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Recent progress on the jetting of single deformed cavitation bubbles near
boundaries
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Abstract: Cavitation occurs widely in nature and engineering and is a complex problem with multiscale features in both time and
space due to its associating violent oscillations. To understand the important but complicated phenomena and fluid mechanics behind
cavitation, a great deal of effort has been invested in investigating the collapse of a single bubble near different boundaries. This
review aims to cover recent developments in the collapse of single bubbles in the vicinity of complex boundaries, including single
boundaries and two parallel boundaries, and open questions for future research are discussed. Microjets are the most prominent
features of the non-spherical collapse of cavitation bubbles near boundaries and are directed toward rigid walls and away from free
surfaces. Such a bubble generally splits, resulting in the formation of two axial jets directed opposite to each other under the
constraints of an elastic boundary or two parallel boundaries. The liquid jet penetrates the bubble, impacts the boundary, and exerts a
great deal of stress on any nearby boundary. This phenomenon can cause damage, such as the erosion of blades in hydraulic
machinery, the rupture of human blood vessels, and underwater explosions, but can also be exploited for applications, such as
needle-free injection, drug and gene delivery, surface cleaning, and printing. Many fascinating developments related to these topics
are presented and summarized in this review. Finally, three directions are proposed that seem particularly fruitful for future research
on the interaction of cavitation bubbles and boundaries.
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0. Introduction

Cavitation is a fascinating hydrodynamic pheno-
menon that occurs ubiquitously in nature and
engineering applications. It refers to the formation,
growth, and collapse of cavitation bubbles due to the
breakdown of liquid under very low local pressures in
high-speed flows. Through violent oscillations in both
shape and volume, cavitation bubbles can produce
significant mechanical and thermal effects in the
liquid medium and on the surrounding boundaries.
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These remarkable effects and inherent complex dyna-
mics have made cavitation a topic of long-standing
interest in fields such as hydraulic machinery and
biomedical engineering.

The study of cavitation began with Reynolds and
Parsons, who examined the failed trial of a British
warship in 1885. They suggested that an implosion of
water vapor bubbles damaged the propeller blade and
named this phenomenon “cavitation”. The destructive
effects of cavitation can cause damage and break-
downs in numerous other types of hydraulic machi-
nery, including hydraulic turbines, pumps, and
artificial heart valves. The associated flows typically
cavitate within their low-pressure zones, such as
regions of flow separation and vortex cores. In nature,
the destructive potential of cavitation is used as an
effective tool by peacock mantis shrimps to hunt their
prey. Furthermore, cavitation also occurs in liquid-
propelled rocket engines, lubricated bearings trees,
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inkjet printing, and microfluidic pumps. Biomedical
fields also benefit from the remarkable properties of
cavitation for destroying kidney stones during litho-
tripsy, emulsifying the natural optical lens during
cataract surgery, delivering drugs and targeting cells
in a highly controllable way, intraocular surgery, and
needle-free drug injection.

Cavitation is a complex problem with multiscale
features in both time and space resulting from violent
oscillations. Cavitation bubbles are seldom spherical,
as they form next to boundaries. Instead, they deform
and produce jets when interacting with nearby boun-
daries. These processes also generate vortices, shock-
waves, toroidal bubbles, and the breakup of surfaces
at various stages of the bubble dynamics. To under-
stand the important but complicated phenomena and
fluid mechanics behind these processes, much effort
has been invested in investigating the collapse of a
single bubble near different boundaries. The literature
related to bubble dynamics and cavitation has been
summarized by several researchers since 1977!"¢.
Cavitation bubbles near boundaries were reviewed
first by Blake and Gibson in 1987 in the Annual
Review of Fluid Mechanics™. At that time, although
experimental observations with high-speed cameras
led to developments in understanding the collapse of a
cavitation bubble, most of these results were restricted
to a sequential picture of the bubble shape, leading to
estimates of particle velocities on the bubble surface.
Few attempts were made to measure pressures on the
boundaries. Thirty years later, fantastic progress has
been made in theoretical modeling, experimental
observations, and numerical simulations. Prosperetti*!
summarized the fundamental physics of vapor bubbles
in liquids, and in particular, the essential differences
from bubbles mostly containing a permanent gas. The
article showed that experiments on vapor bubbles are
of particular value in shedding light on the detailed
physics of phase changes, some aspects of which are
still very poorly understood. Dollet et al.') reviewed
recent developments in bubble dynamics in soft and
biological matter for different confinement conditions.
In contrast with articles published in the Annual
Review of Fluid Mechanics, this review focuses on
recent developments and new phenomena related to
the physical mechanisms and engineering applications
of the collapses of single cavitation bubbles near
single and parallel boundaries.

1. Bubble collapse near single boundaries

1.1 Rigid walls

The non-spherical collapse of a cavitation bubble
near a rigid wall is a classic topic in bubble dynamics
and critical to understanding the mechanism of ero-
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sion by hydrodynamic cavitation. During non-spherical
collapse, a cavitation bubble creates a high-speed
re-entrant jet directed toward the rigid surface. Upon
impact, the water hammer pressure produced is
considered sufficiently high to erode the wall surface.
The liquid jet then spreads along the rigid surface with
high shear rates after the impingement, which is
beneficially exploited in fields such as ultrasonic
cleaning and ultrasonic mixing. The details of the
bubble dynamics and jet formation near boundaries
strongly depend on the stand-off distance y =

d/ R, whichis defined as the distance of the initial

location of the bubble center from the boundary d
scaled by the maximum bubble radius R .

1.1.1 Cavitation-induced microjets

Kornfeld and Suvorov'”! were the first to suggest
that a bubble might collapse asymmetrically and pro-
duce a re-entrant jet pointing toward a rigid wall due
to the existence of a pressure gradient™. Since then,
the jetting dynamics of a cavitation bubble near a rigid
wall has been widely studied via experiments, nume-
rical simulations, and theoretical modeling” ¥, Many
studies have suggested that the re-entrant liquid jet
reaches a velocity of the order of 100 m/s, and a
diameter approximately 10%-30% of the maximum
bubble diameter, i.e., a cavitation bubble of 2 mm
diameter produces a jet that is approximately 200
um-600 pm wide at » > 0.3. Overall, the jet velocity

increases with y for y>0.3.

Recently, the formation and characteristics of jets
have been investigated for bubble colla?ses extremely
close to a rigid wall. Lechner et al.l"! reported the
generation of very fast and thin jets when y<0.2

using axisymmetric volume of fluid (VOF) simula-
tions. Such jets were found to propagate at supersonic
speed inside the bubble and even reached ~1 300 m/s
for y=0.1, which is an order of magnitude faster

than the regular jet mentioned above. This type of jet
is called a needle jet in the study by Reuter and Ohl,
who studied its dynamics using ultra-high-speed
imaging at five million frames per second with
femtosecond illuminations''®. A special observation is
shown in Figs. 1(a;), 1(ay), with a kink appearing at
the bubble surface at the late stage of the collapse,
which is the result of a boundary-parallel cylindrical
flow that converges on the axis of symmetry. The kink
then hits the axis of symmetry and creates a high
pressure at the stagnation point, which instantaneously
accelerates the liquid downwards, leading to the
formation of the needle jet. This jet formation mecha-
nism was also confirmed numerically by Lechner et
al.'! as shown in Fig. 1(b). What makes the needle
jet distinct from a regular jet is the presence of a
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cylindrical flow converging on the axis of symmetry
before the bubble’s top surface develops into a jet.
Such a process magnifies the driven pressure to be a
hundredfold larger than that of a regular jet, and
therefore the jet is accelerated to 10 times the speed. A
similar phenomenon has also been observed in other
axisymmetric convergent flows, such as the so-called
Worthington jet!'®?. The stand-off regime of the
needle jet is rather narrow, as identified by Reuter et
al. (Fig. 1(c)). However, the thin jet detail inside the
bubble has not been captured due to the inherent diffi-
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culty of using a visible light source for illumination in
a shadowgraph. However, the details of regular jets
and toroidal bubbles can be clearly visualized using a
phase-contrast imaging method with an X-ray as a
light source”"!, which might be one solution for
revealing the needle jet experimentally.

The velocity of a microjet is an important para-
meter in evaluating the strength of the impact, whether
disruptive or beneficial. For example, the impinge-
ment of a liquid jet on a rigid boundary creates a water
hammer pressure whose peak value is approximately
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(a) Side view and magnified view of the region where the needle jet is formed
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(b) Velocity fields obtained from a numerical simulation
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(c) An illustration of the stand-off regimes with either regular or needle jetting and the occurrence of the kink

Fig. 1 (Color online) The formation and development of the needle jet. In (c), three regimes are classified: (1) The formation of
the needle jet (7 <0.17), (2) The formation of the cylindrically convergent flow, resulting in a circumferential kink

(7 <0.68) and (3) The formation of the regular jet (y >0.17) '3
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linearly dependent on the impact velocity. As the
microjet velocity is of the order of 80 m/s, the
resulting water hammer pressure can reach 100 MPa,
which is higher than the yield strength of most
materials. Until now, numerous numerical and experi-
mental studies have attributed the cavitation erosion of
material surfaces to the impact of microjets!*?*.
However, the microjet velocity is found to be a com-
plex function of the stand-off distance g, as shown in

Fig. 2. A separation in jet regimes around y=0.2 is

created by different sources of the driven pressure
acting on the top surface during jet formation. For the
regular jet, the driven pressure is the pressure that
builds up near the bubble’s top surface as the bubble
shrinks. Meanwhile, for a needle jet, this driven
pressure comes from the stagnation pressure when the
annular flow hits the axis, which is one order higher
than that of a regular jet. The microjet velocity
increases as the bubble moves away from the rigid
boundary when y > 0.2. However, the strength of the

jet acting on the boundary might not increase. This is
because a liquid film exits between the rigid boundary
and the bubble’s lower surface™. The re-entrant jet
has to travel in water for a certain distance before
reaching the wall after piercing the bubble’s lower
surface. This results in a significant loss of energy that
attenuates the jet speed and subsequent impact pre-
ssure. In contrast, for small stand-off distances, the
microjet hits the wall almost simultaneously and
therefore has a higher impact pressure. However, the
role of microjets has remained inconclusive since in
some works, under some circumstances, no damage
from the jet was reported, or the surface damage as a

function of » was not consistent*>’".
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Fig. 2 (Color online) The jet velocity U, versus the stand-off

distance y . The filled squares are experimental data

from Phillip and Lauterborn™, while the open circles
are simulation results from Lechner et al.’”. The
simulation indicates a separation in jet regimes around
¥ =0.2, below which supersonic fast and thin jets (also

called needle jets by Reuter and OhI"®) occur
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1.1.2 Shockwaves

Multiple shock waves are induced at various
stages. For instance, during the initial expansion, a
high-speed microjet pierces the lower bubble surface,
and the bubble reaches its minimum volume and
subsequently collapses after a rebound. The timing,
duration, and strength of the shock waves have been
analyzed in experiments and simulations. Yet an
understanding of the contribution of each shock
emission mechanism behind bubble deformation near
a rigid wall is still lacking due to the insufficient
bandwidth of the sensor and frame rates in experi-
ments and limitations in multiscale modeling. The
fast-rising pressure behind the shock front can reach
GPa values within a few nanoseconds and is applied
in engineering applications such as shock wave
lithotripsy cancer therapy, and sterilization.

Blake et al.”" captured and described the origin
of multiple shock waves radiated as a cavitation
bubble approach and reaches its minimum volume
using a high-speed camera with a frame rate of
2.0x107 per second. Although limited to eight frames
captured in one experiment, their observations are
valuable for achieving a better understanding of the
recorded acoustic traces. Compared with spherical
collapse, the compression of the bubble content is less
violent, and sound emissions are diminished as the jet
penetrates through the bubble, leading to a toroidal
bubble before it reaches its minimum volume'**.
Moreover, upon impact, a splash occurs and ejects
liquid into the toroidal bubble. The distorted and
collapsing toroidal bubble then generates a vortex ring
when the jet spreads. Under these circumstances,
energy is transferred to the rotation of the toroidal
bubble and the jet, and as a result, the bubble is
compressed less. Recently, more experimental studies
have been carried out to precisely measure the
shockwave. Supponen et al.**! estimated the strengths
and timings of the distinct shock waves produced by
the collapse of bubbles with geometries varying from
highly spherical to strongly deformed by a nearby free
surface. Gonzalez-Avila et alP®! systematically
analyzed the acoustic transient for 04<y <52 .

They measured a peak pressure of up to 10° kPa gene-
rated during the collapse of a bubble, which lasted for
several tens of nanoseconds. These shock waves
generated by the collapse of the bubble were shown to
propagate radially outward along the rigid wall. Such
emitted shock waves were also identified as the main
sources of cavitation erosion”. However, large tem-
peratures are expected to develop as the bubble
proceeds toward its minimum volume®*. This
makes acoustic pressure evaluation exceedingly
demanding. The prediction of the damage potential of
shock waves emitted by non-spherically collapsing
bubbles is still an open problem.
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1.1.3 Vortex and wall shear flow

After jet impact, two flow patterns are found
depending on the stand-off distance between the
bubble and the wall: (1) A free vortex that translates
into the bulk liquid away from the rigid wall. (2) A
wall vortex that moves along the wall and spreads
radially over the wall.

Brujan et al.*”) conducted a numerical simulation
to investigate the velocity and pressure fields in the
liquid surrounding a bubble. They found that a vortex
ring was formed after the jet impacted the boundary
and then spread along the boundary. Reuter et al 4!
investigated the flow fields of bubble collapse using a
hybrid particle image velocimetry/particle tracking
velocimetry (PIV/PTV) technique and summarized the
vortex behavior as a function of y : A free vortex for

0.5<y<1.3 and a wall vortex for y>1.36. The

radius of the circular region of a high wall shear from
the stretching vortex can exceed the maximum radius
of the vortex-generating bubble. The generation of a
wall vortex and free vortex was also identified when a
laser-induced bubble oscillated near the sand bed in a
study by Sieber et al.**!. This study showed that the
subsequent formation and development of vortex
flows are determined mainly by the way that bubbles
collapse. Saini et al."*! conducted a direct numerical
simulation of the formation of a vortex ring after the
collapse of a bubble. Figure 3 shows the velocity
fields in two representative cases: A free vortex and a
wall vortex. Their results revealed that during the

collapse, an annular jet parallel to the wall is formed,
resulting in an upward flow that generates a free
[44] . . .
vortex. Huang et al."™ carried out a numerical simu-
lation to analyze the effects of wall wettability on
vortex flows induced by collapses of cavitation bubble
near a rigid wall (see Fig. 4). The wall wettability was
modeled by the contact angle and slip velocity.
Cavitation bubbles are known to induce a strong
shear flow on the rigid surface to remove attached dirt
particles and thus clean the surface. Ohl et al.*”
captured the motion of fluorescent particles on sur-
faces with streak images to resolve the tangential flow
from a laser-induced bubble at four representative
stages. They found that the jet impact process pro-
motes the most prominent wall shear flow rather than
the other three stages, i.e., bubble expansion, bubble
collapse, and re-expansion. They also indicated that
the highest shear stress from oscillating cavitation was
applied on the wall, thus cleaning it during a short
time interval. Later, Dijkink and OhI"*®! directly mea-
sured the shear stress t of a near-boundary flow with a
hot-film anemometer inserted on a rigid surface. The
stress recording showed an interesting trace and was
explained with images of bubbles from high-speed
photography. The trace is shown in Fig. 5(a). The
stress increases rapidly to its peak value of 3.5 kPa
right after the jet impact. During the decay, the shear
stress rises again to a second peak but with a much
lower amplitude due to the re-expansion of the bubble.
Soon afterward, however, the shear stress decreases
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Fig. 3 (Color online) Patterns of vortex flows induced by the jetting of a cavitation bubble near a rigid wall: (a) PIV measurement

of a cavitation bubble with y =1.21, collapse time 7, = 68 s, maximum bubble radius R,

=325 um, with the free

max

vortex seen after the first collapse of the bubble, (b) PIV measurement of a cavitation bubble with y =1.75, 7, =80 s,

R . =420 um , with a wall vortex seen during the first collapse of the bubble and (c) Distributions of the vortex as a

function of the stand-off distance y g
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with a small decaying speed as the vortex ring is
involved. Yet, due to the low temporal bandwidth, the
amplitudes reported are lower bound. Reuter and
Mettin*” developed another electrochemical fast
sampling technique to measure the wall shear stress.
Their device allowed scanning of the substrate to ob-
tain a spatial distribution of the wall shear stress by
repeating the same experiment many times. The wall
shear rate was obtained by solving a convection-
diffusion equation with the measured microelectrode
signal as input. They recorded a maximum stress
value of 6.2 kPa. Yet, apart from the inherent low
bandwidth, both measurements ignored the particular
boundary layer structure and assumed a laminar con-
stant shear due to experimental challenges associated
with resolving a multiscale fast flow. Using a suffi-
ciently fine grid and a robust compressible VoF solver,
Zeng et al. simulated the dynamics of a laser-induced
cavitation bubble with a wall distance y~1.0 and

revealed the complex boundary flow and wall shear
stress distribution™®, as shown in Figs. 5(b), 5(c).
Their study provided a detailed overview of the
spatiotemporal dynamics of the wall shear stress by
introducing a spatiotemporal map. They found that the
stress created by the spreading jet may reach a peak
value of 100 kPa, which is one order of magnitude
higher than the corresponding experimental measure-
ments. The simulation also identified a thin boundary
layer thickness of only 2 um for a bubble with a maxi-
mum radius of 600 wm when the largest shear occurred.
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1.1.4 Cavitation erosion

Cavitation erosion can be attributed to multiple
mechanisms, including transient shockwaves, im-
pinging liquid jets, and the subsequent collapses of
remnant surface-attached bubbles. Many studies have
investigated the effects of individual processes
through a post-damage analysis of surface damage on
metals caused by a series of single subsequent cavi-
tation events. Dular et al.”’ conducted high-speed
observations of surface damage caused by the collapse
of a single cavitation bubble. They acquired the
following main findings: (1) The most pronounced
mechanism of surface erosion is the impact of the
microjet for a bubble of »<0.2. (2) when y>0.5,

the influence of the microjet diminishes and the
collapse of the remnant microscopic bubbles in the
rebounded cloud (ring) becomes important. (3) When
an external shear flow is involved, the main source of
the erosion mechanism is still the microjet, but some
minor damage can be induced by the secondary (ring)
collapse for 0.5<y<1.4 as the bubble residuals

move closer and even attach to the surface. Recently,
more studies have combined state-of-the-art experi-
mental techniques, such as confocal profilometer and
scanning electron microscopy, and numerical tools
accounting for complicated fluid material interactions
to complement the mechanism of cavitation erosion.
Sagar and Moctar*” applied a novel approach to corre-
late first and second bubble collapses with the corres-
ponding damage patterns on an aluminum surface.
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Fig. 4 (Color online) Schematic of the effects of wall wettability on vortex flows induced by collapses of cavitation bubble near a
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Fig. 5 (Color online) A measurement of the wall shear stress for a stand-off distance of y =1.0: (a) The experimental result

from Dijkink and OhI™®. (b) The calculation result from Zeng et al.*® and (c¢) The time-space map of the wall shear
stress. In panels (a), (b), the horizontal axis is the dimensionless time normalized by the bubble collapse time

This method consisted of visualizing the corroded pit
using an optical microscope and measuring the surface
topography using a profilometer. Sarkar et al.*”
conducted a fluid-structure interaction simulation to
analyze the mechanism of material deformation du-
ring cavitation bubble collapse. Combining an ultra-
high-speed camera and an ex-situ measurement with
confocal and scanning electron microscopy, Reuter et
al.®* proposed that an unexpected self-focusing

mechanism might be the true reason for cavitation
erosion. The regime of this self-focusing effect over-
laps with the needle jet regime, i.e., it occurs only for
7<0.2 . In reality, the expanding and collapsing

bubble is not perfectly axisymmetric, especially at a
late stage, when the torus formed after jet impact
collapses with a three-dimensional character. Indeed,
the torus collapses progressively rather than all at
once like in the axisymmetric case. The shockwaves
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emitted by the gradually collapsing torus propagate
and constructively superpose, leading to a maximum
shockwave amplification, which then intensifies the
collapse of the remaining bubble fragment and causes
damage to the surface™".

Cavitation erosion results in high costs, a reduc-
tion in energy efficiency, and the repair and downtime
of damaged equipment such as shi]p propellers, water
turbines, and cryogenic pumps®®' . Several strategies
for mitigating cavitation erosion have been explored.
Recently, Gonzalez-Avila®™ reported a method using
biomimetic gas-entrapping microtextured surfaces.
The entrapment of air inside the cavities repels cavita-
tion bubbles from the surface, thereby preventing
cavitation damage. Sun et al.’® found that a surface
containing gas can not only make the direction of
motion of the microjet flow away from the wall, but
can also shorten the oscillation period of cavitation
compared with other wall surfaces””). Robles et al.”!
argued that the stability of entrapped air pockets is
directly dependent on the hydrophobicity of surfaces
and the number of incident cavitation cycles. Bubble
dynamics have been recently explored for a cavitation
bubble initiated near a rigid boundary with surface
structures”” ***Y, These findings on the interaction
between cavitation bubbles and surfaces with micro or
macro structures provide new insights for mitigating
cavitation erosion through the application of inex-
pensive and environmentally friendly materials.

1.1.5 Influences of liquid viscosity

The viscosity of the liquid affects the bubble
dynamics near boundaries in two ways. First, the vis-
cosity affects the overall flow field and, in particular,
the boundary layer thickness, so that the charac-
teristics of the bubble behaviors are changed, inclu-
ding the lifetime and the maximal size of the bubble,
the shape and velocity of the jet, and the contact angle
between the boundaries. The other change is in the
value of the viscosity in the expression of the defini-
tion of the characteristics induced by the bubble
collapse. For instance, the wall shear stress is defined
as the product of the wall shear rate and the dynamic
viscosity of the liquid. When a single bubble collapses
near a rigid wall, it is further known that the viscosit
has a significant influence on the bubble shape!®”.
Furthermore, the very fast and thin jet observed in the
study by Lechner et al.?% is unlikely to be observed at
a liquid viscosity 40 times higher than water as the
annular inflow is no longer fast enough. At such high
viscosities, a jet forms that is much wider and much
slower (on the order of 100 m/s? than in water (about
1 000 mvs)®”. Hupfeld et al. presented experi-
mental results for laser-induced bubbles using ultra-
high-speed photography to study both the expansion
and collapse phases in several liquids. They found that
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the viscosity of the liquid affects the growth, collapse,
and bubble shapes, including the liquid microlayer
and contact line evolution. Saini et al.**! determined
the maximum nondimensional velocity reached during
the collapse as a function of the Reynolds number (see
Fig. 6). When the Reynolds number is below this criti-
cal value, the jet velocity further drops dramatically,
decaying with decreasing Re. This sudden change in
the peak velocities is controlled by the appearance of
jetting, which is not visible for Re<100. Zeng et
al.) investigated the influence of the stand-off dis-
tance and liquid viscosity on the wall shear stress from
jetting cavitation bubbles. Their simulations predicted
a stronger wall shear stress for an inward flow with an
increased viscosity, while for an outward flow, a local
maximum wall shear stress was seen as the viscosity
increased. Their work suggests that liquids with
higher viscosities may provide an enhanced cleaning
result, but an experimental exploration is needed.

Re

(a)
—— Re=10' Re=10’
Re=10’ Re=10'

- A

D (

(®)

Fig. 6 (Color online) (a) The peak of the nondimensional velo-
city as a function of the Reynolds number for a bubble

at p,=0.latm collapsing in water at atmospheric

pressure. (b) Interface contours as a function of the
Reynolds number at the instant of minimum radiust’!

1.2 Free surfaces

Interactions between cavitation bubbles and free
surfaces first drew the attention of researchers during
World War II due to the potential to use surface
deformation to defend surface ships from aircraft
attacks!®®). Nowadays, this topic is widelgy investigated
in the fields of underwater explosions[6 70 sea aero-
sol transportation”' ! needle-free injections”*7%),
and advanced inkjet printingm'go]. Typically, small-
scale cavitation bubbles are used to make qualitative
observations to understand their interaction mecha-
nismst" 3% Under the constraint of a water surface,
a bubble is repelled by the water surface when the
re-entrant jet is oriented away from the water surface.
The deformation of the water surface resulting from
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the pulsation of an oscillating bubble is usually
characterized by a splash sheet, breaking wrinkles, a
spray water film, and a water spike.

1.2.1 Bubble dynamics

Chahine®® was the first to obtain extraordinary
images of the interaction between a cavitation bubble
and a nearby free interface. The images captured the
air-liquid interface deformation, which turned into a
liquid “spike” jetting while the bubbles beneath
moved and jetted away. They also found a critical
value y=3 above which the oscillation of the bu-

bble was not affected by the water surface. Blake and
Gibson™! also observed the toroidal collapse of a
spark-induced bubble resulting from a re-entrant jet
and compared their experimental result with theory.
Since then, the jetting dynamics near a free surface
have been extensively studied experimentally, theore-
tically, and numerically. Koukouvinis et al.*® used
numerical simulations to find that a jet with a mush-
room cap formed during a collapse and split the initial
bubble into an agglomeration of toroidal structures.
Mushroom-shaped jets were clearly observed for the
first time in front-light method experiments by
Supponen et al.®, Supponen et al.®¥ found that the
jet formed during the collapse was broad and
impacted the opposite bubble wall along a ring rather
than at a single point (¥ =1-3). Based on a com-
bination of theoretical calculations and high-speed
visualizations, jets can be classified into three distinct
regimes—strong, intermediate, and weak—using an
anisotropy parameter ¢ PO The same analysis
approach is also appropriate for analyzing bubble
collapse near other surfaces such as rigid surfaces,
inertial boundaries, and gravitational fields®". The
anisotropy parameter ¢ is derived based on the
same consideration as the Kelvin impulse but in a
dimensionless form. ¢ =|Vp|R0 /Ap is defined

, the maximal bubble

using the pressure gradient |Vp

radius R, , and the driving pressure Ap . The

normalized characteristics of the jets are approximated
well by the power laws of ¢ such as the jet impact

time (~0.15¢°7), jet speed (~0.9£7"), bubble dis-

3/5

placement (~2.5¢

(~0.11£*) and vapor-jet volume (~5.4¢)), for the

intermediate and weak jet regimes. However, as
bubbles are seriously deformed in strong jet regimes,
analysis with potential flow theory becomes inaccu-
rate in these cases.

An example of the strong jet regime is shown in
Fig. 7(a), in which a cavitation bubble is initially
seeded a few microns below the free surface. The
rapid expansion of the bubble produces a splash at the

), bubble volume at jet impact

surface, and the cavitation bubble is exposed com-
pletely to the atmosphere, forming an open cavity”>>*.
The open cavity behaves very differently from the
inertially collapsing cavitation bubble beneath a free
surface, as was observed in previous reports[%].
Instead, the open cavity is first closed and then
pierced by a liquid jet after the closure of the splash
sheet. Both the cavity and the liquid jet travel away
from the free surface and go considerably deeper into
the pool. This jet is called a bullet jet to distinguish it
from a regular jet[%]. The mechanism of the formation
of bullet jets is similar to that of tge‘cs created by an
object impacting a free surface”” %! with the impact
on the free surface leading to the formation of a deep
and slender cavity in the liquid (see Fig. 7(b)).
However, the content of the cavity can differ. In the
cavity of a bullet jet, a small amount of the vapor bu-
bble still remains, although the majority is entrapped
air. While requiring the closure of an open cavity, a
bullet jet only occurs in a narrow range of y be-

tween 0.075 and 0.250. For an even smaller y, as

shown in Fig. 8%, the splash sheet keeps propaga-

ting horizontally and does not seal, and as a result, a
capillary wave is formed at the bubble surface and
then propagates toward its bottom. Subsequently, a jet
is generated and moves upward, which is similar to
the so-called “Worthington jet”!"** ' A qualitative
description of the jet was first elucidated at the
beginning of the twentieth century by
Worthington'' . Since then, jets emerging out of
liquid interfaces have also been frequently observed in
many other situations, such as in the bursting of
[105-107]
surface bubbles .

The formation and collapse of a laser-induced
cavitation bubble near a free surface is also accom-
panied by the emission of shock waves, which reflect
at the air-water surface as rarefaction waves. These
rarefaction waves bring tensile stress into the liquid,
thus promoting the generation of secondary cavitation
bubbles, as has been observed in many studies™ '*'1%,
This phenomenon was also used to seek bulk
nanobubbles in a recent study by Rossell6 and Ohl™"'".
As illustrated in Fig. 9, a laser pulse was focused very
close to the air-liquid interface to create a shock wave
that reflected at the air-liquid surface into a tension
wave. Once the tension wave reaches the region
illuminated by a collimated pulse laser beam (seeding
laser), small but oscillating cavitation bubbles are seen.
As the seeding laser pulse has an intensity appro-
ximately 500 times lower than the reported intensity
threshold for optical breakdown!'"*"'"*] these cavita-
tion bubbles are likely the result of bulk existing
nuclei being expanded by the tension wave. Using the
Keller-Miksis equation, one can determine that these
cavitation nuclei have initial radii of the order of
10 nm-100 nm, which proves that the illumination of
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the seeding laser pulse produces bulk nanobubbles.
This technique has been claimed to provide a higher
degree of control over nano/microbubble production
than other methods such as sudden decompression,
liquid shaking, ultrasound, and electrolysis. However,
debates on this subject are still ongoing.

(a) The laser-mduced cavxty
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1.2.2 Air-liquid interface jetting

The deformation of the liquid surface depends
strongly on the stand-off distance y . Chen et al.!'"
investigated the morphology of the crown-like liquid
film generated by a laser-induced bubble. They re-
vealed that the crown formation is related to the surface

[‘76]

O

2 mm

(b) The water-entry cavity

[108)

Fig. 7 Experimental observation of the resulting “bullet” jet: (a) The laser-induced cavity!®®), (b) The water-entry cavity!'®.. The
time intervals are 13.9 ps, 125 ps in cases (a), (b)

(a) 0 jis (b) 200 ps

() 600 ps (d) 1000 s

(e) 1800 pis (#3000 ps

(i) 9 000 ps

() 14 000 ps

(g) 5 000 Hs (h) 7000 ps

(k) 16 000 pis (1) 18 000 ps

Fig. 8 (Color online) Experimental observation on the evolution of an open splash when an oscillating bubble bursts near a water

surface at = 0.02 1%
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depression generated during bubble contraction.
Zhang et al''® summarized six distinctive water
surface patterns, including a special scenario in which
a dome with a breaking liquid layer at the water sur-
face was generated and a spark-induced bubble burst
into the air at y=0.45. When y was further re-

duced, the liquid was ejected from the free surface
soon after the breakdown, i.e., the bubble burst into
the air with the formation of a transparent splash. The
splash first expanded both horizontally and vertically
and then sealed for a narrow range with 0.075<
7<025)"7 " Such a splash sheet is fundamen-

tally important because it is related to many key
problems and novel applications, such as aerosol for-
mation at the sea surface, transmedium vehicles,
liquid forward transfer, and needle-free injection.
Similar dynamics have also been found in other pheno-
mena related to the impact of solids, for instance, when

“—Microscope
objective 20X
Hydrophon
v \.

532 nm
laser pulse

Deionized water ~8ml, 7ns)| | Shockwave
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Laser At
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generation

(a) Induced by illumination with a laser pulse with low energy

Silicone film

\

Air layer

(b) 10 us

(b,) 20 ps

(b;) 30 s

(b) Induced by multiple waves

4 Dilectric
brf}kdown

an object impacts a quiescent water pool!''®'**! or

when a heavy ?here is dropped onto a bed of loose
and fine sand''*". Recently, many other investigations
have been conducted to reveal different aspects of this
problem. Marston et al.'"**! observed the evolution of
splash sheets under different ambient pressures. They
argued that the suction from the rapid expansion of the
oscillating bubble below the surface causes a closure
of the splash. Rossello et al.’ observed that the
closure of the splash sheet resulted in the generation
of a slender and stable cavity with a bullet jet. They
found that the closure of the water splash was
provoked by a pressure difference between the cavity
interior and the atmosphere, and also that the surface
tension had an almost negli§ible influence on the
splash dynamics. Wang et al.""”"! proposed that bubble
bursting is induced by a Rayleigh-Taylor instability.
The mechanism behind this is demonstrated through a

A %4 \ 4
/

- 7 -
Laser induced
nano-bubbles

Tensionwave

Shockwave

Nanobubble
visualization

Rarefaction
wave passage
[

2nd wave

4

—
™

2nd wave

AN

(b,) 40 ps

[114]

(bs) 50 ps

(be) 60 ps

Fig. 9 (Color online) An observation of cavitation nucleation: (a) Induced by illumination with a laser pulse with low energy!''",
(b) Induced by multiple waves!' . In (b), multiple waves are generated by the underwater electric discharge with a 2 mm
air layer. ELW: Elastic wave, SW: Shock wave, RSW1: The reflection of the shock wave, RSW2: The reflection of the
second wave, TSW: The transition of the shock wave through the air layer, CBs: Cavitation bubbles
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simulation in Fig. 10. During the early expansion of
the bubble, some ripples are seen forming at the
bubble’s top surface. Although the bubble keeps
expanding, its velocity is decreasing, i.e., the bubble
surface is deaccelerating. Thus, the bubble surface is
under a Rayleigh-Taylor type instability with an acce-
leration pointing downward"'®'!. As a result, the per-
turbed bubble surface grows. Meanwhile, the liquid
between the bubble and air becomes thinner as the
bubble expands. Finally, ventilation points are in-
duced when the perturbed bubble surface touches the
air-liquid surface. Although several studies have been
conducted on the dynamics of the splash sheet in-
duced by the burst of a cavitation bubble, many
puzzles related to this complicated problem remain
unanswered, for example, the stability of surfaces
under dramatically different and transient accelera-
tions induced by cavitation bubbles.

The laser-induced forward transfer (LIFT) is a
digital printing technique that uses cavitation bubbles
to transfer parts of a donor film to a receiving sub-
strate. The process is shown in Figs. 11(a), 11(b). First,
a laser pulse is deposited inside a film of liquid ink,
and as the highly focused energy is absorbed by the
ink, a cavitation bubble is formed due to either
thermal or optical breakdown. The oscillating bubble
induces a movement of the free surface, which finally
leads to jet or hump formation depending on the
deposited energy. LIFT can be adapted to different
materials, varying from Newtonian fluid to complex
liquids and biological materials, for inkjet printing,
delivering liquid matter with precise control, and
producing ultrafast thin jets for hypodermic injec-
tions''**. A perfect LIFT process requires the forma-
tion of a clean and straight jet of ink that later deposits

Triples
e

(a) 1.3 ps

(b) 1.4 us

(e) 1.7 ps () 1.8 ps

4

Ventilation
point

(1) 2.1 ps ()2.2ps
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a single droplet on the receiver substrate. Figs. 11(c),
11(d) shows a comparison of jet generation under
different input energies. The ejection of the jets in-
volves two stages. In the first stage, the expansion and
collapse of the cavitation bubble produce very thin
(~10 um) and fast (~10 m's™") jets, while in the second
stage, a relatively thick (~100 um) and slow (~1 m/s)
jet is produced by the re-expansion of the bubble. The
first jet can be utilized for high-resolution printing if
the comparatively thicker second jet is avoided.
However, the first jet is too thin to print functional
materials with elements that are larger than the jet
radius, such as emulsions with large suspensions and
cells, which the second jet is potentially capable of
producing!?”!. Recently, quantitative analyses of the
first and second jets have attracted increasing attention.
Experiments have shown that the formation of a
second jet is accompanied by a crown structure.
Although some studies have argued that compressi-
bility effects such as lar%e pressure waves are respon-
sible for the crown!™, explicitly incompressible
simulations"* that can reproduce the crown demon-
strate have demonstrated compressibility is not essen-
tial to this phenomenon. Moreover, the effects of the
shock waves produced by bubble collapse last for only
a few microseconds before the formation of the
second jet, and so are unlikely to induce significant
motion of the surface””. A recent parametric study
using an incompressible VoF simulation suggested
that such a shock wave impingin§ on a surface has a
limited effect on crown formation" "

1.2.3 Liquid-liquid interface jetting
A liquid jet also forms between two different
liquids when a cavitation bubble collapses near the

(d) 1.6 ps

(c) 1.5 ps

(&) 1.9 pus (h) 2.0 us

(k)23 ps

1)2.4ps

Fig. 10 (Color online) The process of a bubble bursting in extreme vicinity to a water surface at y =0.15. In the volume fraction

field, blue and red represent the gas and liquid phases!'®!
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interface between them. Studies of such jets and the
related bubble dynamics have originated from the
demand for a comprehensive understanding of
emulsion fabrication using ultrasound cavitation, as
emulsions are indispensable in numerous fields, such
as the food industry, pharmaceutical industry, cos-
metic industry, and agriculture. The high-frequency
acoustic irradiation (normally in the range of 0.02 MHz-
1.00 MHz) in liquids produced by ultrasound devices
generates so-called ultrasound cavitation, which also
involves processes such as the formation, growth, and
subsequent collapse of bubbles. Stepisnik Perdih et
al.'® found that rich phenomena occurred near the
liquid-liquid interface when such a fluid system was
exposed to ultrasound, including the oscillation of
cavitation bubbles, the penetration of a water jet into
the bulk oil phase, and the breakup of oil droplets.
Yamamoto et al.!"** experimentally studied the
dynamics of acoustic cavitation bubbles near a
gallium droplet interface. They demonstrated that a
high-speed liquid jet is the main cause of liquid
emulsification and requires a large amplitude change

Laser beam

Microscope
objective

Motion

Substrate

Liquid

(a) Backward

1.4 mJ S

1.7 mJ

(c) Snapshots showing the evolution
of the jet for various laser energies

in the bubble oscillation to trigger. To better under-
stand the fundamental ultrasonic emulsification pro-
cess, individual bubbles induced by laser or electric
pulses are used for detailed investigations. Examples
include the work of Orthaber et al.'™*, who studied
the jetting behavior of a laser-induced cavitation
bubble (~1 mm) near a liquid-liquid interface, and
Han et al."* who experimentally, numerically, and
theoretically investigated the nonlinear interaction
between a cavitation bubble and the interface of two
immiscible fluids (oil and water) on multiple time
scales. Figure 12 shows one of the experimental
results, where a cavitation bubble is nucleated by an
electric spark at the interface, with oil on top and
water below. The authors showed that the difference
in density causes the upper and lower parts of the
bubble to undergo different collapse processes, which
results in a downward jet aiming at the water part due
to a faster contraction of the upper hemisphere. The
authors explained that the viscous effect is limited, so
the dynamics are still inertia-dominated, and the
resulting phenomenon is a direct consequence of the
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o |
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Reservoir

Microscope
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2 S .
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T2 E33md 0 005 010 0.5
E=1.7m] t/ms
' F=14m]

0 0.5 1.0 1.5 2.0
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(d) The vertical extent of the jets versus time

Fig. 11 (Color online) Schematics of film-free laser printing (FF-LIFT) The snapshots show the evolution of the jet for 7= 0 ms,
0.01 ms, 0.02 ms, 0.05 ms, 0.10 ms, 0.18 ms, 0.33 ms, 0.61 ms, 1.10 ms and 2.00 ms. The scale bar corresponds to 2 mm.
The inset shows a zoomed-in version of the region for the early stage of ejection!”® 1!
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lower inertia of the oil.
1.3 Elastic boundaries

1.3.1 Bubble dynamics

Interest in interactions between cavitation bu-
bbles and elastic boundaries has recently been revived
because of the increasing number of relevant biome-
dical and biological applications of such interac-
tions!'* #1381 Compared with a hard rigid boundary,
the bubble dynamics near an elastic boundary are
more complicated, as a deformable flow-structure
coupling is involved. On the one hand, the oscillating
bubble induces strong and transient hydraulic pressure
and shear stresses acting on the elastic boundary,
which causes boundary deformation. On the other
hand, the deformed boundary severely affects the
bubble dynamics, and a dominant feature is seen in
which the formation of an annular jet leads to bubble
splitting and the formation of two very fast axial jets
directed in opposite directions'® **'*! as shown in
Fig. 13. In addition to the stand-off distance between
the bubble and the boundary, the elastic modulus and
thickness of the boundary are the main parameters
affecting the bubble dynamics.

Gibson'"** were the first to observe the bubble
migration and the induced microjet traveling outward
when a bubble expanded and collapsed near an elastic
boundary. This unexpected phenomenon was then
shown to prevent cavitation erosion, as the soft
surface could repel the bubble and thus mitigate or
even hinder jet impingement. Since then, the dyna-
mics of bubbles have been investigated thoroughly
with experiments and numerical simulations'® '**-14¢],
One of the most comprehensive experimental studies
was performed by Brujan et al.'""* who found that
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there was a large variation in both the jetting behavior
and the deformation of the elastic boundary depending
on the stand-off distance between the bubble and the
boundary. In these initial experiments, the elastic
boundaries were made of polyacrylamide (PAA) gels
with different water concentrations and elastic moduli
varying from 0.017 MPa to 2.030 MPa. This range
covers the elastic properties of various biological
tissues, such as the renal parenchyma (0.06 MPa),
abdominal aorta (0.98-1.42 MPa), femoral artery
(1.23 MPa-5.5 MPa), articular cartilage (0.43 MPa-
1.15 MPa), muscle (0.06 MPa-0.8 MPa), and cornea
(0.3 MPa-5 MPa). Yu et al.'® found that a signi-
ficant pressure difference between the elastic boun-
dary and the underside of the bubble contributed to the
formation of a “mushroom” bubble and inverted cone
bubble through PIV using a commercial PIV system,
but provided no PIV images. Xu et al.!">"! investigated
the effects of elastic moduli on bubble dynamics and
found that a neck position appears on the upper part of
the bubble as the elastic modulus of the material
increases (see Fig.14). Sieber et al.l'"** emphasized the
strong dependence of bubble behaviors on the elasti-
city of the boundary, especially for the velocity and
orientation of the microjet and the direction of bubble
migration, using a combination of numerical simula-
tions and experimental observations. Such microjets
can reach supersonic velocities of up to 2 000 m/s,
while the ensuing fully developed liquid microjet
travels at average speeds of up to 1 000 m/s.

Recently, the effects of boundary thickness on
bubble dynamics have attracted increasing attention.
Zhai et al.'! experimentally investigated the charac-
teristics of the jets and shock waves of cavitation
bubbles near elastic boundaries, focusing on the
mechanism of cavitation erosion on elastic materials.

\\ 3 ; R ? N : \\\\_ ; \'\.f :
N\ : "\\ 2% N\ ‘-,\_

(a) =0.22 (b) =0.97

(c) =1.79

(d) =1.98 (e) =2.16

(H) =6.12 (g) +=26.55

(h) =76.82

(1) =131.81

(j) =182.09

Fig. 12 An example of jetting at an oil-water interface produced by a spark cavitation bubble. The time is scale by 1.52 ms and
each image has a width of 40 mm. The top part is oil and the lower part is water'*”]
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Fig. 13 (Color online) A schematic of a bubble splitting near an
elastic boundary

They showed that the shock wave has a weak effect,
and thus is unlikely to damage the materials, while
microjet impingement on the surface can cause severe
deformation of the elastic boundary and even ruptures.
Kan et al.'>* analyzed the interactions between spark-
induced cavitation bubbles and rubble sheets of
different thicknesses. The experimental results showed
that the sheet thickness was a dominant factor in
determining the dynamics of the bubble, and the three
jetting regimes and the rupture behavior were summa-
rized with a parameter map consisting of the stand-off
distance and the thickness of the elastic sheet. Wang
et al.'"**! analyzed the formation of two axial jets of
cavitation bubbles near soft membranes with different
thicknesses. They found that wrinkles in the mem-
brane occurred during the contraction of the bubble
when the thickness of the membrane was approxi-
mately 0.3 mm for bubbles with maximum radii

R, =125+0.5mm . Lokar et al!™ investigated

cavitation bubble dynamics in the vicinity of a thin
membrane wetted by different fluids on the other side.
The results showed that the bubble dynamics could be
tuned using liquids with various properties (mostly
densities) and the membrane itself influenced the
bubble dynamics less under this circumstance. Now-
adays, with advanced experimental techniques and
numerical methods, more of these features are still
being revealed, but due to the complex nature of the
problem and the many parameters involved, there are
still open questions remaining, such as those con-
cerning the bubble dynamics near an elastic sheet that
vibrates at a high frequency.

1.3.2 Bubble-based techniques and their applications

The penetration of an elastic boundary induced by
a jetting cavitation bubble has gained increasing atten-
tion due to its applications in bubble-based sonopora-
tion and needle-free injection technologies. One can
use sonoporation to directly deliver drug molecules
into cells, using one or a combination of mechanisms
among corresponding shear stress, inertially collapsing
cavitation with microjets (inertial cavitation), and
stable oscillating cavitation without jetting (stable
cavitation). In biomedical applications, the bubbles
are usually formed by injecting contrast agents, which
are phase-change materials with lipid coatings that are
excited using ultrasound. Two types of cavitation may
occur, named stable cavitation and inertial cavitation.
In stable cavitation, the push-and-pull effect during
the expansion and compression stages can stimulate
cellular messages to disturb the membrane integrity
for a stable cavitation bubble!"*”, as shown in Fig. 15.
When an inertial cavitation bubble occurs close
enough to a cell membrane, the non-spherical bubble
implosion results in a strong jetting flow (i.e., fluid
streaming)[lsg'lsg], which can further rupture the mem-
brane of an adjacent cell membrane. The inertial
cavitation performance is dependent on many driving
parameters of ultrasound cavitation, including the
acoustic wave frequency, pulse duration, initial bubble
radius, properties of the agents, temperature, fluid
properties, function of the wave, and device energy
efficiency. Apart from the effect of the jetting flow,
shock waves generated from bubble collapse propa-
gate and yield intense fluid streaming, resulting in the
perforation of the membrane! "%, To the best of our
knowledge, strong jetting flows and shock waves have
a good chance of creating nonrecoverable cell mem-
brane pores and causing low cell viability. Inertial
cavitation also involves other unstable byproducts,
such as high temperatures and reactive oxygen species,
which could influence intracellular delivery and
viability.
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Fig. 14 (Color online) Cavitation erosion on an elastic boundary after the impact of a microjet (R, =7.5mm, y=0.78)""
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Fig. 15 (Color online) A schematic overview of major biophysical effects occurring during sonoporation generated by stable and
inertial cavitation microbubbles!'®*!
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Previously, needle-free injection techniques were
based on the usage of a compressed spring or gas,
which induced the sudden motion of a piston that
could accelerate the liquid medication into a fast jet.
Although some needle-free injectors have been
released to the market, a previous study pointed out
that the pain induced by these injectors is significantly
greater than that induced by conventional needle
injection, and their efficacy is less'®. However, the
concept has been renewed since cavitation bubbles
were found to behave like on-demand micro-pumps to
deliver liquid material by expanding and collapsing
violently on a micro-scale. In the last decade, many
studies have demonstrated that bubble-based needle-
free injection is capable of generating fast and thin
liquid jets that easil?/ GPeneUate the skin and reach a
sufficient depth'®" In most implementations,
laser-induced cavitation is used, as it is known to be
the best method to precisely generate a bubble through
an explosive phase change. The devices are generally
designed in the following two ways. For the first and
original design, the cavitation bubble is generated
directly in the drug liquid to be injected"*""" and in
some cases directly next to the targeted soft mate-
rial"’". Another type of device is designed with two
compartments next to each other. One of the compart-
ments is for the liquid that absorbs the laser pulse
energy to generate a cavitation bubble, while the other
is a reservoir containing drug liquid. The two compart-
ments are usually separated by a membrane or space
that can vibrate. Mechanical interactions between
liquid jets and body tissues, such as blood and tunica
intima in blood vessels and cerebrospinal fluid and
meninges in the brain, have been investigated widely
and are responsible for possible damage and delivery
efficiency. Several studies have reported on the poten-

()

tial of focused microjets in the development of a
bubble-based needle-free injector with reduced pain
and improved delivery efficiency!'®). The charac-
teristics of the liquid jet, including the velocity, shape,
and penetration site, have been widely analyzed
through experimental observations, numerical simula-

tions, and theoretical models (see Fig. 16)!'7).

2. Jetting of cavitation bubbles between two pa-
rallel boundaries

A cavitation bubble collapsing in the vicinity of a
large (semi-infinite) rigid wall experiences a pressure
gradient pointing away from (toward) the wall. This
gradient accelerates the wall-distant bubble surface
and focuses nearby liquid through the shrinking and
translating of the bubble toward the boundary. For a
bubble with a sufficiently small distance, the liquid jet
impacts perpendicularly onto the rigid wall and
spreads radially. For more complex geometries, e.g.,
between two rigid boundaries or between a rigid
boundary and a free surface, the pressure gradients of
the individual boundaries superpose, and as a result,
the bubble experiences richer dynamics and the flow
is greatly altered.

While the bubble and the induced jet dynamics
near a single solid boundary have been studied in
great detail over the last half-century, bubble dyna-
mics in thin gaps have been less explored. With the
constriction of an additional solid boundary, a bubble
may split into two daughter bubbles with two jets
impacting both walls when the gap between the two
walls is sufficiently small and the bubble nucleates
near the gap center!'”>'”). Gonzalez-Avila et al.['®”
systemically investigated the bubble dynamics in a
gap of variable height with two rigid walls. Three
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Fig. 16 (Color online) (a) Snapshots of jet penetration into gelatin, (b) A schematic sketch of the forces acting on the jet. In (b),

the jet shown by the blue color penetrates into the gelatin
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scenarios were observed when the location of the
bubble was fixed: neutral collapse at the gap center,
collapse onto the lower wall, and collapse onto the
upper wall (see Fig. 17). Han et al."*" found that there
are two conditions under which a bubble splits into
two smaller bubbles, before collapsing toward the
boundary closer to it and forming the corresponding
liquid jets. Gonzalez-Avila et al.'"* studied the shear
stress on both the proximal and distant plates and
observed enhanced jet speed and shear stress com-
pared with the case of cavitation bubbles near a single
wall. Zeng et al.'"**! summarized three different jetting
scenarios that strongly depend on the stand-off dis-
tances of the bubble to the upper and lower walls and
revealed detailed fluid mechanics by combing experi-
ments and simulations. They pointed out that besides
the vertically-inward flow developed from the
bubble’s top surface, two more flows are involved:
The splitting flow due to the flow focusing effect at
the center of the gap when the bubble shrinks, and the
annular flow near the edge as a result of the inertial
collapse of the most deformed region of the bubble.
The competition between the three flows determines
the jet dynamics. Rodriguez!"®™ used a numerical
simulation to determine the role of confinement in the
dynamics and wall impact loads of a cavitation bubble
collapsing in a channel. Su et al.'"®) found that the
first pulsation periods of underwater explosion bu-
bbles between two parallel plates are 30% to 50%
higher than those in a free field. If the height of two
rigid walls is further reduced to the order of micro-
meters, the configuration is similar to that of a Hele-
Shaw cell and can be used to enable visualization of
the movement of the fluid interface due to the
nominally 2-D geometry!'*¢'*]

When a cavitation bubble collapses between a
rigid and a free surface, most of the motion features of
the bubble and boundaries share some similarities
with the single-boundary case. However, the main
dynamics are changed, such as the jet speed and jet
height!'"**). The bubble also splits into two toroidal
bubbles due to the same mechanism as that behind
bubble collapses near a single free surface. Based on
the configurations of the water spike, the free surface
motions can also be categorized into five types, which
are similar to the case of a single free surface. How-
ever, the induced jet is found to be much faster than
that near a free surface, indicating that the jetting is
strengthened when the bubble is nucleated between
two boundaries with the same pressure gradient
direction. The oscillation time is prolonged compared
with the case of one free surface, but it is shortened
compared with that in the case of a rigid wall.
However, if the depth between the water surface and
the rigid wall is reduced to the order of millimeters or
even micrometers, the bubble dynamics differ sub-
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Fig. 17 (Color online) Cavitation bubble dynamics in a
liquid gap of variable height: (a) A graph of the
nondimensional bubble as a function of the non-
dimensional channel height, (b) An expanded
view for small nondimensional channel heights
revealing the non-hemispherical dynamics for
four different bubble collapse regimes!'*"

stantially from the abovementioned studies. An
example is shown in Fig. 18, in which after a bubble
reaches its maximum size, an outward liquid jet
begins to move away from the bubble while the
bubble shrinks. The front velocity of the outward jet
soon attains its maximum value, after which it de-
creases as the outward jet develops. The movement of
the outward jet toward the receiver plate continues
until it is disrupted by several bumps appearing on its
free surface. The liquid jet subsequently breaks up to
form droplets depending on the interplay among the
inertial, capillary, and viscous effects for Newtonian
fluids due to the Rayleigh-Plateau instability!'® '**'%*],
Stable jets are much more easily produced in a wider
range of fluences as the viscosity increases!'®".
Therefore, several studies have shown that jet forma
tion and stability are mainly related to the Ohnesorge
dimensionless number, which relates the viscous
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forces to the inertial and surface tension forces' %%,

In addition, the energy of the laser Pla?/s a key role in
the formation and stability of the jet 1991,

It should be possible to identify new applications
of cavitation by better understanding the bubble dyna-
mics in other realistic geometries. Some studies have

focused on the jetting behavior of a cavitation bubble
collapsing near two perpendicular rigid walls®®*°!, in

acute- or obtuse-angled corners®”“**l inside square
and triangular channels”*, near the corner of a rigid
wall and a free surface 2% 206], in a tube®”?*! and in

a rectangular channel®'*2'").
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3. Summary and outlook

In this review, recent developments on the jetting
dynamics of single cavitation bubbles near single
boundaries and parallel boundaries have been summa-
rized. In recent years, the cavitation phenomenon has
been studied for bubbles collapsing extremely close to
boundaries to provide new insights into potential
engineering applications. A variety of promising deve-
lopments are expected in the future. We see three
directions that seem especially fruitful in view of the
recent literature and the topics discussed in the 7th
Cavitation and Multiphase Flows Workshop. This
workshop, organized by the International Institute for
Cavitation Research, was dedicated to various aspects
of cavitation and multiphase flows realized across a
wide range of applications.

First, the several oscillations of a bubble after the
first collapse should receive more attention since the
mechanical effects induced by the subsequent co-
llapses may be more damaging to the nearby boun-
daries. One example is the case of cavitation erosion,
in which the emitted shock pressure and wall shear
stress after the first collapse can be more energetic as
the residual bubble has moved closer. Second, further
progress is expected in the description of the dynamic
behaviors of micro- and nanobubbles near boundaries,
especially elastic boundaries, due to an increasing
interest from the biomedical engineering field. High-
speed microphotography combined with surface mea-
surements and high-resolution numerical simulations
is currently lacking and should be explored. Finally,
the hydrodynamic instabilities that occur during bu-
bble collapse deserve to be better understood, espe-
cially at the stages of the final collapse and the
interaction of liquid-gas interfaces, as the local insta-
bilities of single cavitation bubbles may severely
influence the stability of a cavitating multiphase flow,
and more specifically, the occurrence and transition of
turbulence in cavitating flows?'*2".

To achieve more inspiring progress on bubble-
boundary interactions, the development of advanced
theoretical, experimental, and numerical methods is
required. Theoretical modeling is crucial to under-
standing the physics of bubbles under different
conditions, which is the foundation for the utilization
of bubbles and the circumvention of their hazardous
effects. The models for multiple oscillations based on
the Rayleigh-Plesset equation account for various
effects, including boundaries, multiple bubbles, and
external fields, but are demanding to develop. Re-
cently, Zhang et al.”'¥ developed a novel theory to
unify many classical equations for bubble dynamics,
including the Rayleigh-Plesset, Gilmore, and Keller-
Miksis equations, to predict bubble dynamics under
miscellaneous conditions. This approach will also
hopefully be applicable to circumstances with extre-
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mely small stand-off distances. The collapse of a
single cavitation bubble involves multi-physical fields,
such as fundamental physical processes taking place
during the phase change between the liquid and vapor
phases of a fluid and chemical reactions due to high
internal pressures and temperatures at the collapse.
Optical imaging has been widely employed to offer
insight into the overall topology of a bubble during the
whole oscillating process. To analyze accurately the
collapse of a cavitation bubble, it is necessary to
combine various measurement techniques, such as a
high temporal-spatial-resolution spectroscope, pre-
ssure, and wall shear stress measurements. Reuter et
al.*"! constructed a high-speed wall shear rate micro-
scope for the spatiotemporal measurement of a rapid
and transient wall shear flow. Synchronized high-
speed imaging was used to record the behaviors of the
bubble. Computational fluid dynamics (CFD) has re-
cently increased in importance and accuracy, and is
commonly used to produce quantitative predictions
and to fill the knowledge gap left by regimes that are
difficult to probe with experiments. We have also seen
that the secondary development of open-source soft-
ware can potentially be used to accurately simulate
bubble collapse. OpenFOAM is one of the most
popular software packages for CFD in the world. Zeng
et al.l”? employed a compressible VOF approach for
axisymmetric simulations in OpenFOAM to model the
wall shear stress induced by cavitation bubbles.
Furthermore, the problem of deformable flow-
structure coupling can be solved by introducing the
open-source software preCICE.
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