FLUCOME 2009

; 10th International Conference on Fluid Control, Measurements, and Visualization
August 17-21, 2009, Moscow, Russia

CINEMATOGRAPHIC ANALYSISOFA SINGLE BUBBLE COLLAPSE
FLOW INDUCED BY PRESSURE WAVE
Sheng-Y uh Jaw *, Whey-Fone Tsai?, and Robert R. Hwang®

ABSTRACT

In this study, a single cavitation bubble is generated by rotating a U-tube filled with water. A series of bubble
collapse flows induced by pressure waves of different strengths are investigated by positioning the cavitation bubble
at different stand-off distancesto the solid boundary. It is found that the Kelvin-Helmholtz vortices are formed when
the liquid jet induced by the pressure wave penetrates the bubble surface. If the bubble center to the solid boundary
is within one to three times the bubble’s radius, a stagnation ring will form on the boundary when impacted by the
penetrated jet. The liquid inside the stagnation ring is squeezed toward the center of the ring to form a counter jet
after the bubble collapses. At the critical position, where the bubble center from the solid boundary is about three
times the bubble’s radius, the bubble collapse flows will vary. Depending on the strengths of the pressure waves
applied, either just the Kelvin-Helmholtz vortices form around the penetrated jet or the penetrated jet impacts the
boundary directly to generate the stagnation ring and the counter jet flow. If the bubble surface isin contact with the
solid boundary, the liquid jet can only splash radially without producing the stagnation ring and the counter jet. The
complex phenomenon of cavitation bubble collapse flows are clearly manifested in this study.
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INTRODUCTION

It iswell known that the collapse of the cavitation bubblesin the fluid flow can cause serious damage
on pipes, hydraulic structures and turbo-machineries. The generation and the collapse of the cavitation
bubble are induced by the variation of its surrounding velocity and pressure fields. If the collapse of
cavitation bubbles occurs near the solid boundary, the water hammer impact to the boundary can be
induced (Plesset and Chapman 1971). The shock wave produced by the bubble collapse can possibly
damage the solid boundary causing the destruction of structures.

How these tiny cavitation bubbles can cause the serious structural damage has surely caught the
attention and curiosity of researchers. Many of them have plunged into the study of the characteristics of
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the bubble collapse flow and its effect on the destruction of its surrounding solid boundary. These studies
include the generation of shock wave, cavitation luminescence, and liquid jet flow, etc. If the cavitation
bubble is located near a solid boundary, a counter-jet flow will also be induced. However, there has not
been a firm conclusion yet for how these tiny cavitation bubbles can cause the destruction on the solid
boundary.

Rayleigh (1917) studied the erosion of high speed propeller blade subjected to the effect of cavitation
bubble. He developed the dynamic theory for the collapse of spherical bubbles and derived the Rayleigh
eguation. Many following researchers carried out related researches based on this theory. Plesset (1949)
considered the influence of fluid viscosity and surface tension and derived the Rayleigh-Plesset equation.
Gilmore (1952) further considered the influence of the compressibility of fluid on the bubble collapse
flow. The influence of the thermal conductivity of the fluid was considered in the study of Plesset and
Zwick (1952). Their research results showed that the bubble collapse flow can be assumed to be an
adiabatic process since the bubbl e collapse time is very short and the influence of the thermal conduction
can be neglected.

Kornfeld and Suvorov (1944) mentioned that when the bubble collapsed near a solid boundary, the
bubble is deformed to a non-spherical shape and a liquid jet flow is generated. This phenomenon was
proved in the experiment carried out by Naude & Ellis (1961). The numerical model of Plesset and
Chapman (1971) also reveded this phenomenon. Benjamin and Ellis (1966) and Philipp and Lauterborn
(1998) aso studied the bubble collapse flow and the consequent damage on the solid boundary. The
impact of the liquid jet on the solid boundary was once thought to be the cause of the boundary damage.
However, recent research results reveled that there are more important factors other than the impact of the
liquid jet that causes the boundary damage.

The pressure variation induced by the bubble collapse flow was first investigated by Rayleigh (1917).
The noise generated by the bubble collapse near solid boundary was discovered by Harrison (1952).
Vogel and Lauterborn (1988) found a close relationship between the pressure pulse and the stand-off
distance between the bubble and the rigid boundary. The bubble collapse results in a very high pressure.
The pressure pulse then revolves into a series of shock waves. The shock waves aso appeared in the
study of Tomita and Shima(1986); Ward and Emmony (1991); Ohl et a. (1995); Shaw et a.(1996);
Lindau and Lauterborn (2003), etc.

Light can be emitted, especially when the bubble collapse occursin the flow with lower fluid viscosity
or higher pressure flow field. Under these conditions, the bubble collapse time is relatively short; it is
easier for the gas inside the bubble to be heated to the light emitted temperature (McCarn et a 2006). Ohl
et a. (1998) also found the emission of light for the bubble collapse near the solid boundary. This
phenomenon is called the “Single Cavitation Bubble L uminescence (SCBL)”. Buzukov & Teslenko (1971)
and Akmanov et al. (1974) aso reported similar results. The strength of the SCBL is closely related to the
stand-off distance to the solid boundary (Ohl et a 1999). The researches related to the SCBL in recent
years include the studies of Wolfrum et al. (2001), Baghdassarian et a. (2001). Akhatov et al. (2001)
proposed the bubble dynamics mathematical model for a laser induced, spherically symmetric cavitation
bubble.

Counter jet is generated when the bubble collapsed near the solid boundary. The formation and growth
of the counter jet is very rapid. Nevertheless, the counter jet can exist for a while after it is formed. The
counter jet was found in the experiments of Harrison (1952), and Kling and Hammitt (1972); however it
was until Lauterborn (1974) who first described the counter jet phenomenon. The origin of the counter jet
is not known yet with certainty. Counter jet did not appear in the numerical simulations of Best (1993),
Zhang et d. (1993), Blake et al. (1997), while it did appear in the experiments of Philipp and Lauterborn



(1998), Tomita and Shima (1986), Vogel et al. (1989), Ward and Emmony (1991), Kodama and Tomita
(2000). The discrepancy between the numerical simulations and the experimental results leads to the
assumption that the counter jet may not be part of the bubble collapse flow, but generated by a
complicated mechanism during the bubble collapse. If the bubble is in contact with the solid boundary,
the counter jet will not be generated. Since the shock wave and the counter jet are generated at the final
stage of the bubble collapse, the formation of counter jet is thus considered to be coupled to the shock
wave scenario during bubble collapse.

According to the study of Vogel et a. (1989), whether the counter jet will occur or not during the
bubble collapse is dependent on the stand-off distance from the center of the bubble to the solid

boundary: y = a4 , where R__, isthe maximum radius of the bubble and d is the distance between the
axX

bubble center and the solid boundary. When 7 fallsintherange of 1<, < 3, counter jet is observed.

However, no counter jet is generated under the condition of ¢ >3. Lindau and Lauterborn (2003)
investigated the relationships between the counter jet rebound height, the bubble collapse time and their
respective ¢ values. Their results revealed an increasing y for a smaller rebound height, and a shorter
time of collapse.

According to the Rayleigh’s equation, the relationship between the bubble collapse time and the

bubble radius, without the boundary effect, is: R, =1.09 P=h t., where p and p are the pressure of
\ »p

the flow field and the fluid density at ambient temperature respectively, p, isthe vapor pressure, t_ is

the bubble collapse time. If solid boundary exists, the bubble collapse timeis longer. Generally the size of
the cavitation bubble generated in the laboratory is about 1.5 mm in radius. For a laser induced spherica
bubble, the bubble collapse time is around 1504s . Since the bubble size is small, the bubble collapse

time is short, the bubble collapse flow is complicate, and the generation of a single cavitation bubble & a
specific position is not easy, very expensive equipments is generally required to perform the bubble
collapse flow measurements. The high speed cameras with framing rates ranging between severa
thousand to 100 million frames per second were adopted in many researches. The particle image
velocimetry (PIV) was also adopted to measure the velocity field of the bubble collapse flow (Vogel and
Lauterborn 1998). However since the volume of the bubble was small and the bubble collapse time was
short, only arough sketch of the flow field around the cavitation bubble was obtained.

In laboratory, a single cavitation bubble is generally generated in a cuvette by the optical breakdown
of the liquid using a high energy laser beam (Lauterborn 1974, 1972). The same method was used to
generate a single cavitation bubble by several subsequent researches. Usually the bubble generated using
this method has small volume with 1.5 mm in radius, since the bubble size is restricted by the strength of
the laser energy. Note aso that the bubble generated by the optical breakdown is different from the true
cavitation bubble in certain aspects, such as vaporizing impurities in the solution may occur, the pressure
inside the bubble is different from the cavitation vapor pressure at ambient temperature, and there is no
re-condensable vapor inside the bubble, etc. Spark discharge is aso adopted to generate a single bubble.
However, this method has the defect that the spark generator may disturb the bubble collapse flow.
Bubbles can also be injected directly into the fluid by means of a needle. Bubble collapse is induced by
the high pressure, 94 MPa, shock wave generated from a lithotripter (Philipp 1993). Sankin et a.(2005)
also used alithotripter to generate a 39 M Pa shock wave and successfully measured the interaction of the
shock wave and the bubble collapse flow.



From the paper reviews presented above, it is perceived that the cavitation bubble collapse flow is
very difficult to measure due to the facts that the bubble size is small, the collapse timeis very short, and
the flow induced is very complicate. In addition, as mentioned before, the bubble generated by the optical
breakdown is different from a true cavitation bubble. A cavitation bubble containing re-condensable
vapor, when collapsed, will produce greater energy than the ones without re-condensable vapor (Akhatov
et a. 2001; Zhu and Zhong 1999). To resolve these problems, a smpler method for the generation of a
true cavitation bubble is proposed in this study. By rotating a U tube filled with water, a single cavitation
bubble is generated and stayed at the center of the rotational axis due to the effect of centrifugal force.
The cinematographic analysis of bubble collapse flows induced by pressure waves of different strengths
can thus be performed easily. By lowering the strength of the pressure wave, the bubble collapsed in a
longer period of time, the characteristics of the true cavitation bubble collapse flow are clearly manifested.
The present study focuses on the investigation of the formation of the liquid jet and the counter jet, at
different stand-off distances to the boundary, and their consequent influences on the bubble collapse flow.

EXPERIMENTAL SETUP

The experimental set up for the generation of a single cavitation bubble and the bubble collapse flow
measurements is shown in Figure 1. The DC brushless motor adopted has two horsepower maximum
power output. The highest angular velocity generated is 2000 RPM. The output angular velocity can be
adjusted by adigital controller.

The U-shape platform is made of 20 mm thick acrylic. Centered at the axis of the motor, the radius of
the rotational arm is 250 mm long. Two vertical forearms 150 mm in height are fixed to the edge of the
platform. A transparent circular tube of 200 mm in length, 5mm in internal diameter is sited on the
horizontal platform. A soft PV C tube with an internal diameter of 5mm is fastened to the vertical forearm
so that the measurement devices can be conveniently changed. The piston driven pressure wave generator
is connected to the one end of the PVC tube. The other end of the PVC tube is connected to the
transparent circular tube. On the other end of the transparent circular tube a solid boundary is connected.
A hole 1 mm in diameter is drilled on the solid boundary and connected to a pressure sensor so that the
strength of the pressure wave for inducing the bubble collapse flow can be measured.

The trangparent circular tube on the U-shape platform is filled with water, as shown in Figure 2. On
the air-water interface is the free surface boundary, where the surface pressure is one atmosphere.

Therefore, at the center location of the U tube, the hydrostatic pressure is p, = P, + P9AN,
where p,, is the atmospheric pressure, g is the gravitational acceleration, and Ah is the height of the
water column.

When the U-tube is rotated, the fluid inside the tube is subjected to the centrifugal acceleration. The
pressure distribution along the radius is a parabolic profile, as the dash-line shown in Figure 2. At the
vertical forearm, athough the column height Ah isdightly increased, the free surface is till kept at one
atmospheric pressure. Therefore, the pressure difference between the free surface and the axis of rotation

is pgAh_lprsz,whereristheradiusof the rotational arm and @ isthe angular velocity.
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Fig. 1. experiment setup Fig. 2. The pressure distribution

When o isgradualy increased, the pressure at the axis of rotation of the transparent circular tube is
gradually decreased to the vapor pressure of ambient water temperature, a single cavitation bubble is thus
generated at the central axis of the U-tube. By controlling the angular velocity of the rotating U-tube, a
desirable size of a single cavitation bubble can be generated.

A Fastec high speed camera is used to record the images of bubble collapse flows. The higher the
image recording speed, the lower the image resolution will be. For the image recording speed set at 4,000
frames per second, the image resolution recorded is 1280x128 pixels. A Kulite XTL-190 pressure sensor
incorporated with the NATIONAL INSTRUNENTS-6221 Analog 1/O card is used for the measurement of
the pressure variation.

After the cavitation bubble is generated, the rotating U-tube is stopped instantly to restore the pressure
back to the hydrostatic pressure. This pressure recovery alone is not enough to cause the cavitation bubble
collapse. Therefore, a piston driven by a spring is used to trigger the pressure wave required for inducing
the cavitation bubble collapse, by hitting the free surface of the PV C tube with the piston. Two signals are
sent simultaneoudly to trigger the high speed camera and the computer for image and pressure data
recording.

A single cavitation bubble and the subsequent bubble collapse flows induced by pressure waves are
easily generated by the experimental setup proposed in this study. Cinematographic analysis of the
cavitation bubble collapse flows at different stand-off distances are performed and discussed in the
following.

CINEMATOGRAPHIC ANALYSIS OF THE CAVITATION BUBBLE COLLAPSE FLOWS

To investigate the characteristics of the liquid jet and the counter jet formed in the bubble collapse
flow, a series of experiments at the stand-off distance y =7,3,2,1 is performed respectively. The
cavitation bubble generated is 2 mm in radius. Pressure waves of different strengths are applied to induce
the bubble collapse flow. The experimental results are discussed bel ow:

A. BubbleCollapseFlowsaty =7

At this stand-off distance, the center of the cavitation bubble to the solid boundary is seven times of
the bubble radius. A 160 kPa pressure wave comes from the left hand side to induce the bubble collapse
flow. The formation of the liquid jet at the central axis of the cavitation bubble is shown in Figure 3.
Series images from the bubble deformation to the bubble collapse are shown in Figure 3. These images
clearly manifested that, for this stand-off distance, the cavitation bubble collapse flow is not affected by



the solid boundary.

As shown in Figure 3, when the bubble is concaved by the pressure wave, aliquid jet is formed at the
central axis of the bubble. Initially the liquid jet is converged as the bubble surface concaved toward the
center of the bubble. The left hand side bubble surface progressively moves toward the right hand side
surface of the bubble. The counter force opposing the liquid jet is then gradualy increased as the two
bubble surfaces approach each other. At the same time, the liquid jet is accumulating energy and forming
a structure that has alarger front and a smaller rear, as shown in second row of Figure 3. When sufficient
energy is accumulated by the liquid jet during this continuous motion, the overlaid bubble surface is
threaded and subsequently spouted into a jet flow. The Kelvin-Helmholtz instability occurs at the spouted
jet surface and vortices are formed due to the presence of sufficient velocity shear between the jet flow
and the surrounding static fluid, as shown in images listed in the second and the third row of Figure 4.
Jaw et a. (2007) clearly demonstrated the Kelvin-Helmholtz vortex formation in their measurements of
soap bubble collapse flow. The bubble threaded by the jet flow is then collapsed into two smaller bubbles.
If the strength of the pressure wave is increased, the bubbleis collapsed into a number of smaller bubbles.
From these series of images, the features of the cavitation bubble collapse without solid boundary effect
are clearly manifested.

Fig. 4. Images of the bubble collapse at ¢ = 7. 1* row: bubble deformation induced by pressure
wave; 2" and 3" row: formation of the Kelvin-Helmholtz vortices. The strength of the pressure
wave is 160 kPa . The time interval between images is 1/2000 second.

B. BubbleCollapseFlowsaty ~ 2

As described in the introduction, the counter jet is generated when the stand-off distance from the
center of the bubble to the solid boundary is within one to three times the bubble’s radius (1 < , < 3). The

experiments conducted with y =~ 2 falls within this range.

The distance from the right hand side of the bubble surface to the solid boundary is only one radius
long. The Kelvin-Helmholtz vortices are generated after the bubble surface is threaded and the jet flow is
formed. Images of bubble collapse flow induced by a 250 kPa pressure wave are shown in Figure 5. The
height of the jet induced islong enough for the jet to impact the solid boundary, as shown in the first row
of Figure 5. At the root of the jet where the bubble surface is penetrated, the velocity is high and pressure
is low, the bubble is stretched towards the solid boundary, as the images shown in the second row. The
counter jet is clearly presented in the first image of the third row. On the same image, it is also found that
the fluid outside the bubble surface flows along the outwards radia direction. For such a flow
configuration to exist there must be a stagnation ring formed when the jet impact the solid boundary,
which separates the inwards and outwards radia flows. Note also that a liquid layer must exist between



the bubble surface and the solid boundary; the liquid layer can then be squeezed by the inwards radia
flow to form the counter jet. For aliquid layer to exist between the bubble surface and the solid boundary,
the distance from the bubble center to the boundary must be larger than the bubble radius, or the stand-off
distance must be larger than one. Therefore, v > lis a necessary condition for the bubble collapse flow to
generate the counter jet.

If the strength of the pressure wave is increased to be 475 kPa, the bubble collapse flow and the
counter jet formed is shown in Figure 6. The counter jet formed is higher and the cavitation bubble is
broken into a number of small bubbles.

. Solid boundary ! .
Front view Side view

Fig. 5. Upper Part: Images of bubble collapse flow at ¢y = 2 (The counter jet is indicated by an
arrow). The strength of the pressure wave is 250kPa. The time interval between images is 1/2000
second. Lower Part: Schematic diagram for the counter jet formation.

Fig. 6. Images of bubble collapse flow at y = 2. The strength of the pressure wave is 475 kPa. The
time interval between images is 1/2000 second.

C. BubbleCollapseFlowsaty ~ 3

The stand-off distance y = 3 is a critical vaue for the generation of a counter jet. In this study, three
different strengths of pressure waves are used to induce the cavitation bubble collapse. The influences of
the pressure waves to the formation of the counter jet at this critical stand-off distance are investigated.



The images of the bubble collapse flow induced by a pressure wave of 195 kPa are shown in the first
and second row of Figure 7. An inwards dent is formed and aliquid jet is generated. The bubble surface
is then threaded by the liquid jet and the Kelvin-Helmholtz vortices are formed around the penetrated jet.
The height of the penetrated jet is not long enough to impact the solid boundary. Similar to the results
presented for the stand-off y = 7, the counter jet is not generated in this bubble collapse flow.

If the strength of the pressure wave isincreased to 265kPa, it is found from the images in the third row
of Figure 7 that the penetrated jet can barely touch the solid boundary. Unlike the semi-hemispheric front
of the penetrated jet induced by lower pressure wave, as shown in the first and second rows of Figure 7,
the front of the penetrated jet isflat, a clear evidence that the solid boundary effect has come into play. In
the meantime, the jet started to spread radialy so that the circumference of the spread jet touch the tube
wall before the jet front impacts the solid boundary. This spreading jet keeps moving towards the right
side until it touches the solid boundary. The impact jet is then rebounded, as the images shown in the
fourth row of Figure 7. Although the penetrated jet induced by this strength of pressure wave can impact
the solid boundary, the jet has aready spread and touched the surrounding tube wall, disabling the
penetrated jet from forming the stagnation ring and the counter jet. Note that the bubble is aso stretched
and deformed towards its right side due to the pressure variation of the bubble collapse process, as the
images shown in the fifth and sixth rows of Figure 7. If the strength of the pressure wave is increased to
550 kPa, the penetrated jet is able to impact the solid boundary directly to form the stagnation ring and
the counter jet, as shown in the last two rows of Figure 7.

Fig. 7. Images of bubble collapse at y = 3. The 1% and 2" rows: the strength of the pressure wave
is 195 kPa; 3" to 6™ rows: the strength of the pressure wave is 265 kPa,; 7" and 8" rows: the
strength of the pressure wave is 550 kPa (the counter jet is indicated by an arrow). The time

interval between images is 1/2000 second.

D. BubbleCollapseFlowsaty ~ 1

The other critical value for the formation of the counter jet occurs at vy =~ 1 where the bubble surface is
close to the solid boundary. For this relatively low stand-off, a thin fluid layer exists in the small gap



between the bubble surface and the rigid boundary. In order to understand the characteristics of the flow
fields under this critical condition, experiments at both locations where y is dightly greater than and equal
to one are performed.

The bubble collapse flow induced by a pressure wave of 320 kPa at the stand-off distance y dightly
greater than 1 is performed first. The bubble deformed and changed from a bowl-like shape to the toroidal
shape after the liquid jet threads the bubble surface, as shown in the first row of Figure 8. The diameter of
the liquid jet is larger than the larger stand-off experiments presented before. Although the gap between
the bubble surface and the solid boundary is small, a stagnation ring is still formed after the liquid jet
impacts the solid boundary. The outwards radial flow collides with the flow induced by the 4till
contracting bubble and a splash is projected away from the boundary, as shown in the schematic diagram
of Figure 8. Theliquid layer in the gap inside the stagnation ring is squeezed inwards to form the counter
jet, as shown in the third row and the schematic diagram of Figure 8. Finally the bubble is broken into
small bubbles.

The stagnation ring

Front view Side view

Fig. 8. Upper Part: Images of the bubble collapse at y = 1 (the counter jet is indicated by an arrow).
The strength of the pressure wave is 320kPa. The time interval between images is 1/2000 second;
Lower Part: Schematic diagram for the formation of the counter jet and the splashing.

For the stand-off distance y = 1, the deformed bubble does not become toroidal since the liquid jet can
not thread the bubble surface but just push the front and the rear bubble surfaces to be overlaid on the
solid boundary. After the liquid jet impacts the solid boundary, it just splashes dong the radid direction.
The bubble collapses subsequently along the radial direction without forming the stagnation ring and the
counter jet, as the images and the schematic diagram shown in Figure 9.

For all the experiments performed in this study, the strength of the pressure wave adopted to induce
the bubble collapse flow is kept as low as possible so that the bubble collapsed in alonger period of time.
The characteristics of the bubble collapse flows at different stand-off distances can thus be clearly
manifested. However, different strengths of the pressure waves are needed to induce the bubble collapse
flow at different y locations. A lower strength of the pressure wave is needed for an increasing y value and
vise versa
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Side view

Front view

Fig. 9. Upper Part: Images of bubble collapse at y = 1; the strength of the pressure wave is 520
kPa; the time interval between images is 1/2000 second; Lower Part: Schematic diagram of the
liquid jet and the splashing.

CONCLUSION

In this study, a single cavitation bubble is generated by rotating a U-tube filled with water; the
pressure at the rotating axis of the U-tube is lowered to the water vapor pressure due to the centrifugal
acceleration, and the cavitation bubble is generated right at the rotating axis. The bubble collapse flows
are induced by the pressure waves of different strengths. Sequential images of the bubble collapse flow
arerecorded by a high speed camera. The characteristics of the cavitation bubble collapse flow are clearly
manifested by the cinematographic analyses.

For a large stand-off distance, y = 7, the bubble collapsed without solid boundary influence, aliquid
jet is formed due to the bubble deformation. The liquid jet then penetrates the bubble surface. The
Kelvin-Helmholtz instability occurs around the penetrated jet surface and vortices are formed due to the
presence of sufficient velocity shear between the jet flow and the surrounding static fluid. Counter jet is
not formed for such a stand-off distance.

For the stand-off distance, y = 2, which falls within therange; < , < 3, the penetrated jet is capable to

impact the solid boundary. A stagnation ring is formed on the solid boundary which separates the jet into
an outwards and inwards radia flow. The liquid between the bubble surface and the solid boundary is
squeezed by the inwards radial flow to form the counter jet.

At the critical stand-off distance, y = 3, whether the counter jet occurs depends on the strength of the
pressure wave used to induce the bubble collapse. For a lower strength pressure wave, the liquid jet
penetrates the bubble but is not able to impact the solid boundary. Neither stagnation nor counter jet can
be generated. For an intermediate strength pressure wave, the penetrated jet spread radialy so that the
circumference of the jet touch the tube wall before the jet front impacts the solid boundary. Neither
stagnation ring nor counter jet can be generated. If the strength of the pressure wave is further increased,
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the penetrated jet is able to impact the solid boundary directly to form the stagnation ring and the counter
jet.

For the stand-off distance y slightly greater than 1, a thin liquid layer exists in the small gap between
the bubble surface and the solid boundary. The penetrated jet impacts the boundary directly. The
stagnation ring is formed on the solid boundary. The thin liquid layer inside the stagnation ring is
squeezed by the inwards radial flow to form the counter jet. If vy is equal to 1, the bubble surface isin
contact with the solid boundary, the liquid jet can not penetrate the bubble but splashes along the radial
direction without forming the stagnation ring and the counter jet.

The complex phenomenon of cavitation bubble collapse flows are clearly manifested by the
cinematographic analyses performed in this study.
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