equation and noted that it is independent of the

radius. This contradiction may arise from the difference

between the radiuses of simulated bubbles where Matsumoto

and Tanaka’s study of surface tension only covers the

bubbles with the radiuses more than 5s. As they mentioned,

they tried to generate tinier bubbles but failed. However,

Park’s and our results predicted the surface tension of tinier

bubbles. More details about surface tension for both cases

V1–V6 and E1–E5 are given in Table 2.

4. Conclusions

In this study, the bubble nucleation is investigated using a

series of MD simulations. The effect of surface wettability

and rave on bubble shape and contact angle is predicted. In

addition, the dependence of surface tension on bubble

radius is studied from both the direct MD simulation and

the Y–L equation. The validity of the Y–L equation to

describe the bubble characteristics in nano order is

examined using direct MD simulations. In order to

calculate the surface tension from the Y–L equation, the

gas pressure is evaluated using the equation of state

obtained from a separate MD simulation. The liquid

pressure is evaluated, employing the virial theorem far

from the interface. Main results are listed as follows:

. It is found that less wettable surface leads to more

flattened bubble shape and greater contact angle. Also,

the contact angle does not change for various bubble

radiuses, when surface wettability remains constant.
. It is shown that the gas pressure is almost independent

of the bubble radius. However, the liquid pressure

increases with an increase in the bubble radius.
. The surface tension slightly increases as the radius

decreases. Additionally, with an increase in the bubble

radius the surface tension tends to the bulk value.
. In the present study, both the gas and liquid phases are

made of the same material, argon atoms. In such a

case, our simulation result of extreme pressure

difference between the gas and liquid phases suggests

that nano bubble nucleation is only possible in highly

stretched liquid. Since this pressure deference is

directly calculated from MD simulation, it does not

contradict the validity of using the Y–L equation in

nano scale.
. The bubble radius, the contact angle and especially the

surface tension gained from both the Y–L equation

and direct MD simulation present the same trend and

the results match each other well .
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