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Molecular simulations of
cavitation bubble dynamics

Yuequn Fu and Eirik Grude Flekkgy*

PoreLab, The Njord Centre, Department of Physics, University of Oslo, Oslo, Norway

We study the cavitation bubble that forms as a hano-scale spherical surface is
detached from a fat surface using molecular dynamics (MD) simulations. This
investigation maps the onset and early development stages of cavitation at the
nanoscale. We study the efects of variable pulling speeds and ambient pressures
on the dynamics of the vapor bubble. It was observed that a higher pulling speed
increases the cavitation volume but reduces the bubble’s lifetime. On the other
hand, ambient pressure variations signifcantly infuence both the maximum
volume and the collapse rate of the cavitation. The results are summarized in
a phase diagram that displays the efects of these varying pulling speeds and
ambient pressures. Signifcantly, the study corroborates a Family-Vicsek scaling
law for the bubble volume evolution.

cavitation, nucleation theory, nanobubble, lifetime, molecular dynamics

1 Introduction

Cavitation [1-4] occurs in a widely diferent context. Biological examples include
shrimp strikes [5], and technological examples may be found in ultrasonic cleaning [6]
and pumps [7]. Cavitation may be caused by superheating a liquid beyond its boiling
temperature or by reducing the liquid pressure below its saturated vapor pressure [8, 9].
T e mechanisms are sometimes categorized as hydrodynamic cavitation [10-12], acoustic
cavitation [13], and ultrasonic cavitation [14, 15]. Over the past decades, these phenomena
have been explored extensively through numerous theoretical [16] and experimental studies
[17-19], but mostly so in regimes where fuid inertia plays a main role [20, 21]. Our study
focuses on the overdamped process where inertial forces are dominated by viscous and
pressure forces and molecular dynamics is used in order to capture the nucleation event
in addition to the subsequent hydrodynamics.

Classical nucleation theory (CNT) has traditionally been utilized for the prediction
of nucleation rates [22, 23], which captures the qualitative features of the phenomenon,
but falls short of making accurate quantitative predictions, although the inclusion of a
curvature dependent surface tension has led to some progress [24]. T e seminal work by
De Luc [25] focused on superheated water, detailing a method using an oil bath to raise the
water temperature to 122.5°C, while subsequent works have obtained even higher super-
heating by use of various host liquids [26—28]. High stationary negative water pressures
have also been obtained [29], while experimental studies utilizing laser-induced cavitation
has been applied to further examine the evolution of these bubbles, demonstrating a phase
of rebound and highlighting the thermodynamic infuences on bubble size, nucleation rate,
and lifetime [30].
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Te intricate morphology of cavitation bubbles has sparked
signifcant interest across various academic disciplines [31]. Tis
morphology is infuenced by several factors, such as the molecular
nature of the fuid, the ambient pressure, and temperature variations
[20, 21], giving rise to a multitude of forms, including spherical,
ellipsoidal, jetting, clustered, and vortex-induced shape variations
[21]. Spherical cavitation bubbles are predominant in fuids with
uniform pressure and within relatively quiescent environments [32].
In contrast, ellipsoidal cavitation bubbles emerge in non-uniform
conditions, particularly in dynamic fow [33]. T ere are instances
where multiple cavitation bubbles exhibit mutual attraction and
assemble into chain-like confgurations [33]. T roughout their
lifecycles, cavitation bubbles undergo shape transformations,
transitioning between spherical, oval, and other forms [30].
Moreover, observations reveal a symmetrical relationship between
the growth and collapse phases of these bubbles. Te collapse
of cavitation bubbles can lead to various phenomena, including
spherical implosions, jet formation, toroidal confgurations,
shockwave emissions, fragmentation, or the generation of secondary
bubbles, ofen occurring either independently or in conjunction
with one another [20, 21, 31].

Departing from the more common scenario where the bubble
formation and collapse is dominated by inertial efects Combriat
et al. [34] investigated how penny-shaped cavitation bubbles form
and evolve when a spherical surface separates from a fat substrate
under low Reynolds number conditions. Using a piezoelectric
element to control the sphere-plate separation, they monitored
surface separations at nanometer scales and recorded the bubble
evolution with high-speed imaging, observing interface branching
due to Safman-Taylor instability and secondary nucleation at
negative pressures 010 atm. Notably, they established a Family-
Vicsek scaling law [35, 36] for the projected bubble area as a function
of time, as shown in Equation 1.

_ t
A =An T() )
m
where A, 0t5,a=—-05 +0.02, A, is the maximum bubble area
and t,,, the bubble lifetime.

Te current study is devoted to the generation and analysis
of a nanoscale cavitation bubble initiated by the withdrawal of a
silica sphere from a silica base within the framework of molecular
dynamics simulations. While Combriat etal. [34] relied on the
Stokes equation to describe the evolution of a preexisting bubble
in the limit where the pulled sphere had a much larger radius than
the bubble, we extend this study by applying molecular dynamics to
capture the nucleation event itself without the restriction of a scale
separation between the bubble and sphere radius. In our case, the
Reynolds number was calculated by the following Equation 2.

@

where p is the density of water, v is the pulling speeds, d is the
diameter of spherical silica ball (10 nm) and n is the dynamic
viscosity of water. Remaining at low Reynolds numbers (0.01 <
Re < 1.5), the fow remains steady, smooth and viscous, where
viscous forces dominate over inertial forces. However, rather than
the projected bubble area of a bubble that is essentially fat, we
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consider the bubble volume and its evolution, verifying the scaling
law, as shown in Equation 3.
t
V) =V 1() (©)
m
where V,,, 03, V,, is the maximum bubble volume and t,, the
bubble lifetime. In our simulations we obtain a = —0.65 +0.02. Tis
scaling law is established by varying the pulling speed v of the
sphere. By varying the background pressure P, as well, we proceed

to establish a v-P phase diagram for the occurrence of cavitation in
the frst place.

2 Models and methods
2.1 Atomistic modeling

Given the demands on extensive simulation time, a hybrid
system that combines the mW (a coarse-grained model of water)
[37, 38] and the crystal silica model [39] has been selected. Te
simulations resolve transient fow and bubble dynamics, which on
a larger, coarse-grained scale would be described by the unsteady,
compressible Navier-Stokes equations at low Reynolds number. T is
model encompasses three types of atoms: mW water molecules,
silicon atoms, and oxygen atoms. T e water model can simulate the
transition from liquid water to vapor by means of a many-body
potential, enabling precise calculations of nonbonding interactions,
hydrogen bonding, and phase transitions [37]. Te potential for
crystalline silica is grounded in the Ab initio calculation of o-
quartz, ensuring an accurate simulation of silica surfaces. Tis
modeling approach provides a robust foundation for studying
complex phase behaviors and surface interactions at the molecular
level. Between water and silica, a Lennard-Jones potential [40] was
chosen to capture the interaction with a cutof distance of 9.0 A,
calculated by Equation 4.

12 6
Eu=4[(D) - ()] @)

Where r is the distance between two particles, € is the depth
of the potential well, and ¢ is the distance at which the internal
potential energy is zero. More parameter details are shown in Table 1
and Figure 1, which exhibits the schematic of the simulated box.
T roughout, the simulated box has a size of 22.13 nm x 22.13 nm
x 32.27 nm, and is flled with water molecules, including a silica
particle sphere and a fat silica substrate, a total of 543,211 atoms,
labelled by diferent colors. As shown in Figure 1A, the silica
substrate is 15 nm x 15 nm and the silica particle has a diameter of
10 nm. Indeed, fnite size efects are expected to be important, and
so the simulations should be considered to describe cavitation under
confned conditions.

2.2 Molecular dynamics (MD) simulations
methods

T e Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) [41] was utilized for conducting the molecular
dynamics simulations in this study. Prior to the simulations,
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TABLE 1 The parameters in LJ potential between diferent atoms.

T T

H,0: Ogio 0.00796 3.2239
H,0: Sigo 0.00333 3.8207
Si: Si 0.00173 40534
Si: Ogo 0.00988 2.8598

the system underwent an energy minimization process using the
steepest descent algorithm to ensure its stability. Te molecular
dynamics simulations were performed within both the NPT
(constant number of particles, pressure, and temperature) and NVT
(constant number of particles, volume, and temperature) ensembles.
T e system was maintained at a temperature of 300 K, regulated by
the Nose—Hoover thermostat [42], and a pressure of 1 bar, controlled
by the Parrinello-Rahman barostat [43]. T e coupling constants for
temperature and pressure were set to 1 ps and 10 ps, respectively,
facilitating accurate and stable simulation conditions. T e timestep
for the simulation was 1 femtosecond (fs), allowing for precise
tracking of the molecular dynamics over time.

To facilitate the pulling of the silica particle, counter-pulling forces
were exerted on both the silica ball and the silica substrate. Specifcally,
harmonic springs were attached to the center of mass of the silica ball
and then pulled away at a uniform velocity [44]. T e silica substrate
remained stationary at its original location throughout the process.
Te pulling forces applied to the silica sphere were a direct result of
the stretching of these harmonic springs, which were confgured with
a uniform force constant of 400 kcal mol™ A2 and a moving speed
set at a constant speed. For the set of simulations where the variation
of pulling speeds in the range from 1 m/s to 150 m/s, were explored,
the pressure varied between 0.5 atm and 1,000 atm. T e simulations
were stopped once the cavitation bubble was fully dissipated. Te
volume of the cavitation bubble was determined by calculating the
surface mesh [45]: Using a probe sphere radius of 3.5 A points in
the void were identifed as those where the probe sphere centered
in that point contained no atoms. For the visualization of these
complex processes, the graphic rendering was accomplished using
the sofware OVITO [46].

3 Results

Cavitation is initiated by applying an upwards external force to
the silica ball that controls the given pulling speed at which the ball
moves away from the silica substrate within an aqueous medium.
T is approach focuses on examining the morphology of cavitation
bubbles and investigates the factors infuencing their maximum
volume and lifespan. In our case the cavitation is heterogeneous,
always originating at solid surfaces.

3.1 Creating cavitation bubbles

Te Reynolds number (Re) in this investigation is less than 1,
implying a regime of creeping fow with pulling speeds ranging from
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1m/s to 150 m/s. Cavitation occurs at speeds exceeding 10 m/s,
while lower speeds fail to produce bubbles. T e separation creates a
negative pressure zone at the detachment point due to viscous forces
and the displacement of the surrounding water. T is abrupt pressure
reduction leads to the formation of a cavitation bubble. Once the
bubble reaches its maximum volume it begins to collapse. During
the collapse, there is a long, cylinder-shaped bubble that aligns with
the pull direction. Eventually, it breaks up into a smaller bubble that
forms onto the silica ball, whereas a larger one adheres to the fat
substrate surface. T e larger bubble eventually shrinks to zero on the
substrate surface, and despite the continued movement of the silica
ball, no subsequent bubbles are formed.

3.2 Morphology of cavitation bubbles

T e morphology and volume evolution of the cavitation process
is captured in Figure 2, with a more detailed dynamic progression
available in the Supplementary Material (Cavitation-process.mp4).
Te dynamics are visualized using a surface mesh analysis and a
graphic rendering technique. Initially, each cavitation bubble adopts
a donut-like shape matching the radius of the silica particle, as
illustrated in Figure 2. T is torus shape is governed by the wetting
properties of the surfaces and changes to a spherical topology as the
ball leaves the surface. T e process thus encompasses four distinct
stages: the donut-like formation, cylindrical growth, and fnally,
collapse. Commencing with the donut-like formation, the external
radius of the cavitation bubble is approximately 2.5 nm. T e pressure
diferential thus induced leads to the formation and growth of the
cavitation bubble into its cylindrical phase. During this phase, while
the horizontal dimension of the bubble contracts, its longitudinal
expansion continues until it reaches a peak volume of approximately
50 nm?®. Beyond this growth phase, further pulling enhances only
the longitudinal height, not the overall volume of the bubble. During
the collapse phase, vapor condensation and compression shrinks
the bubble into an hourglass shape as depicted in Figure 2d, and
eventually splitting into two distinct bubbles (Figure 2e), with the
top bubble being smaller and collapsing more rapidly than the larger
bottom one. Te fnal stage marks the disappearance of the last
bubble, completing the cavitation process.

3.3 Cavitation formation under various
pulling speeds and ambient pressures

3.3.1 Pulling speed dependence

In an NVT ensemble, the application of a pulling force
serves as the sole source of mechanical energy input, while the
thermostat supplies thermal energy. T e mechanical forces compress
the surrounding water around the silica ball, facilitating the
growth of a cavitation bubble that forms under negative pressure
conditions locally.

Figure 3a Shows the volume of the cavitation bubbles with
time when the ambient pressure P = 1 atm. Here, varying pulling
speeds result in bubbles of diferent sizes and lifetimes; specifcally,
slower speeds tend to produce smaller bubbles with longer lifetimes,
whereas faster speeds generate larger bubbles that have shorter
lifetimes. Figure 3b shows a data collapse of the cavitation volumes
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FIGURE 1

(a) Schematic of the simulation system, a rectangular box consisting of nano-silica particles, plane silica substrate, and liquid water. The whole
simulation box is flled with water. (b) Schematic of the initial cavitation: An external force was applied to the silica sphere in order to set a fxed pulling
speed by which the sphere was separated from the silica substrate, thus generating a cavitation bubble.

FIGURE 2

The relationship curve of pulling time with cavitation volume, (a—f): morphology of evolution of cavitation excited by pulling. The ftting curve is
achieved by Savitzky-Golay flter [47, 48] for the purpose of smoothing a set of data.

and lifetime, using the data from Figure 3a normalizing the volume
by its maximum value and the time by the lifetime. T is relationship
mirrors fndings from both experimental and numerical studies of
micron-scale cavitation bubbles [30]. Te maximum volume V ,
exhibits a direct, positive correlation with the velocity as VP ,where
B =0.3£0.01, as depicted in Figure 3c. A comparison of the times
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to reach the maximum bubble volume indicates that under higher
pulling velocities, the growth period of the bubble is shorter than
the period of collapse. T e growth and collapse curves of the bubble
volume are not perfectly symmetrical. During the growth phase, the
water pressure under the ball decreases, creating the conditions for
cavitation. Figure 3d shows the correlation between the maximum
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FIGURE 3

noise source in these curves.

The maximum volume of cavitation bubble V,, versus v, the pulling speed. (a) Bubble volume versus time, (b) Collapse of the data (dots) and their ftting
data (line) showing the bubble volume normalized by its maximum value versus time normalized by the lifetime, (c) Relationship between cavitation
maximum volume and pulling speed, the hollow squares show the original data while the red line shows a linear ft. (d) Relationship between cavitation
maximum volume and lifetime under constant pressure of 1 atm. (e) Corresponding to (d), the relationship between pulling speeds and lifetime. Due to
molecular fuctuations the exact point at which the cavitation bubble will nucleate, will vary from one simulation to the next, and so there is a natural

volume and the lifetime of cavitation bubbles, and Figure 3e
shows the lifetime as a function of pulling speed. Under varying
pulling speeds, a larger cavitation volume correlates inversely with
lifetime, showing that quicker bubble growth leads to shorter bubble
Iifesplans. Tis inverse relationship is quantitatively expressed as At
Ov e,

3.3.2 Pressure dependence

Figure 4a explores the efects of the ambient pressure on the
formation and collapse of cavitation bubbles. It is evident that
the surrounding pressure is a critical factor in the dynamics
of cavitation. In this regime the Reynolds number (Re) is
still small. Under constant pulling speeds of 80 m/s, cavitation
bubbles formed under higher pressures are noticeably smaller
than those under lower pressures.
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Afer data normalization, Figure 4b shows the results across
varying pressures. T ese curves are also asymmetric, indicating that
higher ambient pressures delay the achievement of maximum bubble
volume within the bubble’s lifecycle, a departure from behaviors
observed in microscale studies *2. Summarized in Figure 4c is the
relationship between the ambient pressure and the maximum bubble
volume, where the maximum volume V,, scales with pressure,
approximately following O P %5 law over a limited range for P >
100 atm. Since this pressure represents the driving force that causes
rapid bubble collapse, bubbles under high pressure are smaller and
have shorter lifetimes.

In order to explain this behavior, note that at a given pulling
speed the system has an intrinsic pressure scale, which is the pressure
variation around the ball that is created by its motion. An order
of magnitude estimates of this pressure AP may be obtained from
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FIGURE 4

V,, is the maximum volume of cavitation bubble and P is the liquid pressure, at a constant pulling speed of 80 m/s. (a) Bubble volume variation with
time, (b) Rescaling of simulated result (dots) for the bubble volume normalized by its maximum value versus time normalized by the bubble lifetime
along with a ftted curve (using the Savitzky-Golay method) where the diferent colors stands for diferent pressures. (c) Relationship between the
cavitation maximum volume and pressure. The hollow squares show original data while the lines are linear ftting result. (d) Relationship between
cavitation maximum volume and lifetime under constant pulling speeds of 80 m/s. (e) Corresponding to (d), the relationship between the lifetime and
pressure. Here again, hollow symbols show the original data while lines are the ftting results.

the Stokes equation as AP is approximately equal to pv/d, where
| is the water viscosity, d the ball diameter and v the pulling
velocity. Using v =80 m/s gives AP approx. 80 atm, which agrees well
with the crossover pressure value observed in Figure 4c. Figure 4c
shows that, under constant pulling speeds, the maximum volume
attained by a cavitation bubble diminishes with increasing ambient
pressure. Figure 4d shows how the maximum volume correlates
with the lifetime when the ambient pressure is the varying control
parameter. Here the maximum volume increases with the lifetime,
in sharp contrast to the behavior shown in Figure 3d where the
opposite is the case. Figure 4e shows the lifetime of the bubble as
a function of P. Over a limited range of high pressures this data
may be represented as, At (1 PY where y = —0.33, demonstrating
a decline in bubble lifetimes with higher pressures, as one would
expect from the fact that the ambient pressure governs the forces that
cause collapse.
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3.3.3 Phase diagram

Figure 5 presents a parametric study designed to obtain the
critical conditions necessary for cavitation, utilizing a range of
pulling speeds and ambient pressure to explore the nucleation
thresholds. Tis Figure shows how the pulling speeds ambient
pressures controls the conditions for cavitation in addition to the
interfacial tension [21]. In Figure 5, the colors and sizes of the
depicted circles represent the relative volumes of the cavitation
bubbles, providing a visual summary of how these variables combine
to infuence cavitation dynamics.

4 Discussion and conclusions

Tis study utilizes molecular dynamics (MD) simulations to
model the nucleation and development of cavitation bubbles
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FIGURE 5

10.3389/fphy.2025.1614785

Phase diagram of cavitation under a series of pulling speeds and pressure. The possibility of cavitation is calculated from the maximum volume of void
divided by the critical volume of the bubble that can be recognized as a cavitation bubble. The possibility of 1 or bigger means that cavitation can occur.
The red line separates the region where this value is smaller/larger than unity, while the colors represent the relative size of the cavitation bubbles.

caused by the separation of a silica sphere from a fat silica
substrate. T e simulations trace the early growth stages of these
cavitation bubbles, identifying four distinct evolutionary phases
characterized by their morphologies. To systematically explore the
efects of mechanical and thermodynamic variables on cavitation
dynamics, the simulations vary both the pulling speeds and the
ambient pressures. T e study particularly focuses on quantifying the
maximum volumes attained by the bubbles and their lifespans under
diferent conditions. Te fndings reveal that nanoscale cavitation
dynamics satisfy a Family-Vicsek scaling law for the case where
the pressure is kept constant, and the pulling speed varies. Higher
pulling speeds lead to larger maximum volumes of cavitation
bubbles; however, these increased volumes do not correlate with
longer bubble lifespans. Instead, the lifespan of a bubble under
high pulling speeds has a faster growth and collapse cycle, and
consequently, larger bubbles have shorter lifetimes, contrasting with
inertial bubble dynamics.

Tedatacollapse in Figure 3b, which supports the interpretation
in terms of a Family-Vicsek scaling law is a key result of this
paper. Te fact that the collapse is not perfect, is likely to have
two reasons: noise and limited pulling speeds. T e noise sources
include discretization efects in the measurement of the bubble
volumes and thermal noise: T e exact pressures at which nucleation
happens is governed by thermal fuctuations which will cause
diferent bubbles to nucleate at somewhat diferent times, and so
their subsequent hydrodynamic evolution will have slightly diferent
initial conditions. T e efect of pulling speeds is studied in detalil
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by Combriat etal. [34], where the Stokes equation is applied to
predict a data collapse which is similar to the one shown in Figure 3b
(only replacing the maximum volume by the maximum projected
horizontal area) under the condition that the pulling speed is large
enough. So, in the present context we would expect the collapse to
improve within the noise as the speed is increased. T is is indeed
observed by inspection of the red lines in Figure 3b, which come
close to falling on top of each other. T ere is no detectable crossover
behavior at the higher velocities in Figures 3b—e. T is indicates that
the cavitation process and bubble evolution is not strongly afected
by inertial efects.

In contrast to the results shown in Figure3, the
results of Figure 4 where we are varying the ambient pressure,
keeping the pulling speed fxed, the lifetime increases as the
maximum volume increases.

Te data presented in Figures 3, 4, may serve as a foundational
reference for further experimental and theoretical studies of
cavitation processes, potentially leading to the development
of predictive models that can accurately forecast cavitation
behavior under a variety of conditions. A potential application
being to optimizing the operational parameters for systems
susceptible to cavitation damage. Our results are also used to
create a phase diagram that delineates the conditions under which
cavitation is induced through pulling. Stochastic nucleation events,
driven by thermal fuctuations, introduce variability in bubble
initiation times. Limited statistical sampling may obscure subtle
pressure-dependent  thresholds. Te idealized sphere-plate
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geometry neglects real-world complexities, such as surface
roughness or asymmetric geometries, which could alter bubble
morphology and stability. Recent studies indicate that frst
order phase transitions, such as the liquid-vapor transition, are
signifcantly afected when they occur in systems that are maintained
away from equilibrium [49]. By contrast, our initial states are always
in equilibrium, and they have fxed wettability conditions. As the
wettability afects the size of the nucleation barriers, systematically
changing the water-solid interactions energies would amount to an
interesting extension of the present study. Tis has been done in
larger scale simulations on the mesoscopic level using fuctuating
hydrodynamics [50, 51]. Future work should integrate multiscale
simulations, experimental validation, and explorations of complex
geometries to unravel the interplay between interfacial properties,
thermal fuctuations, and hydrodynamic forces. Such eforts will
deepen insights into nanoscale mechanical stability and guide the
design of cavitation-resistant materials.

We fnally note that at the nanoscale, establishing a defnitive
critical point for the transition between cavitation and non-
cavitation is challenging due to the formation of small cavitation
bubbles, even under conditions of relatively high pressure and low
pulling velocity. T e reason for this is that the wetting property that
is set by the water-silica interaction, makes tiny bubbles at the point
of closest contact, energetically favorable even when the system
is in equilibrium. Tis observation separates the current bubbles
from those that are commonly reported in studies at other scales
[21, 31], suggesting scale-dependent diferences in the nucleation
process. Our approach provides insight into the mechanical stability
of nano-scale systems.
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