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We systematically investigate the dynamic behavior of two neighboring nanobubbles
for various gas-liquid-solid interactions by molecular dynamics simulations. The weaker
the interaction between gas and liquid, the larger are the bulk nanobubbles formed.
The dynamic behavior of bulk nanobubbles depends not only on the ratio of gas-gas
to liquid-gas interaction strengths, but also on that of solid-gas to liquid-gas interaction
strengths. A very small bulk nanobubble remains stable in bulk liquid, as long as the ratio
of solid-gas to liquid-gas interaction strengths is sufficiently large. Under the condition that
the three-phase contact line is not pinned, different dynamic behaviors of two neighboring
surface nanobubbles are observed. For a higher ratio of solid-gas to solid-liquid interaction
strengths, the two neighboring surface nanobubbles can merge directly owing to the
existence of a film layer of gas molecules between them. This film layer allows transfer
of gas molecules from one surface nanobubble to the other along the solid substrate. This
result is consistent with other theoretical results. If the interaction between solid and gas is
sufficiently strong, two neighboring unsaturated surface nanobubbles can form a gas-rich
layer on the solid surface. The formation of such a layer is very important for effective
weakening of the solid-liquid interaction, leading to a greater reduction in drag. The effect
of the ratio of solid-gas to solid-liquid interaction strengths on the shape of the gas-rich
layer is also discussed in detail.
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I. INTRODUCTION

For both underwater and surface marine vehicles, frictional resistance is the main cause of
increased energy consumption and reduced travel speed, and indeed it contributes a large proportion
of the total resistance. Therefore, finding methods to effectively reduce frictional resistance on
marine vehicles and thereby increase travel speed is an important problem. As is well known, an
object moving in water is subject to a larger drag force than in air because of the greater dynamic
viscosity of water [1]. This is the motivation behind the proposal that frictional drag on vehicles
moving in water could be reduced by replacing the solid-liquid interface by a solid-gas interface
[2,3]. Some studies have already demonstrated that an air layer or bubble mattress covering a vehicle
moving in water can provide a reduction in frictional drag by 25–80% [4–8]. Consequently, many
investigations have been carried out to explore the formation and behavior of air layers and bubbles
in solid-liquid interfaces.
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Nanobubbles are nanoscopic gas bubbles that can be produced on interfaces (surface nanobub-
bles) or in bulk solutions (bulk nanobubbles) [9]. The stability and growth mechanisms of single
surface nanobubbles have been extensively investigated both experimentally and theoretically.
These studies have shown that on the nanoscale, nanobubbles exhibit some extraordinary properties,
such as longer lifetime, larger specific surface, smaller rise speed, and slower dissolution than
expected [10]. For example, Weijs et al. [11] analyzed the formation and stability of a single
surface nanobubble in simple fluids using molecular dynamics (MD) simulation. It was found that
surface nanobubbles can survive for more than a day rather than the expected microseconds [12].
Maheshwari et al. [13] and Wei et al. [14] further studied the effects of the solid surface and gas
oversaturation on the stability and growth of a single surface nanobubble. Although these studies
are important with regard to the development of nanobubbles, it should be noted that such bubbles
do not occur singly in most cases, but rather exist in the neighborhood of other nanobubbles [15,16].
Therefore, it is necessary to investigate interactions between nanobubbles.

In an experimental investigation, Bhushan et al. [17] and Li et al. [18] studied the movement
and coalescence of two surface nanobubbles on a solid-liquid interface using tapping mode atomic
force microscopy. Detailed observations of the process of the merger of surface nanobubbles were
obtained. Bhushan et al. [17] found that small nanobubbles move faster and merge into larger ones.
However, according to Li et al. [18], there is uncertainty regarding whether a larger or smaller
nanobubble will move first to merge into others. The reason is that both the contact line and surface
properties could affect the merger process. Park et al. [19] investigated distortions in the shape of
merging nanobubbles in a two-nanobubble system. Their results showed that the structural distortion
of merging nanobubbles can be attributed to the relative size difference. Furthermore, Lohse and
Zhang gave an overview on nanobubbles and potential issues in some of the experimental studies
[20]. This overview is very useful to improve the development of nanobubbles.

From a theoretical viewpoint, Li et al. [10] studied the coalescence and movement of nanobubbles
on a graphene surface in water using a MD simulation method. Their results showed that differences
in the type and concentration of the gas clearly affect the formation and coalescence of nanobubbles.
On the other hand, a study by Dollet and Lohse [21] showed that two nanobubbles can remain stable
when the distance between them is larger than their lateral size. However, Zhu et al. [16] found that
two neighboring nanobubbles can also remain stable even when they are very close to each other,
owing to pinning and oversaturation. Motivated by these opposite results, Maheshwari et al. [15]
further investigated the stability of two neighboring nanobubbles on a nanoscopic level using MD
simulations. Their results showed that as long as the gas-solid interaction is weaker than the liquid-
solid interaction, a two-nanobubble system can remain stable. From these studies, it can be seen
that many different factors will affect the stability, growth, and shrinkage of a multiple-nanobubble
system. This has stimulated us to study such systems further. Moreover, such studies are essential
to further extend the potential applications of nanobubbles.

In this paper, the effect of various gas-liquid-solid interactions on the dynamic behavior of a
multiple-nanobubble system is investigated using MD simulations. We study not only a system with
multiple surface nanobubbles, but also one with multiple bulk nanobubbles. The results suggest that
the size of bulk nanobubbles can be effectively controlled by various gas-liquid interactions. A large
bulk nanobubble has the ability to absorb other bulk nanobubbles in bulk liquid. It is found that two
neighboring surface nanobubbles exhibit two types of dynamic behavior under certain conditions. It
is interesting to find that two neighboring unsaturated surface nanobubbles can also form a gas-rich
layer on a solid surface, as long as the interaction between the solid and the gas is sufficiently strong.

II. SIMULATION METHODOLOGY

MD simulations were performed in a 9.84 nm × 17.04 nm × 8 nm simulation box using the open
source GROMACS software package [22]. We used three types of molecules in our simulations: a
solid graphene molecule (s), N2 and O2 gas molecules (g), and liquid molecules (l). N2 and O2 are
the main ingredients of air, and these molecules are simulated using a united atom model. The liquid
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TABLE I. Values of the Lennard-Jones parameters used in the
MD simulations.

i-j σij (nm) εij (kJ/mol)

s-l 0.32 1.7, 1.6, 1.5, 1.4, and 1.3
s-g 0.4 2.0
l-g 0.4 1.5, 1.45, 1.40, and 1.35
g-g 0.32 0.79
l-l 0.48 2.85, 2.66, 2.48, and 2.31

phase is represented by a water model. Firstly a NVT and NPT were done to ensure that the system
was equilibrated, and then all simulations were performed under a NPT ensemble.

The interaction between the molecules is described by the Lennard-Jones (LJ12-6) potential,

VLJ
(
rij

) = 4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]
, (1)

where εij and σij are, respectively, the interaction strength and range between atoms i and j .
The complete set of Lennard-Jones parameters for various solid-liquid, solid-gas, and liquid-gas
interactions is given in Table I. A 1.5-nm cutoff length was used for the Lennard-Jones potential
function. A time step of 2 fs was used to update the molecular velocities and positions, and the
whole simulation time was set to be 50 ns [23]. The temperature was fixed at 300 K so that both N2

and O2 were in the gaseous state. A V-rescale thermostat was used to maintain constant temperature,
and its stochastic term ensured a proper canonical ensemble [22]. Periodic boundary conditions were
applied in the x, y, and z directions.

We used the initial configuration as shown in Fig. 1(a) at 0 ns. Single-layer graphene as a solid
substrate was fixed at its initial position throughout the simulations. The liquid molecules were
arranged above the solid substrate, and the gas molecules were randomly distributed in the bulk
liquid. Figure 1(b) presents a surface nanobubble on a homogeneous graphene solid surface, that is,
without contact line pinning. Energy minimization was first performed using the steepest descent
method. Then the final configuration of energy minimization was used in the following dynamic
simulations. Quantities such as the lateral size and height of nanobubbles were evaluated by fitting
the nanobubble profiles as circular arcs. The liquid-gas interface of nanobubbles is defined as the
location at half the normalized density field ρ∗(r ) = ρ(r )−ρG

ρL−ρG
, where ρL and ρG are the bulk liquid

and gas density, respectively [13–15]. Data for density were collected by averaging over 1000 output
configurations separated by 1×105 simulation steps.

FIG. 1. (a) Initial configuration; (b) a surface nanobubble at 10 ns. Red and blue particles represent the
gas phase (oxygen and nitrogen, respectively), green particles represent the solid phase, and yellow particles
represent the liquid phase.
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FIG. 2. Dependence of the size of bulk nanobubbles on the ratio εgg/εgl .

III. RESULTS AND DISCUSSION

A. Bulk nanobubble and surface nanobubble interactions

To date, much research effort has been dedicated to surface nanobubbles, while bulk nanobubbles
have been much less widely studied although Zhang and Seddon [9] investigated the interaction of
bulk nanobubble suspensions with nanoparticles, and their results suggested that bulk nanobubbles
could be used to enhance scavenging effects and for surface modification. It is therefore necessary
to further study the formation, growth, and dissolution of bulk nanobubbles. The formation of
bulk nanobubbles requires higher gas concentrations than the formation of surface nanobubbles.
In previous work, we have demonstrated that when the gas concentration in the bulk liquid is above
3.5%, bulk nanobubbles can be generated [10]. Therefore, in the present study, the gas concentration
was fixed at 7.3%. The spontaneous formation of surface nanobubbles can be attributed to a
combination of gas oversaturation and a hydrophobic solid surface. Gas oversaturation was reached
when the gas concentration was fixed at 7.3%. Meanwhile, the graphene is strongly hydrophobic,
which means that the solid-gas interaction is stronger than the solid-liquid interaction. As a result,
a graphene surface strongly attracts gas molecules, leading to spontaneous formation of surface
nanobubbles.

In this work, by increasing the strength of the gas-gas interaction relative to the strengths of
the other interactions, bulk nanobubbles of different lateral size L were generated. Figure 2 shows
the effect of the ratio of the gas-gas to gas-liquid interaction strengths (εgg/εgl) on the size of
bulk nanobubbles. The weaker the interaction between gas and liquid, the greater is the size of
the bulk nanobubbles formed. The reason is that the change of εgg/εgl influences the solubility
of gas in liquid which changes the gas oversaturation in bulk liquid, leading to the change of
nanobubble size. Further studies have shown that larger bulk nanobubbles are more stable than
smaller ones. To illustrate this more clearly, in Fig. 3(a), we plot the number of gas molecules
in a single bulk nanobubble as a function of time for two different values of the ratio εgg/εgl .
Figure 3(a) reveals the dynamic process of growth and dissolution of bulk nanobubbles. It can be
seen that several gas molecules first come together to form a small nucleation point that constantly
absorbs surrounding gas molecules, thereby forming a bulk nanobubble. Under the condition of
strong gas-liquid interaction (εgg/εgl = 0.53), a small bulk nanobubble is formed, including only a
few gas molecules (about 200). This small bubble is highly unstable, and it gradually dissolves as a
result of outflow of gas molecules into the bulk liquid. In contrast, with weak gas-liquid interaction
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FIG. 3. (a) Dynamic process of growth and dissolution of a bulk nanobubble; (b) interaction between two
neighboring bulk nanobubbles; (c) dynamic process of transformation of a bulk nanobubble into a surface
nanobubble.

(εgg/εgl = 0.545), a large bulk nanobubble is formed and remains stable. Meanwhile, sudden jumps
are observed in the number of gas molecules at 2.2 and 4.9 ns. The reason is that a large bulk
nanobubble grows by absorbing surrounding bulk nanobubbles, as shown in Fig. 3(b). According
to Henry’s law and Laplace’s equation, the concentration of gas around a smaller bulk nanobubble
is greater than that around a larger one. Therefore, a strong concentration gradient is present in the
system, and this can facilitate transfer of gas molecules from one nanobubble to another, inducing
coalescence of a large bulk nanobubble with surrounding bulk nanobubbles.

A growing large bulk nanobubble cannot stay in the bulk liquid forever, and two types of dynamic
behavior are observed under certain conditions. In one type, bubble growth eventually slows down
on the solid surface owing to the highly hydrophobic nature of the surface, and the bulk nanobubble
becomes a surface nanobubble. Figure 3(c) shows this transformation of a bulk nanobubble into a
surface nanobubble. As mentioned earlier, a small bulk nanobubble with about 200 gas molecules
(and with lateral size L = 2.48 nm) dissolves into the bulk liquid, as shown by the green line
in Fig. 3(a). However, Li et al. [10] showed that a very small bulk nanobubble, containing only
125 gas molecules (and with lateral size L = 1.8 nm), could also remain stable in bulk liquid. The
small bulk nanobubble was observed to sink, finally falling onto the solid surface. To explain these
opposing results, we compared the strengths of gas-liquid-solid interactions. We found that the
value of εsg/εgl in our simulation was lower than that in the studies by Li et al. The strength of
the solid-gas interaction was high compared with that of the liquid-gas interaction, leading to the
movement of the small bulk nanobubble toward the solid surface. During this movement, the small
nanobubble did not dissolve in the bulk liquid, owing to the relatively weak liquid-gas interaction.
Therefore, the dynamic behavior of a bulk nanobubble is related not only to εgg/εgl but also to
εsg/εgl .
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FIG. 4. Interaction between a bulk nanobubble and a surface nanobubble, (a) variation of number of gas
molecules; (b) dynamic process of interaction between a bulk nanobubble and a surface nanobubble.

In the second type of behavior, as shown in Fig. 4(a), a bulk nanobubble merges directly with
a nearby surface nanobubble. The bulk nanobubble is almost stable owing to the weak gas-liquid
interaction. At 23.4 ns, the bulk nanobubble starts to merge with the nearby surface nanobubble
in the bulk liquid under the condition of strong gas-gas interaction (εgg/εgl = 0.585). Before
merging, the radius of the surface nanobubble (4.42 nm) is greater than that of the bulk nanobubble
(3.61nm). As a result, the surface nanobubble is more stable than the bulk nanobubble. Moreover,
the stable surface nanobubble on the graphene solid looks like a gas nucleation point that absorbs
the surrounding bulk nanobubble, leading to a net flux of gas molecules from bulk nanobubbles to
surface nanobubbles through the bulk liquid. Figure 4(b) clearly shows this flow of gas molecules
from the bulk nanobubble to the surface nanobubble, inducing distortion of the bulk nanobubble
toward the surface nanobubble. As a result, the number of gas molecules in the surface nanobubble
exhibits a sudden jump at 23.9 ns in Fig. 4(a). On the basis of these results, it can be concluded that
the dynamic behavior of bulk nanobubbles depends strongly on the gas-solid-liquid interactions, as
well as on the gas concentration.

B. Interaction between two neighboring surface nanobubbles

The interaction between two neighboring surface nanobubbles differs from that between a bulk
nanobubble and a surface nanobubble. Owing to the absence of a three-phase contact line, the bulk
nanobubble usually either dissolves or transforms into a surface nanobubble. A recent theoretical
study has shown that two neighboring surface nanobubbles can remain stable and not interact, as
long as the gas-solid interaction is weak compared with the liquid-solid interaction [15]. To further
explore the interaction of two neighboring surface nanobubbles, we investigated their behavior for
different values of the ratio of εsg/εsl . We found that there are two types of interaction behavior when
the contact line is not pinned: One corresponds to the coalescence of the two surface nanobubbles
into a larger nanobubble, and the other to the growth of one nanobubble at the expense of the other.

Figure 5 shows the number of gas molecules N, the lateral length L, and the height H of the
two nanobubbles as functions of time for two values of εsg/εsl . The two neighboring surface
nanobubbles exhibit two types of interaction behavior. Figure 5(a) shows their direct merger into
a large surface nanobubble for εsg/εsl = 1.25. Sudden jumps are observed in the number of gas

123604-6



DYNAMIC BEHAVIOR OF TWO NEIGHBORING …

FIG. 5. Variation with time of the number of gas molecules N and of the lateral size L and height H of
two neighboring surface nanobubbles with time for (a) εsg/εsl = 1.25 and (b) εsg/εsl = 1.538. Ni , Li and
Hi (i = 1, 2) are the shape parameters of two surface nanobubbles before coalescence; N12, L12, and H12 are
the shape parameters after coalescence.

molecules and in the lateral lengths and the radii of the two nanobubbles between 24.2 and
24.7 ns. This means that the two surface nanobubbles can remain stable and do not dissolve before
coalescence (before 24.2 ns). At 24.2 ns, the lateral lengths of the two surface nanobubbles are
almost equal, and the distance between them is 0.75 nm. After this, they start to merge.

Figure 6 shows the process of the merger of two neighboring surface nanobubbles between
24.2 and 24.7 ns for εsg/εsl = 1.538. It can be seen that a film layer of gas molecules between
two surface nanobubbles is formed on the solid surface. This film layer has the appearance of a
“bridge” connecting the two neighboring surface nanobubbles. Through this bridge, gas molecules
can transfer from one nanobubble to the other along the solid surface. According to Maheshwari
et al. [13], the film layer of gas molecules is formed as a result of the strong interaction between
gas and solid. It should also be noted that the lateral length L after coalescence (at 24.7 ns) is
exactly the sum of the lateral lengths of the two neighboring surface nanobubbles before coalescence
(at 24.2 ns). This also demonstrates that the two neighboring surface nanobubbles remain stable
before coalescence. After coalescence, the lateral length L gradually decreased, which can be
explained by free-energy considerations: Minimization of free energy requires minimization of
interface area.

For εsg/εsl = 1.538, two surface nanobubbles are formed at 8.5 ns. As can be seen from
Fig. 5(b), there are great differences in the number of gas molecules N, the lateral length L, and the
height H. Owing to the absence of contact line pinning, the two surface nanobubbles cannot remain
stable. The small nanobubble N2 gradually dissolves and disappears, while the large nanobubble N2

gradually grows as a result of absorption of gas molecules originating from the dissolution of the
small nanobubble in a process similar to Ostwald ripening. According to free-energy considerations,
a single-bubble state is more energetically favorable than a two-bubble state. In order to reach
the energetically favorable state, one of the two bubbles has to overcome the three-phase contact
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FIG. 6. Merger of two neighboring surface nanobubbles for εsg/εsl = 1.538.

line barrier, which requires the presence of a concentration gradient [15]. When the radius of
curvature of one surface nanobubble is large compared with that of the other, this generates a
strong concentration gradient, inducing a net flux of gas molecules in the bulk liquid from the
small nanobubble to the large one. Therefore, the large surface nanobubble grows at the expense of
the small one.

We also calculated the distance between two surface nanobubbles before coalescence; see Fig. 7.
For εsg/εsl = 1.25, the two surface nanobubbles have similar sizes, and they move close to each
other. They then start to merge through a bridge (see Fig. 6) when the distance between them
decreases to 0.75 nm. For εsg/εsl = 1.538, the bubbles differ considerably in size, and although they
also move toward each other, with a separation of about 0.75 nm at 23 ns, they do not merge. Instead,
the distance between them then increases with dissolution of the small nanobubble. Although the
interaction energy between gas and solid is increased, a film layer of gas molecules (bridge) between
the two surface nanobubbles is not observed when εsg/εsl = 1.538. Growth of the large surface

FIG. 7. Distance between two surface nanobubbles for different values of εsg/εsl .
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FIG. 8. (a) Gas concentration in a nanobubble required for formation of a gas-rich layer for different values
of εsg/εsl ; (b) shape of the gas-rich layer.

nanobubble can occur by absorption of gas molecules released from the small nanobubble during its
dissolution. Consequently, in addition to the gas-solid interaction, both the relative size difference
and the distance between two surface nanobubbles are also important in determining the interaction
behavior of two neighboring surface nanobubbles.

C. Formation of gas-rich layer

We have found that two neighboring surface nanobubbles can merge into a large nanobubble.
It also turns out that the two neighboring surface nanobubbles can form a gas-rich layer under
certain conditions. Such a gas-rich layer between interacting solid and liquid plays a very important
role in more effectively weakening the solid-liquid interaction, leading to a greater reduction in
drag. Recently, Hu et al. proposed a novel design incorporating alternating superhydrophobic and
hydrophilic strips that can form stable and continuous air rings [1]. Here, we further investigate
the conditions for the formation of a gas-rich layer. We suggest that two neighboring surface
nanobubbles can either merge into a large nanobubble or form a gas-rich layer, depending on
the values of the surface nanobubble saturation (Nnanobubble/Ntotal ) and the ratio of solid-gas to
solid-liquid interaction strengths (εsg/εsl). It can be seen from Fig. 8(a) that for weak solid-gas
interaction (e.g., εsg/εsl = 1.176), a higher gas saturation (about 92%) in the nanobubble is required
in order that two neighboring surface nanobubbles can form a gas-rich layer on the solid substrate.
It is interesting to find that two neighboring surface nanobubbles can still form a gas-rich layer at a
gas saturation of only 7.6%, as long as the interaction between the solid and the gas is sufficiently
strong (εsg/εsl = 1.538). The gas-rich layer thus formed continually absorbs gas molecules around
it until saturation (ripening) is reached. Figure 8(b) shows the shape of the gas-rich layer, which
is very similar to that of the air rings that have been observed in experimental studies [1]. In this
diagram, w is the axial thickness of the gas-rich layer, h is the gas-rich layer height, and θ is the
contact angle.

MD simulations reveal directly that the gas molecules inside and outside the nanobubbles are
exchanged continuously. Therefore, a gas-rich layer can form as a result of transfer of gas molecules
from one surface nanobubble to another along the solid substrate. The mechanism is similar to that
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FIG. 9. Variation of the shape of the gas-rich layer with time for different values of εsg/εsl (w is the axial
thickness of the gas-rich layer, h is the gas-rich layer height, and θ is the contact angle).

involved in the coalescence of two nanobubbles, but, because of strong solid-gas interaction, the gas
molecules that flow out of one surface nanobubble no longer pass into another surface nanobubble,
but instead remain on the solid surface and connect with both nanobubbles, inducing the formation
of the gas-rich layer.

As mentioned earlier, a gas-rich layer can prevent direct liquid-solid contact, leading to
maximization of energy efficiency and reduction of drag for underwater vehicles. Some studies
have also demonstrated that the shape of the gas-rich layer plays a crucial role in drag reduction
[1,24]. Therefore, we also investigated the evolution of the shape of the gas-rich layer (in terms
of w, h, and θ ) as a function of time for different values of the ratio of εsg/εsl , as shown in
Fig. 9. The contact angle was obtained by fitting the gas-rich layer profile as circular arcs. When
εsg/εsl > 1.43, the gas-rich layer initially has small values of w and h although it still continuously
absorbs gas molecules from the bulk liquid. For strong gas-solid interaction (εsg/εsl = 1.538), the
axial thickness w of the gas-rich layer, which is critical for drag reduction, remains almost stable
after the gas-rich layer reaches saturation at about 22 ns. The increase in the height h and contact
angle θ of the gas-rich layer is not linearly proportional to the gas-solid interaction strength.

IV. CONCLUSIONS

At a fixed gas concentration, the size of bulk nanobubbles can be effectively controlled by varying
the ratio of gas-gas to liquid-gas interaction strengths (εgg/εgl). Increasing εgg/εgl leads to the
formation of large bulk nanobubbles in the bulk liquid. Small bulk nanobubbles usually dissolve
through outflow of gas molecules. However, they can also remain stable in bulk liquid, as long as
the ratio of solid-gas to liquid-gas interaction strength is sufficiently high. Two neighboring surface
nanobubbles exhibit two types of dynamic behavior, depending on the relative gas-liquid-solid
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interaction strengths. In the absence of contact line pinning, they can merge directly to form a
larger surface nanobubble; alternatively, one nanobubble can grow at the expense of the other. In
addition to gas-liquid-solid interactions, both differences in relative size and the distance between
two surface nanobubbles are critical in determining the interaction behavior of two neighboring
surface nanobubbles. It is interesting to find that two neighboring unsaturated surface nanobubbles
can also form a gas-rich layer, as long as the solid-gas interaction is sufficiently strong. Moreover,
the axial thickness of the gas-rich layer can remain stable, provided that the gas-solid interaction is
stronger than the liquid-solid interaction. However, the height of the gas-rich layer and the contact
angle are not linearly proportional to the gas-solid and liquid-solid interaction strength. We hope that
our results could serve as a reference to help in developing potential applications of nanobubbles.
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