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Abstract

Dynamics of nanobubble including nucleation, growth and collapse of nanobubble near various
boundaries are currently one of the important research topics for different industrial applications
such as in biochemical, biomedical, drug delivery, hydraulic and ultrasonic systems. This paper
systematically reviews the progress in research on simulation of bubble dynamics in mesoscale and
nanoscale near a boundary. Furthermore, various protocols for the simulation of nanobubble collapse
dynamics are discussed. In addition, the papers of nanobubble dynamics near different solid and
flexible boundaries like membranes are r eviewed. Finally, the suggestion for future development
of nanobubble simulation method is discussed, including the dynamics of formation, growth and
collapse of the nanobubble.

Keywords: cavitation nanobubbles; molecular dynamics simulations; simulation methods; nanobubble
collapse dynamics

1. Introduction

Cavitation is a phenomenon which can be usually occurs in ship and hydraulic systems, in
biochemical and biomedical and ultrasonic systems, and other industrial applications. The cavitation
can be generated in the systems in the form of cluster of tiny bubbles in the size of nanoscale, microscale
and macroscale. The formation and collapse of the cavitation bubbles may have negative and positive
effects in various applications. As example, the cavitation bubbles can be generated near the surface
of immersed bodies and may cause damage on the wall surface of the bodies such as corrosion and
erosion on the hydrofoils, ship propellers and rudders, turbine blades and pump impellers and so on.
In these cases, the cavitation bubbles may reduce the performance of the ship and hydraulic systems in
cavitating regimes (Reisman et al. [1], Dular et al. [2], Patella et al. [3], Huang et al. [4], Kadivar et al. [5],
Koksal et al. [6] and Lin et al. [7]. In addition to the negative effects of cavitation bubbles, there are also
some positive effects in biochemical and biomedical systems. The cavitation bubbles can be used for
water and wastewater treatment, drug delivery, virus inactivation, energy harvesting, heating systems,
surface cleaning and other important applications. Some of the numerous advantageous applications
were investigated in the previous works [8-12]. In the real applications, the cavitation phenomenon
and generation of tiny bubbles may be affected due to the irregular and regular roughness of the
boundaries [13-15], viscosity of the liquid [16], density and radius of the nuclei in the system [17],
ambient temperatures [18], and the size of the bubble such as nanobubble near a surface [19]. Before
the review of the previous works in the fields of simulation of nanobubble dynamics using Molecular
Dynamics Simulation (MD), a short review of the experimental studies and numerical simulations of
the bubble dynamics in macroscale was presented in this work.

1.1. Experimental Study of Bubble Dynamics

The cavitation bubbles can be generated within the liquids such as water through various mecha-
nisms. One of well-known mechanism for generation of cavitation or cavitation bubbles is the reduction
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of local pressure below the saturated vapour pressure of the liquid [20]. This mechanism usually occurs
under natural conditions for a flow with high velocity inside or outside of ship components or hydraulic
systems. Other methods of bubble generation are usually occurred in the laboratory conditions such
as application of a laser pulse [21] for formation of plasma-induced cavitation bubble. In addition to
the plasma-induced bubbles, an electric spark [22], or a high-intensity focused ultrasound (HIFU) [23]
can be also used for generation of the cavitation bubble in the laboratory conditions. The laser-induced
cavitation bubbles have been utilized in numerous foundational investigations on the bubble dynamics
since the 1970s [24,25]. Using a laser, the cavitation bubble can be generated through heating up a small
amount of a liquid in a specific location. In addition, the cavitation bubble can be induced due to the
presentation of the electrodes in the liquid. However, the drawback of the spark-induced bubble is the
intrusive nature of this method, [26]. Numerous studies have been conducted regarding the dynamics of
bubbles in the free field conditions and near different boundaries such as rigid surface [27-29], mesoscale
surface structuring [30,49], free surfaces [31-34] and flexible boundaries [35-37]. Figure 1 illustrates a
schematic view of an experimental setup of the laser-induced cavitation bubble near a rigid surface and
some high-speed images of the laser-induced cavitation bubble.

Previous numerical and experimental works dealt mostly with the study of the single cavitation
bubble or multiple bubbles in the scale of the mesoscale or macroscale. The generation of the bubbles
are mostly occurred with the application of a laser pulse [21,38], an electric spark [22], acoustic waves
and utilization of high-intensity focused ultrasound (HIFU) [23,39,40] in free field and near boundaries
in the previous studies. The dynamics of laser-induced single cavitation bubble near solid boundaries
were studied by researchers Lauterborn et al. [25], Philipp and Lauterborn [41] Tomita and Shima [42],
Koch [43], Kadivar et al. [30] and Dular et al. [44]. They experimentally investigated the single
cavitation bubble and its undesirable effects, such as erosion on different solid surfaces. They usually
used a shadowgraph technique with high-speed camera to capture the dynamics of the bubble near
the boundaries. Their results demonstrated that a microjet can be formed during the collapse process
of the single bubble near a solid surface. They demonstrated that the microjet can play an important
role for the formation of the erosion on the solid boundary during several successive bubble collapses.
In addition, they presented that a toroidal cavity structure can be generated after the first and second
collapses which can induce more damage or erosion on the solid surface. The reason could be due to
the collapse of a cluster of tiny bubbles in the toroidal cavity structures after the collapse stages.
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Figure 1. (a) Schematic diagram of an experimental setup of the laser-induced cavitation bubble near a rigid
boundary. (b) High-speed images of the laser-induced cavitation bubble. The capturing time is written below of
the each image is in microseconds, Adapted from Ref. [45].
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Vogel and Lauterborn [46] indicated that a significant pressure impact can be formed during
the first collapse of a laser-induced single cavitation bubble. Their results revealed that the pressure
impact on the boundary can be reached in the range of 60 kbar from a single cavitation bubble collapse.
They showed that a major part of the energy of the cavitation bubble collapse may be converted
to acoustic energy for different conditions. Tomita et al. [47] performed an experimental study of a
laser-induced bubble close to a curved solid boundary and indicated that the bubble collapse dynamics
and the direction of the microjet may be manipulated by the curvature effect of the the solid boundary.
Lindau and Lauterborn [48] investigated the dynamics of a single cavitation bubble near a solid
surface and their findings demonstrated that a counter-jet can be generated in the rebound stage of
the bubble collapse for a special relative wall distance. Kadivar et al. [49], studying the dynamics of a
laser-induced single bubble near a riblet structure, showed that the microjet may be influenced by the
riblet structure at different relative wall distances. In other words, the riblet structures can reduce the
cavitation-induced erosion of the bubble collapse on the solid boundary.

Figure 2 illustrates a schematic view of the expected collapse dynamics of a single cavitation
bubble located close to a solid surface and a flexible surface. The parameters R;;5y and d in the images
represent the maximum bubble radius and the distance between the bubble center and the solid or
flexible surface. The parameter d and w show the depth and width of the erosion area on the solid
boundary which can be induced due to the bubble collapse on the wall surface. The non-dimensional
parameter y known as relative wall distance which is defined the ratio of the distance of the bubble
center to the solid or flexible surface and the maximum bubble radius v = s/ Ry5x. As the schematic
images shows, the shape of the erosion area on the flexible and solid boundaries may be different. The
reason can be due to various material properties of the surfaces and the momentum of the microjet
which can be formed during the bubble collapse process on the flexible and solid surfaces.
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Figure 2. Schematic view of the expected collapse dynamics of a single cavitation bubble near (a) a solid boundary
and near (b) a flexible boundary at a relative wall distance, Adapted from Ref. [74].

1.2. Numerical Approaches of Cavitation Bubble Simulation in Macroscale

Before discussion of the numerical approaches, it can be mentioned that there are some analytical
methods employed to study the bubble collapse dynamics such as Rayleigh-Plesset, Gilmore equations
or a unified theory [45,50,51]. These equations can provide valuable physical insights for understand-
ing of the cavitation bubble formation and collapse dynamics in macroscale. However, they often
require different adjustments for consideration of the phase transition, thermodynamic effects, com-
pressibility, threshold of the cavitation or cavitation inception, and bubble lifetime [52,53]. In addition,
the flow around the bubble during the collapse stage can not be calculated in the analytical methods.
Furthermore, the erosion induced by the bubble collapse, roughness of the boundary and interphase
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of vapor and air phases can not be considered in the analytical calculation. Therefore, the compu-
tational method is usually based on Navier-Stokes equations for modelling the dynamics of bubble
formation and collapse [54-57]. However, corrosion and chemical reaction, phase transition, erosion
on the boundaries and molecular effects cannot be fully simulated using these governing equations.
Furthermore, the smaller scales such as nanoscales may not be captured due to the continuum-based
approach of the Navier-Stokes equations. Regarding the simulation of the bubble in macroscale, differ-
ent numerical studies were performed using Navier-Stokes equations to simulate the bubble formation,
expansion and collapse, Huang et al. [58-60]. Zhang and Liu [61] improved three-dimensional bubble
dynamics model based on boundary element method.

1.2.1. Molecular Dynamics Simulations (MD) Method

A numerical simulation on the atomic or molecular scale is a powerful and accurate method to
successfully describe physical properties which depend on the velocities and positions of ions [94].
The physical and chemical characteristics of a system comprising more than thousands of atoms can
be investigated using the molecular dynamics (MD) method in nanometer size and at nanosecond
or picosecond time duration [95]. During the past decade, researchers successfully used the MD
approach to study nano-bubble dynamics. In the previous works, the MD method was used to probe
nanobubble shrinkage, shock-induced nanobubble collapse, and the effects of ambient temperature on
the nanobubble’s collapse. A large-scale atomic/molecular massively parallel simulator (LAMMPS)
program [96] was mostly used to perform all computer simulations of molecular dynamics and an
open tool software (OVITO) [97] was mainly used to visualize the results, see [69].

In the most of the previous investigations, a momentum mirror protocol was usually performed
by the researchers to model the shock-wave formation inside the system for bubble collapse dynamics
in the molecular dynamics simulations, [62,64-66]. In addition, the voids of the bubble surface are
often created by simply removing fluid molecules within a spherical region or gas-filled bubbles by
filling the bubble with a gas in most of the previous works using MD simulation, [67]. Rawat and
Mitra [68] investigated the nanobubble collapse in water with two different types of bubble creation.
They used empty bubble and bubble filled up by N;. The compared theses two methods of bubble
formation and indicated that N, gas within the bubble may lead to an enhancement of the bubble
collapse time. In addition, they found that the pressure and temperature rising of the bubble collapse
is high for the empty bubble compared to gas-filled bubble. Furthermore, it was shown that the N,
gas-filled bubble may be dissociated during the collapse process whereas the empty bubble can be
remained intact. Figure 3 shows the empty nanobubble dynamics during it's compression and collapse
at different time steps.

Figure 3. A result of compression and collapse of the empty bubble at different time points at 3 km s—1 particle
velocity. A slice from the center of the simulation cell was shown, Adapted from Ref. [68].
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In the momentum mirror protocol, the simulation box walls in one specific direction can be
selected a a mirror wall. That means the component of particle velocity toward the mirror wall will
be reversed when the particles cross this mirror wall. Therefore, a shock wave can be formed in the
opposite direction of the initial velocity direction. Finally, the generated shock wave can collide with
the surface of the bubble and the collapse of the nanobubble will be occurred. In this protocol, the
mirror wall is usually considered as a rigid plane which can only reverse the particle velocity towards
the plane in one direction. When the nanobubble dynamics near a solid boundary will be studied, the
collision of the shock wave with the nanobubble caused collapse of the nanobubble and formation of a
nanojet toward the solid surface.

As example, Figure 4 illustrates the schematic view of the nanobubble, water surface, and mirror
wall under the mirror protocol, [89]. The image 4 (a) shows the atomic view of the water box at
the first stage of the MD simulation and the image 4 (b) presents the water box after formation the
nanobubble. Here, the surface mesh view was used to show the nanobubble surface in the system. The
nanobubble radius and the particle velocities in the —z:[00] direction was considered as 2.5 nm and 3
km/s, respectively. Therefore, the shock wave was formed and propagated in the z:[001] direction.
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Figure 4. Schematic view of a nanobubble, water box, water surface, and mirror wall under momentum mirror
protocol, (a) atomic view of the water box at the beginning of the simulation and (b) surface mesh view of the
water box after creating the nanobubble, Adapted from Ref. [89]

There is another protocol to generation of required shock-wave inside the system regarding the
collapse of the bubble which is known as real wall protocol [89]. In this method, the researchers
considered an aluminum (Al) slab as a real wall instead of the mirror wall. Their results indicated that
the real wall can react with the water molecules. They found that the bubble shrinkage and collapse
dynamics in the real wall protocol may be similar to the mirror wall protocol; however, a sooner
nanobubble collapse can be reached in the real wall protocol. In addition, a type of water vortices and
creation of an amorphous layer behind the nanojet can be formed during the nanobubble collapse in
the real wall protocol.
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1.3. Molecular Dynamics Simulation (MD) of Cavitation Bubble in Nanoscale

In the case of the simulation of nanobubble, the measurement of the attributes of the dynamic
of the nanobubble using experimental approaches or other numerical simulation is difficult. The
reason is due to the very small size of the nanobubble, the short nanobubble collapse duration and the
complex experimental techniques for capturing the quantitative parameters of the bubble dynamics.
For the simulation of bubble in nanoscale, the previous studies mostly used a Molecular Dynamics
(MD) based method to overcome experimental restrictions [62-66]. In addition, the MD method
can overcome some of the limitations which are mentioned for simulation of the bubble using other
computational methods such as Navier-Stokes equations, [67,69,70]. Using the molecular dynamics
(MD) simulation, different works were performed to investigate the collapse dynamics of bubbles
with a radius in the range of the nanoscale. Matsumoto et al. [71] investigated the dynamic of the
nanobubble collapse in a liquid using MD simulations. They considered a system with Lennard-Jones
liquid and a nanobubble containing gas of soft core particles. Their results showed significant heat and
mass transfer on the nanobubble surface after the compression of the system. Xiao et al. [72] indicated
that the local temperature of the fluid inside the nanobubble during the collapse phase can be increased
up to five times the system temperature surrounding the nanobubble. In addition, the researchers
already found that the local water temperature can be increased significantly during the nanobubble
collapse in the range of 4000 K, Lugli et al. [73]. They indicated that the duration of a nanobubble
collapse may be in 1-10 picoseconds. Figure 5 shows a result of velocity contours of nanobubble near
an aluminum slab with and without rough boundaries. In the images the shock wave propagation,
nanojet and nanohammer generation, and surface erosion can be observed for each cases.

(a) Al-FR/nanobubble/water

‘ 1.08 ps 1.44 ps ‘ 1.80 ps 204 ps \ 228 ps

(b) Al-SR/manobubble/water

0.96 ps \ 1.32 ps ‘ 1.68 ps i 180 ps

(e) Al-HR/nanobubble/water

Nanobubble

(0)] (II) (I1m) av)

Shock wave is propagated Water Water  Collision
and nanojet nanohammer and

reach the wall of nanobubble formation formation erosion

Figure 5. A result of the velocity contour of Al slab/nanobubble/water system during nanobubble collapse. The
images (a), (b) and (c) are the nanobubble dynamics collapse-induced erosion near an aluminum slab without
and with two different rough boundaries. The particle velocity (up) of 3.0 km/s was considered along z:[0 0 1]
direction. The initial radius of nanobubble and relative wall distance were 2.5 and 4.0 nm, respectively. Adapted
from Ref. [67].

Ikemoto et al. [75] performed the MD simulation to study the conditions inside a nanobubble.
Their results revealed that the nanobubble can be formed by negative pressure formation in the simple
Lennard-Jones system. Matsumoto [76] studied the surface tension and nanobubble stability in a liquid
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using a MD simulations. Their results revealed that large negative pressure region can be observed
from the behavior of the liquid in the surrounding the nanobubble. Sekine et al. [77] investigated
a liquid-vapor nucleation of Lennard-Jones fluid using MD simulations. They studied the nanobubble
formation, nanobubble collapse and boiling process. Liu et al. [78] studied a flexible water model
using molecular dynamics simulations. The effect of shock waves on the collapse of nanobubble
and generation of the nanojet in a system using MD simulation was performed by Vedadi et al. [62].
Their results showed a relationship between the nanojet’s behavior and the nanobubble’s radius
during the collapse process of the nanobubble. The cavitation nanobubble dynamics was studied
using MD simulations with assuming a hard sphere model for the species inside the nanobubble by
Schanz et al. [79]. A shock wave collision with a nanobubble was investigated using MD simulations
by Zhan et al. [66]. In their results, the formation of a nanojet was found which can be induced the
erosion on the solid surface due to the effects of the nanojet impact.

In some of the previous works, the effects of nanobubbles on the lipid or amorphous silica
using the MD simulations were investigated. For example, Nomura et al. [80] performed the reactive
molecular dynamics simulations to investigate the shock-induced by the collapse of the nanobubble
close to the amorphous silica boundary in water. They indicated that a water jet can be generated in
the nanobubble collapse stage. In addition, their results showed formation of a hemispherical pit on
the surface due to the nanojet impact on to the silica boundary. Shekhar et al. [81] investigated the
dynamics of the nanobubble dynamics near a silica boundary using billion-atom reactive molecular
dynamics simulations. They analyzed the shock-induced collapse of nanobubble on the boundary.
Their results showed that the collapse of a nanobubble can generate a nanojet with very high velocity
toward the surface which causes a pit on the silic boundary. Sun et al. [82] studied the effect of the
shock wave velocity on the nanobubble collapse dynamics near a membrane using MD simulations.
Their results showed that a deformation can be formed on the membrane due to the water nanojets
during the nanobubble collapse stage. They found that the pores on the membrane can be generated
when the shock velocities are sufficiently high.

Choubey et al. [63] performed the MD simulations to study the nanobubble collapse dynamics
and formation of the deformation on the lipid bilayers. They found the impact of a nanojet on the
lipid bilayers can induce a significant damage on the lipid bilayers. Santo and Berkowitz [64] studied
the shock wave induced by the collapse of arrays of nanobubbles near a lipid membrane. They used
a coarse-grained molecular dynamics simulations and their results revealed that the impact of the
shock waves on the nanobubbles may induce the nanobubble collapse and generate a nanojet near
the lipid membrane. In addition, they indicated that the pores can be formed on the lipid surface due
to the impact of the nanojet on the lipid boundary. Adhikari et al. [65] and Nan et al. [83]) studied
the shock wave-induced nanobubble collapse dynamics near a lipid membrane using coarse-grained
MD simulations. They assessed the extent of damage induced by the collapse of the nanobubble. In
addition, their results showed that the holes on the membrane can not be created in the absence of
bubbles. The effects of cavitation nanobubble collapse on the cell membrane’s integrity was studied by
Becton et al. [84] using MD simulations. They found that the the kinetic energy of the shock wave in a
small section on the membrane can penetrate at the edge of the cell membrane.

Wu and Adnan [85] performed the MD simulations to study the effects of a nanobubble collapse on
the structure of a neural network of the brain. They discussed about the effects of the size and location
of the nanobubble and shock wave induced damage on the structures. Hong et al. [86] investigated
the MD simulations to analyze the stability of the nanobubbles in water. They indicated that the
interbubble distance should be smaller than the maximum interbubble distance for stabilization of the
nanobubbles with a certain diameter. Zhou et al. [87] studied the exfoliation of the MoS; layers induced
by the nanobubble collapse using MD simulations. They found that in the collision stage of the nanojet
with MoS; layers, the surface temperature and pressure may reach a range up to 3000 K and 20 GPa,
respectively. Hu et al. [88] investigated the creation of holes in a bio-membrane induced by shockwave
multiple nanobubble collapse in presence of electric fields using MD simulations. Ghoohestani et al.
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[89] performed MD simulations to study the reactive-dynamic characteristic of a nanobubble near
a solid boundary. They demonstrated that the collision of a shock wave with the nanobubble may
induce the collapse of the nanobubble. In addition, their results showed the formation of a nanojet in
the nanobubble collapse process.

Zhang et al. [90] studied the nanobubble cavitation as an effective method for the degradation of
polyacrylamide (PAM) wastewater using MD simulation. Their results indicated that the collapse of
nanobubbles may induce high-velocity jets in the central region and may generate a deformation of
PAM molecular chains. Jiang et al. [91] investigated the shockwave-induced multi-bubble collapse
and its development and evolution process using MD simulation. They found that more energy can
be released for a greater number of bubbles. In addition, their results showed that the collapse speed
of two sides bubbles may be greater than that of the middle bubble, and the collapse time of the the
middle bubble is longer than the collapse time of the two sides bubbles. Figure 6 shows a velocity
distribution and a 3D map of the multiple-bubble collapse process dynamics.

(a) Velocity distribution of water molecules (b) 3D map of the collapse process

Figure 6. A result of (a) velocity distribution and (b) 3D map of the multiple-bubble collapse process dynamics,
Adapted from Ref. [91].

Xuetal. [92] performed a MD simulation with a coarse-grained force field to study the collapse
dynamics of double bubbles with a distance in vertical line. They indicated that the collapse time of
the bubble locating above of the other bubble can gradually increase with the increase of the bubble
distance. In addition, their finding revealed that the collapse time of the bubble locating below the
other bubble may be faster than that of the bubble located on top the first bubble. Tan et al. [93]
studied the dynamic behavior of nano-bubbles near a boundary of single crystal iron (Fe) using
molecular dynamics simulations. They found that the nano-bubble diameter is inversely correlated
with impact pressure. In addition, their findings showed that the cavitation erosion may induce a
structural evolution of iron atoms from bcc to fcc and hep structures.

2. Conclusions and Perspectives

In this review, an overview of the previous works on the simulation of the nanobubble dynamics
using molecular dynamics simulation was presented. The following aspects can be summarized form
the previous works:

The previous experimental works of the bubble dynamics were mostly performed by using a
laser for generation of the bubbles in mesoscale or millimeter-scale under ambient and free conditions.
However, an electric spark or acoustic waves were also used to generate the bubbles near boundaries
in the previous studies.

Different analytical approaches such as Rayleigh-Plesset, Gilmore equations and continuum-based
approaches like Navier-Stokes equations were used to study the bubble dynamics in macroscale. How-
ever, they often require different adjustments for consideration of the phase transition, thermodynamic
effects, compressibility, threshold of the cavitation or cavitation inception. In addition, corrosion and
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chemical reaction, phase transition, bubble induced-erosion on the surfaces and molecular effects
cannot be fully simulated using these approaches.

Therefore, the molecular dynamics simulations (MD) can be a powerful numerical simulation
method to successfully describe the physical properties of the bubble in nanoscale. A large-scale
atomic/molecular massively parallel simulator (LAMMPS) program was widely used in the previous
works to perform the simulations of the nanobubble dynamics.

Two different protocols for the generation of required shock-wave inside the system regarding the
collapse of nanobubble collapse dynamics were used mostly in the previous works known as mirror
wall protocol and real wall protocol. The nanobubble collapse dynamics in the real wall protocol was
similar to the mirror wall protocol. However, a form of water vortices and an amorphous layer behind
the nanojet can be formed during the nanobubble collapse in the real wall protocol.

Tow different ways were mostly performed for formation of the nanobubble in a MD system.
The first one is the voids of the bubble surface which are often created by simply removing fluid
molecules within a spherical region. The second way is gas-filled bubbles by filling the bubble with
a gas. However, one can see here is a lack of nanobubble simulation studies in which molecular
dynamics simulations are better consistent with the experimental observation of the laser-induced
bubble. That means, a type of laser-liquid interactions in the LAMMPS or other codes for the MD
simulation can be considered in the future for better simulation of the nanobubbles behavior, and the
related physical phenomena in a proper way.

In other words, a laser pulse can be simulated directed at the center of a water box in MD
simulation for transformation of the laser energy to the water molecules inside a specific region for
the future works. In this approach, a hot plasma with a high pressure can be formed and the plasma
energy through collision cascades within the water medium may generate a plasma-induced shock
wave. Through the dissipation of this plasma shock in a very short time, a nanobubble can be nucleate.

Most of the previous works used the coarse-grained molecular dynamics simulations for the
studying of nanobubble dynamics. However, the proposed algorithm and the obtained results can be
improved through all-atom and reactive simulations in the future works.
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