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ABSTRACT

A cavitation bubble collapses non-spherically, splits into two smaller bubbles, and induces two axial jets flowing in opposite directions near
a soft membrane. The soft membrane is deformed and even pierced after the impact of the downward jet. In this paper, we experimen-
tally studied the formation of two axial jets of a spark-induced bubble near Ecoflex membranes with different thicknesses. Assuming that
the millimeter-sized bubble is filled with an ideal gas and collapses adiabatically in water, the dominant dimensionless parameters, the
stiffness (d') and stand-off distance (h*), determining the formation of the two axial jets, are obtained, and the value of d’ is varied by
changing the membrane thickness. Two parameter plots for the regimes of bubble jetting and no jetting were obtained. The critical h*
of the bubble jetting increased exponentially with increasing d’, reaching a maximum of 1.1 at d’ = 0.04556 (the thickness d = 10 mm).
This was because the counteracting force induced by the rebounding of the deformed membrane grew in strength. After that, the h*
remained constant since the counteracting force was unchanged due to the feature changes of the membrane deformation. Consequently,
we obtain a function of the boundary line between the regimes. The sub-regime of the membrane piercing was obtained in the regime of
bubble jetting. It was found that the velocity of membrane deformation induced by the jet impact was an important factor in membrane
piercing.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0107339

I. INTRODUCTION

The oscillation of a cavitation bubble near a hard rigid
boundary is a classical topic in engineering fields, such as under-
water acoustics, underwater explosions, and surface cleaning.l o
Interest in the interaction between a cavitation bubble and a
soft deformable boundary has recently been revived because of
the increasing number of relevant biomedical and biological
applications.” '’ Compared with a hard rigid boundary, a soft
deformable boundary leads to a mushroom shape and elongation

and splitting of the bubble, and the bubble dynamics become more
complicated.” "’

Interest in the dynamics of a cavitation bubble near an elastic
boundary was initially stimulated by the observations of Gibson,”
who found that the liquid jet formed during bubble collapse as well
as the bubble migration were both directed away from the bound-
ary under certain conditions. Gibson and Blake”"*” and Blake and
Gibson”’ studied the effects of the elastic properties of a rubber-
coated boundary on the splitting of a spark-induced cavitation
bubble. Tomita and Kodama’* and Shima et al.”> showed that when
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a bubble collapsed near elastic boundaries, the boundaries affected
the fluid flow around the bubbles and caused perturbation on the
surface of the bubble, leading to bubble splitting and jetting. The
most comprehensive experiments were done by Brujan et al.,”* **
who found that a large variation in both the jetting behavior and
the deformation of the elastic boundary occurred depending on the
distance between the bubble and the boundary. Subsequently, they
investigated the effects of the elastic modulus of the boundary on
bubble dynamics.””** For stiffer boundaries, the bubble behavior
was mainly characterized by the formation of an axial liquid jet and
bubble migration directed toward the boundary, as if the bubble was
adjacent to a rigid wall. As mentioned above, the bubble dynamics
near elastic boundaries show bubble splitting, the formation of dif-
ferent kinds of jets directed toward and away from boundaries, and
bubble migration.

The interaction of cavitation bubbles with a thick elastic bound-
ary has been studied extensively. However, not much has been done
concerning bubble dynamics near thin elastic membranes. Shaw”’
was the first to report on the interactions of a cavitation bubble
with a flexible membrane, employing schlieren photography and
Mach-Zehnder interferometry techniques. Turangan et al.”’ con-
ducted experimental and numerical studies of bubble-membrane
interaction. They concluded that it was the curvature of the
deformed membranes and not the deflection that was responsi-
ble for a pressure buildup in the fluid close to the bubble. It
was also found that the shedding of toroidal bubbles, as observed
near elastic boundaries, was not seen in bubbles near membranes.
Orthaber et al.’! experimentally studied the effects of a cavitation
bubble on a thin elastic membrane. They found that significant
damage was observed at intermediate distances between the bub-
ble and the boundary. Xu et al.’” investigated the effects of flexible
boundaries with different elastic moduli on bubble dynamics. The
results showed that as the elastic modulus of the material increased,
the neck position moved toward the top of the bubble. In addi-
tion, the effects of liquid viscosity on the bubble dynamics near a
membrane have been studied.”””* Kan et al.”” analyzed the interac-
tions between spark-induced cavitation bubbles and rubble sheets
with different thicknesses. The experimental results showed that
sheet thickness was a dominant factor in determining the dynam-
ics of the bubble, in addition to the parameters of the stand-off
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High-speed camera ‘
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TABLE . Ecoflex membranes with different thicknesses.

Samplenumber 1 2 3 4 5 6 7 8 9 10 11 12 13

Thickness(mm) 03 1 2 3 4 5 6 7 8 9 10 15 20

distance and the boundary properties. However, the studies con-
cerning the effects of membrane thickness on bubble dynamics
have merely been done, and the corresponding mechanism remains
unsettled.

In this paper, we experimentally investigate the bubble dynam-
ics near an Ecoflex membrane with different thicknesses. The
thickness varies from 0.3 to 20 mm. Near the soft membrane, the
cavitation bubble collapses non-spherically, and thus, two axial jets
form, or it collapses spherically. Consequently, we focus on the
dependence of the formation of the two axial jets on the stand-off
distance and membrane thickness. The work is organized as follows:
Methodologies including the experimental setup and dimensional
analysis are given in Sec. II, and the results and discussion are given
in Sec. I11. Section IV summarizes the work.

Il. METHODOLOGIES
A. Experimental setup

A schematic of the experimental setup for observing the behav-
iors of a spark-induced cavitation bubble near an Ecoflex membrane
is shown in Fig. 1. A cavitation bubble was generated using an elec-
tric discharge machine (300 V discharge voltage). A pair of copper
wires with 0.3 mm diameters were used as electrodes, and their
intersection point is suggested to be the initial center of the cavita-
tion bubble.”””” The Ecoflex product (No. 0030, Smooth-on, Inc.)
consisted of two translucent silicon gels (i.e., part A and part B).
The gels of part A and part B were mixed at a weight ratio of 1:1,
stirred in a glass beaker, degassed in a vacuum drying chamber, and
poured into a cylindrical mold. The mold was 90 mm in diameter
with depths ranging from 0.3 to 20 mm, as presented in Table I.
The soft membrane was molded after 6 h at a temperature of 25 °C.
The elastic modulus of the soft membrane was determined using a
tensile strength test machine with a tensile rate of 20 mm/min. The

FIG. 1. A schematic of the experimen-
tal setup for observing the behaviors of
a spark-induced cavitation bubble near a
soft membrane: (a) experimental setup
and (b) water tank with horizontal and
vertical adjusters.

(b)
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TABLE II. Dimensionless parameters affecting bubble jetting near soft membranes with different thicknesses.

Formula Ry, (mm) Po (Pa) p,(kg/m’) 2= % Re We d K
Value 125+ 0.5 1.01 x 10° 10° ~0 ~0 ~107 ~10* 0.00137-0.09112 0.1-1.5

100% tensile modulus of the membrane used in the experiments was
62 KPa. As shown in Fig. 1(b), the membrane was fixed on a
stainless-steel supporter with an inner radius of 60 mm and an outer
radius of 90 mm in a water tank filled with degassed and distilled
water. The tank was 300 mm in width, 300 mm in length, and
300 mm in depth.

In the experiment, the stand-off distance between the cavi-
tation bubble and membrane was changed by turning horizontal
and vertical adjusters. To eliminate the effect of spark on the
observation of the initial expansion of the cavitation bubble, a
pulsed laser (Cavilux HF810, 810 nm wavelength, 500 W output)
with a filter was used as the light source. The laser light and a
high-speed camera (V1612, Phantom Co., Ltd., USA) worked simul-
taneously when the electric discharge was trigged. The sampling
rate of the high-speed camera was 100-130 kfps. The maximum
radius of the cavitation bubble is obtained as R, = 12.5 + 0.5 mm
in an unbounded liquid in this study. Measurement uncertainty
in this study was obtained by the geometric mean of two types
of uncertainty components. One was induced by the gray values
when the gas-liquid interface or solid-liquid interface was deter-
mined, while the other was calculated from a series of repeated
observations.*®

B. Dimensional analysis

Near a soft membrane, a cavitation bubble collapses non-
spherically, and thus, two axial jets form or it collapses spherically.
This study focuses on the effects of membrane thickness on bub-
ble jetting (i.e., the formation of two axial jets). Consequently,
the main affecting parameters consist of the energy of the spark-
induced cavitation bubble, the membrane thickness, the distance
between the bubble and the membrane, and the properties of the
liquid. The energy of the cavitation bubble is described using its
initial state. As a result, the function of the bubble jetting, d,
is given,

6=f(R0,P0»P0> Y’Pw’pl>ﬂl)05)d>E)h)> (1)

where Ry is the initial radius of the cavitation bubble, Py is the initial
pressure inside the bubble, p, is the initial density inside the bub-
ble, d is the membrane thickness, E is the elastic modulus of the soft
membrane, 4 is the distance between bubble initial center and mem-
brane upper surface, Pes is the pressure in the liquid at infinity, p, is
the density of the liquid, y; is the dynamic viscosity of the liquid, o
is the surface tension, and y is the ratio of the specific heats of the
vapor.

Assuming that the cavitation bubble filled with ideal gas
expands and contracts adiabatically, Eq. (1) is changed to Eq. (2)
when y = 1.4,

0= f(Rm:Pv:Pv: y:Poo:Pl:,“l, 0s,d, E, h): (2)

where R, is the maximum radius of the cavitation bubble in an
unbounded liquid, P, is the saturated vapor pressure, and p, is the
density inside the bubble at pressure P,. Subsequently, the dimen-
sionless parameters are obtained using the variables R, P, and p;,
as shown in the following equation:

P, py Ui s Ed h
0= S , , = 3

where Re = pjv/Poopi R/ is the Reynolds number, We = Poo Ry /0
is the Weber number, d’' = Ed/RuPs is the dimensionless stiff-
ness, and h* = h/R. is the dimensionless stand-off distance. Given
the values in Table II, the effects of liquid viscosity and sur-
face tensile are ignored. Consequently, the dominant dimensionless
parameters determining the formation of the two axial jets are
stiffness d’ and stand-off distance h*, as shown in the following
equation:

8= f(d,n). (4)

In this study, the value of d' is varied by changing the
membrane thickness.

lll. RESULTS AND DISCUSSION

A. Formation of two axial jets of cavitation bubble
near the soft membrane

Figure 2 (multimedia view) shows the expansion and contrac-
tion of a spark-induced cavitation bubble near a soft membrane at
d’ =0.00911 and k" = 0.5. The membrane deformed as the cav-
itation bubble expanded. The maximum membrane deformation
occurred when the bubble reached its maximum size. The cavitation
bubble remained approximately spherical during the expansion, as
seen in Figs. 2(b)-2(d). Subsequently, the cavitation bubble began
to contract, and then, the membrane rebounded. It was found
that the bubble surface close to the membrane contracted faster
than the other side, thus forming a neck, as shown in Fig. 2(f).
Meanwhile, an annular, disk-like flow toward the neck developed,
resulting in the mushroom-like shape of the bubble described by
Brujan et al.”"** With further contraction, a low-pressure region was
induced between the bubble and the membrane when the rebound
velocity of the deformed membrane was smaller than the contract-
ing velocity of the bubble, resulting in the elongation of the bubble,
as seen in Fig. 2(h)-2(j). At the moment of collapse, the bubble split
into two smaller bubbles from the position of the neck. A high-
pressure region induced by the bubble splitting deflected the annular
flow upward and downward, creating two axial jets along the sym-
metric axis of the vertical direction. The type of jet formation was
similar to that of a high-speed jet after solid water entry,” "' which
was induced by bubble collapse in a thin gap** and extreme vicinity
to a solid boundary."***
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(d) 1.499ms (e) 2.332ms (f) 2.499ms

(g) 2.749ms

(h) 2.807ms (1) 2.832ms

() 2.849ms (k) 2.857ms (1) 2.932ms

FIG. 2. Behaviors of a spark-induced cavitation bubble near a soft membrane (sample 3): bubble expansion (a)—(d) and contraction (e)—(k) at d’ = 0.009 11 and h* = 0.5.
In (1), the two axial jets formed move upward and downward, respectively. Multimedia view: https://doi.org/10.1063/5.0107339.1

When a cavitation bubble collapses near a rigid boundary,
an axial jet toward the boundary is induced due to the Bjerknes
force, which arises from the low-pressure region between the bubble
and the boundary. In the case of a soft membrane, a counteract-
ing force is induced by the rebounding of the deformed mem-
brane. In addition to the Bjerknes force, as described by Brujan
et al,’"”” these two axial jets in the opposite direction are cre-
ated. Consequently, the key to the formation of the two axial jets
is the counteracting force, F, which is defined by the deflection,
w, and the bending rigidity, D, where F ~ wD according to the
theory of plates and shells."> Here, D = Ed®/12(1 - v*), where E is
the elastic modulus of the membrane, d is the membrane thick-
ness, and v is Poisson’s ratio. We know that F ~ wd® because
the material of all the membranes used in this experiment was
the same. The term wd’ is used to analyze the magnitude of the
counteracting force.

When the bubble splits into unequal parts from the neck posi-
tion, the jet originating from the larger part of the bubble is stronger
than the other jet in the opposite direction.”””® To determine the
energy distribution of the upward and downward migrations of the
bubbles, a dimensional neck position L' is defined as L' = Lp/L,
where L, is the distance between the bubble point and neck posi-
tion, and L is the bubble length at the moment of bubble collapse, as
shown in Fig. 3.

B. Effects of dimensionless stand-off distance h*
on the formation of two axial jets

The behaviors of the cavitation bubbles after reaching their
maximum sizes are investigated at d' = 0.009 11 for various val-
ues of h*. The experimental results showed that the characteris-
tics of the bubble dynamics near the Ecoflex membrane could be

* Upward jet

* Downward jet
/\/
\_/\_/

Upper bubble
vd

Lower bubble

\\%

(2)

(c)

FIG. 3. Schematic of bubble splitting near a soft membrane. The dimensionless neck position L” = Lp/L, where L, is the distance between the bubble’s highest point and
the neck position, and L is the bubble length at the moment of bubble collapse. (a) Bubble splitting, (b) Two axial jets, and (c) Bubble migration.
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- Bubble
migration

(e) 2.874ms (f) 2.965ms

(e) 2.949ms

(d) 2.923ms (f) 3.082ms

FIG. 4. Behaviors of cavitation bubbles after reaching their maximum sizes at d’ = 0.009 11 (sample 3): (a) formation of two axial jets at h* = 0.5 and (b) no jets at
h* = 1.0. In (a) and (b), frame (1) represents the time when the bubble reaches its maximum size. Multimedia view: https:/doi.org/10.1063/5.0107339.2; (b)

https://doi.org/10.1063/5.0107339.3

classified into two groups: (i) the formation of two axial jets and
(ii) no jets, as shown in Fig. 4. In the works of Brujan et al.,”*
jet directing away from the membrane was induced at a large h*,
which was not observed in this study. This was due to the softer
and thinner boundary used in the experiments. At h* = 0.5, the bub-
ble developed a mushroom-like shape, elongated, and split into two
small bubbles (upper bubble and lower bubble) from the position
of the neck. The small bubbles clearly migrated upward and down-
ward due to the two induced axial jets. The downward jet impacted
the membrane and induced its large deformation, as seen in frame
(6) of Fig. 4(a) (multimedia view). At h* = 1.0, it was found that
the bubble oscillated spherically during the first and second pulsa-
tion, although a slight deformation of the membrane was induced at
the expansion stage, and bubble migration hardly occurred, as seen
in Fig. 4(b) (multimedia view).

Subsequently, we analyzed the migration of the upper bub-
ble induced by the upward jet by extracting the bubble’s highest-
point vertical displacement since the bubble splitting, as shown
in Fig. 3 and Fig. 5. The value of h* ranged from 0.4 to 1.0. The
abscissa is the time (t — tcollapse) and Ecollapse Was 2.486, 2.594, 2.507,
2.546, 2.484, and 2.627 ms at h* = 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0,
respectively. The ordinate is the vertical displacement of the high-
est point, and the zero-point is the neck position when the bubble
splits in the respective case. At h* = 0.8 and 1.0, two axial jets
were not induced, whereas they formed at h* =04, 0.5, 0.6, and
0.7. At h* = 0.8 and 1.0, the vertical displacements of the highest
points first increased immediately after bubble splitting due to the
re-expansion of the bubble, then reached a maximum, and finally
maintained their positions when the bubble reached the maximum
size during the second pulsation. In the cases of jet formation, it
was found that the maximum vertical displacement decreased as h*
increased, which indicated that the energy of the upward migration
decreased. Compared with the cases of no jets, the maximum ver-
tical displacements were much larger under the action of the axial

jets. Consequently, the axial jets resulted in obvious migration of the
cavitation bubble.

We investigated the neck position when the bubble split for
various h* values, as shown in Fig. 6. As h* increased, the dimen-
sionless neck position L" decreased, and the position of the neck
moved far away from the soft membrane, which indicated that the
energy and volume of the upper bubble decreased, and thus, the
upward migration decreased.

As mentioned above, the counteracting force induced by
the rebounding of the membrane (F) was a dominant factor in
developing a mushroom-shaped bubble and two axial jets. The

R h*=04, 1, = 2.486ms
—@—h*=0.5, 1 2.594ms
T sk —A—0*=0.6,1, = 2.507ms
5 v h*=0.7, 1, . = 2.546ms {}f%ii
3 =081, = 2.484ms M
S -
;- 6| =10y, 2.627ms f’.§
8 I
N
2 y
> el s ¥
34t —
5] V%2
L . —
§ Oy I T e oS
2 rY
4% & i T
% % T4
11547
A< 1 I 1 1
0.0 0.1 0.2 0.3 0.4

Time t-t .. (ms)

FIG. 5. Time variations with highest-point vertical displacements of cavitation bub-
bles after bubble splitting at d’ = 0.009 11 (sample 3) for various h* values.
Experimental data are analyzed from h* = 0.4 because the neck is not observed
at a smaller h* due to the blocking of the membrane when the bubble splits. At
h* = 0.8 and 1.0, the jets were not induced, whereas they formed at h* = 0.4, 0.5,
0.6, and 0.7. Measurement uncertainty is described in Sec. [I.
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FIG. 6. Relationship between L” and h* at d” = 0.009 11 (sample 3). The dimen-
sionless neck position L’ is L” = Lp/L, where L, is the distance between the
bubble point and the neck position, and L is the bubble length at the moment
of bubble collapse. Measurement uncertainty is described in Sec. |.

counteracting force is described by F~ wd’, where w and d
are the deflection and thickness of the membrane, respectively.
w is described using the maximum deformation of the membrane.
Figure 7 shows the maximum membrane deformation during bub-
ble expansion for various h* values. As h* increased, the maxi-
mum deformation decreased. As a result, the counteracting force
decreased because the membrane thickness d was constant so that

b) 2.389ms

(b)

scitation.org/journal/adv

S
1o

5+ i\i

Maximum deformation of boundary (mm)

4
ey
34 \
—
2 . i . i . ; . ; . ;
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless standoff distance h*

FIG. 7. Maximum membrane deformation during bubble expansion for various
h* values. The zero-point of the ordinate is the lower surface of the membrane.
Measurement uncertainty is described in Sec. |I.

the volume of the upper bubble and the upward migration both
decreased.

C. Effects of dimensionless stiffness
d’ on the formation of two axial jets

The dimensionless stiffness (d') was varied by changing the
thickness of the Ecoflex membrane. The experimental results

b i it

By s feall el o A
(d) 2.824ms (e) 2.910ms (H) 3.149ms
B&b\ble colla%<
o ——— F - -
Wrinkles _ erﬁkles
(c) 2.741ms (d) 2.924ms (e) 2.990ms (f) 3.332ms

(b) 2.408ms

(a) 1.461ms

FIG. 8. Behaviors of cavitation bubbles after reaching their maximum sizes at h* = 0.7 for various d’ values: (a) formation of two axial jets at d’ = 0.01822
(sample 11) and (b) no jets at d’ = 0.001 37 (sample 1). In (a) and (b), frame (1) represents the time when the bubble reached its maximum size. Multimedia view:

https://doi.org/10.1063/5.0107339.4; (b) https://doi.org/10.1063/5.0107339.5
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FIG. 9. Time variations with highest point vertical displacements of cavitation bub-
bles after bubble splitting at h* = 0.7 for various d’. At d’ = 0.001 37 and 0.004
56, two axial jets were not induced, while they formed at d” = 0.009 11, 0.027 34,
0.04556, 0.018 22, and 0.036 45. Measurement uncertainty is described in Sec. |l.

showed that the bubble dynamics were characterized by the forma-
tion of two axial jets and no jets for various d’ values. As shown
in Fig. 8(a) (multimedia view), the expansion of the cavitation bub-
ble resulted in the downward deformation of the membrane. As the
bubble contracted, the deformed membrane rebounded, and upward
deformation is observed in frame (3). Meanwhile, a mushroom-
like-shaped bubble developed. Two axial jets were induced when
the bubble split, with one directing toward and the other away
from the membrane. At d’ = 0.001 37, the bubble collapsed approx-
imately spherically during the entire process. Wrinkles at the mem-
brane surface occurred during the process of bubble contraction
and re-expansion, which were induced by interfacial instability and
were a unique phenomenon only occurring near a 3 mm-thick
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FIG. 10. Relationship between L” and h* at h* = 0.7. Measurement uncertainty is
described in Sec. II.

membrane, as shown in Fig. 8(b) (multimedia view). Briefly, a
large thickness of a soft membrane improves the generation of two
axial jets.

As mentioned in Fig. 5, the upward migration was described
using the vertical displacement of the highest point of the upper
bubble after the bubble split. The time variation with vertical dis-
placement for various d’ values is shown in Fig. 9. The abscissa is
the time f-fcoliapse> ad feoliapse Was 2.928, 2.837, 2.733, 2.538, 2.707,
2.624, and 2.770 ms at d’ = 0.009 11, 0.027 34, 0.045 56, 0.018 22,
0.03645, 0.00137, and 0.004 56, respectively. The ordinate is the
vertical displacement of the highest point, and the zero-point is

2000
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u

1600 /
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v 1200 -
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5
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RS |
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l/.
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FIG. 11. Maximum membrane deformation during bubble expansion (a) and equivalent values of wa® (b) for various h* values. In (a), the zero-point of the ordinate is the

lower surface of the membrane. Measurement uncertainty is described in Sec. II.
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FIG. 12. Phase diagram of bubble jetting near a soft membrane: (i) formation of
two axial jets and (i) no jets. The abscissa and ordinate are the dimensionless
stiffness d” and stand-off distance h*, respectively. The black line denotes the
boundary line between the regimes of no jets and two axial jets.

the neck position when the bubble splits in the respective case. At
d’ = 0.00137 and 0.004 56, the vertical displacements of the highest
points first increased immediately after bubble splitting due to the
re-expansion of the bubble, then reached a maximum, and finally

Maximum size Asymmetric shrinkage Mushroom shape
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(b) 2.153ms
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maintained the positions when the bubble reached its maximum
size during the second pulsation. In the cases of jet formation,
with an increase in d’, the upward migration increased, which indi-
cated the volume and energy of the upper bubble increased as d’
increased. Consequently, we investigated the relationship of L’ and
d', as shown in Fig. 10. With an increase in d’, L’ increased, and
the position of the neck when the bubble split moved closer to the
membrane. As a result, the upward migration strengthened with
increasing d’.

We measured the magnitude of the counteracting force for
various d’ values. Figure 11(a) shows the maximum membrane
deformation during the bubble expansion. It was found that the
deformation maximum was inversely proportional to the value of d'.
However, a large d’ indicated a thick membrane. According to for-
mula F ~ wd>, the force strengthened with increasing d’, as shown in
Fig. 11(b). As a result, a thick membrane increased the magnitude of
the counteracting force, thus strengthening the bubble splitting and
formation of two axial jets.

D. On the criteria of axial jet formation
and boundary piercing

The experimental observations of the bubble dynamics near
the soft membranes were obtained at various values of h* and d'.
A phase diagram is obtained depending on the formation of the

Bubble splitting -

Two axial jets Bubble migration

(f) 3.384ms

(e) 2.845ms

(d) 2.545ms (e) 3.149ms (f) 3.153ms

FIG. 13. Behaviors of the membranes induced by the impact of the downward jet at d’ = 0.01822 (sample 5): (a) large deformation of the membrane at h* = 0.1,
(b) piercing of the membrane at h* = 0.4, and (c) no deformation at h* = 0.8. The first frames in (a), (b), and (c) describe the time when the cavitation bubble reached its
maximum size. Multimedia view: https://doi.org/10.1063/5.0107339.6; (b) https://doi.org/10.1063/5.0107339.7; (c) https://doi.org/10.1063/5.0107339.8
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FIG. 14. Sub-regime of membrane piercing in the regime of two axial jets. The
red line denotes the boundary line between the regimes of no jets and two axial
jets. The blue circles represent membrane piercing. The white circles represent the
formation of two axial jets but no membrane piercing. The black squares represent
no jets.

two axial jets, as shown in Fig. 12, where the abscissa and ordi-
nate are the dimensionless stiffness d’ and stand-off distance h*,
respectively. The symbols of black solid squares and white solid
circles represent the phenomena of no jet and two axial jets, respec-
tively. When h* was larger than a critical value, the axial jets
were not induced; this is denoted as the critical 4*. In the case of
d’ = 0.00137, the axial jets were induced at an h* value smaller
than 0.1. The thin membrane (0.3 mm thickness) used in this
case resulted in a weak counteracting force during the bubble col-
lapse. As mentioned above, the counteracting force strengthened
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with increasing d’. Consequently, critical h* increased exponen-
tially, reaching a maximum of 1.1 at d’ = 0.045 56. After that, critical
h* remained constant because the membrane deformation changed
from global deformation to local deformation. Furthermore, the
magnitude of the local deformation was much less than the mem-
brane thickness and was constant as d’ increased, which suggested
that the counteracting force was independent of the membrane
thickness and directly proportional to the membrane deformation.
As a result, the boundary line between the regimes of no jets and
two axial jets was an exponential function, as shown in the following
equation:

Bt = e, (5)

where the value of 1.1 indicates the maximum value of the criti-
cal h* for the Ecoflex membrane, and C; is a constant related to
the material properties of the soft membrane. We determine that
C, = -79.4 by fitting the experimental results.

After the bubble splitting, the downward jet impacted the
membrane and resulted in the deformation and even piercing of
the membrane. Figure 13 shows the behaviors of the membranes
after the jet impact at h* = 0.1, 0.4, and 0.8. At h* = 0.1, a
large deformation was induced by the impact of the axial jet, but
membrane piercing did not occur, as shown in Fig. 13(a) (mul-
timedia view). At h* = 0.4, the membrane was pierced after the
impact. The lower bubble passed through the pierced hole and re-
expanded under the membrane, as shown in Fig. 13(b) (multimedia
view). At b = 0.8, the jet impact could not induce an obvious
deformation of the membrane, as shown in Fig. 13(c) (multime-
dia view). Therefore, we obtained a sub-regime of the membrane
piercing in the regime of two axial jets, as shown in Fig. 14. Mem-
brane piercing occurred when d’ ranged from 0.004 56 to 0.018 22.
Overall, membrane piercing was induced at h* values smaller than
0.4. We also observed that the downward jet could not pierce the

| —=—d=0.00911 (d = 2mm)
o L~ d=0.01822(d = 4mm)
| —A—d-0.01822 (d = 5mm)

Piercing

50

40 F

No piercing
30

Velocity of membrane deformation (m/s)

0.1 0.2 0.3 0.4 0.5 0.6

Dimensionless distance standoff” h*

FIG. 15. Velocities of membrane deformation from the impact of the downward jet: (a) time variation with the displacements of the membrane’s lowest points and (b) the
critical condition inducing membrane piercing. In (a), the abscissa and ordinate are the displacement of the membrane’s lowest point and the time, respectively. In (b), the
abscissa and ordinate are the dimensionless distance and velocity of membrane deformation, respectively. Measurement uncertainty is described in Sec. II.
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membrane at an h* value smaller than 0.4 at d' = 0.01367 and
0.01822. As described by Deris and Nadler,*® a soft membrane is
pierced when the resultant strain energy exceeds the peak value. The
resultant strain energy is related to the velocity of the membrane
deformation.

We investigated the displacements of the lowest point at the
lower surface of the membrane within the time interval from the
impact of the axial jet to the piercing of the membrane, as shown in
Fig. 15(a). The displacement was directly proportional to the time.
The velocities of the membrane deformation induced by the impact
of the jet are obtained by linear fitting.

The velocity of the membrane deformation was determined
by the impact velocity of the downward jet when d’ = const. The
impact velocity depended on the energy of the lower bubble and
the distance between the neck position and the membrane when
the bubble split. As shown in Fig. 6, L decreased as h* increased,
which suggested that the volume and energy of the lower bubble
increased, so that the downward jet velocity increased. However, a
large distance between the neck position and the membrane weakens
the impact velocity of the jet. As a result, the membrane defor-
mation velocity increased first with increasing #* and reached a
maximum at #* = 0.4, and then decreased, as shown in Fig. 15(b).
This was the reason why membrane piercing was induced at h*
values smaller than 0.4, and why there were cases where the down-
ward jet could not pierce the membrane at a smaller 4*, as shown
in Fig. 14.

On the other hand, according to the relationship between L’
and d’, the volume and energy of the lower bubble decreased, so the
downward jet velocity decreased as d” increased. Moreover, a large
thickness prevented membrane deformation from the jet impact.
Consequently, the velocity of membrane deformation decreased as
d’ increased when h* = const, which was why the downward jet
could not pierce the boundary at d’ values larger than 0.018 22
(d = 4 mm). Given the results in Fig. 15(b), we determine that the
critical velocity of membrane deformation inducing the piercing of
the membrane was ~45 m/s.

IV. CONCLUSIONS

We experimentally investigated the formation of two axial jets
of a cavitation bubble near an Ecoflex membrane with different
thicknesses. In the experiments, a cavitation bubble was gener-
ated using an underwater electric discharge machine. The dominant
dimensionless parameters determining the formation of the two
axial jets were obtained, the stiffness (d') and stand-off distance (h*),
assuming that the millimeter-sized bubble was filled with an ideal gas
and collapsed adiabatically in water.

After the bubble split, two axial jets flowing in opposite direc-
tions formed, resulting in obvious upward and downward migra-
tion. We obtain two parameter plots for the regimes of two axial jets
and no jets. The critical h* of the jet formation increased exponen-
tially with increasing d’, reaching a maximum of 1.1 at d’ = 0.045 56
(d = 10 mm). This was because the counteracting force induced by
the rebounding of the deformed membrane was strengthened. After
that, the critical #* remained constant because the counteracting
force was unchanged due to the pattern change of the membrane
deformation. As a result, we obtain a function of the boundary line
between the regimes.

scitation.org/journal/adv

In the regime of two axial jets, a dimension neck position L' is
defined to determine the energy distribution of upward and down-
ward migrations. Experimental observations showed that a larger
L’ suggested that the neck position moved closer to the membrane
and thus caused larger upward migration. After the impact of the
jet, the membrane deformed and was even pierced. A sub-regime
of membrane piercing is obtained in the regime. It was found that
the velocity of membrane deformation was an important factor
in determining membrane piercing. According to the relationship
between h* and L', the jet velocity increased with increasing h*.
However, a longer distance between the neck position and mem-
brane weakened the jet velocity. Therefore, the velocity of membrane
deformation increased, reached a maximum at h* = 0.4, and then
decreased when d’ = const. As d’ increased, L increased, and thus,
the jet velocity decreased. Moreover, a large d’ prevented membrane
deformation. The velocity of the membrane deformation decreased
with increasing d’ when L' = const. Finally, a critical velocity of
membrane deformation inducing membrane piercing of ~45 m/s
was obtained.

This study determined the conditions of jet formation and
membrane piercing from a cavitation bubble near a soft membrane,
and it provides a reference in some fields, such as intraocular pho-
todisruption and laser myocardial revascularization. In this study,
the dimensionless stiffness d’ was varied by changing the mem-
brane thickness. Therefore, it is of great interest to investigate bubble
jetting and membrane piercing in terms of the properties of the
membrane.
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