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The synchronized force impact measurement
and visualization of single cavitation bubble
generated with LIB

D. Jasikova, M. Muller, M. Kotek and V. Kopecky

Abstract—In this paper we present the results of the
synchronized investigation of the single cavitation bubble behavior.
The cavitation bubble is generated with Laser Induced Breakdown
(LIB) technique that is based on single laser shot that is synchronized
with ¢ high speed shadowgraphy visualization and the pressure force
measurement. The bubble dynamics response in the field of fluid can
be detected acoustically by PVDF needle hydrophones or optically by
high speed CCD cameras working on frequencies up to 180 kHz.
Here we present two PVDF film signals corresponding to two bubble
wall distances and we are following the run of the first peak in the
signal, which corresponds to the interaction between the wall and
shock wave, which is radiated at the bubble initiation due to rapid
plasma expansion. The main goal of this research was to set the
optical setup for the laser induced breakdown and to create the
calibration relation curve for the bubble size dependence on the input
energy of the laser beam.

This calibration curve was related to the collapse time of the
cavitation bubble to estimate the lifespan of each bubble. This
information was the entry condition for the setup of the visualization
technique.
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I. INTRODUCTION

HE cavitation can be defined as a collection of effects
connected to the origin, activities and collapse of
macroscopic bubbles in liquid. In real applications cavitation
bubbles are usually not separated. The bubbles create
structures which acts collectively, however the essential
elements of these structures are the individual bubbles.

The understanding of its dynamics and impact to the
surroundings represents the key in the understanding of the
cavitation phenomena in its complexity.

The bubbles can be generated by several physically
different mechanisms. The most obvious in nature is the
hydrodynamics cavitation, where the bubbles are produced
due to local pressure decrease caused by the flow acceleration
in vicinity of obstacles. Acoustic cavitation is produced by
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imposing an intensive acoustic field into the bulk of liquid [1].
The acoustic field causes the local tension of the liquid and its
rupture. Energy deposition represents another possibility for
the bubble generation. The high density energy source can be
laser radiation or an electric arc. The high energy plasma
causes the local evaporation of the liquid and bubble creation.
The bubbles created by the energy deposition can be generated
either by electric discharge or the optical breakdown.

The optical breakdown in liquid is usually produced by
focusing of the laser light trough suitably designed optics. The
laser induced breakdown in aqueous media and its collateral
effects are described in detail by Kennedy in [2]. The energy
distribution during the growth and collapse of laser induced
bubble was described e.g. by Vogel in [3] and [4]. The authors
investigated the influence of the laser pulse duration and input
laser energy on the bubble dynamics and the shock waves
emission.

The behavior of cavitation bubbles in water and isooctane
generated by laser was investigated by Muller [5]. The
generation of cavitation bubble is the most delicate part of the
each experimental setup as the bubble must be spherical and
undisturbed. Bosset [6] and Obreschkow [7] tested several
optical assemblies for the generation of laser induced at 532
nm.

The most spherical bubble shape exhibited with the
assembly using concave mirror for the laser beam focusing.
The laser beam was expanded before the focusing by Galilean
beam expander. One difficulty connected with the generation
of the laser induced bubble is the limitation of its maximum
size. The laser induced bubbles are usually produced in range
of millimeters; however this requires high speed techniques
for the bubble dynamics record.

The bubble dynamics response in the field of fluid can be
detected acoustically by PVDF needle hydrophones or
optically by high speed CCD cameras [8], [9]. The direct
interaction between the cavitation bubble and the impact of its
collateral effects can be detected by PVDF film sensors [8],
[9]. These sensors are applicable in wide range of frequencies
up to 1 MHz with very high sensitivity.

Here we try to understand the cavitation bubble behavior in
a sense of observation its dynamics and visualize the types of
the cavitation process with the most suitable technique. The
aim of this work was to trace the relation between the output
laser energy and the cavitation bubble size. This relation
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depends also on the geometry of the optical devices that has to
be correctly calculated and designed. In the following step we
visualized the interaction of the cavitation bubble with the
solid wall. This force interaction is dependent on the bubble
size and the distance from the wall [10, 11 and 12].

In this paper we are not trying to set the physical statements

and describe the background of the phenomenon both
physically either mathematically, but the benefit of this
research is to find the way in which the single cavitation
bubble can be examined, visualized and valuated.
Here we present results obtained with synchronized LIB,
acoustic measurement, visualization for the state of the force
interaction and the character of the cavitation bubble as well
as process itself.

Here we are focused on the behavior of single bubble. For
this purpose we select the optic cavitation as suitable method
that enables to generate bubble spatially precisely and with
defined diameter. [10] The liquid breakdown is caused by the
local absorption of thermal and electromagnetic energy that
leads to multi photon ionization followed with electron
avalanche process, as visible plasma emission.
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Fig. 1 the mechanism of cavitation bubble behavior in time

The term of optical breakdown is generally used for short
pulse exposures. In our experiments we used the laser of pulse
width 10ns. The laser induced breakdown (LIB) leads to
plasma expansion that is followed by audible acoustic wave,
supersonic velocities, shock waves and cavitation effects. [13]

The mechanism of the LIB is physically complex problem
to be solved. The laser pulse generates the dense plasma of
temperatures (6000 — 15000)K and pressures (20-60)kbar.
This initial effect evokes bremsstrahlung emission and
electron-ion recombination that can be noticed as visible flash
in broadband light spectrum. The plasma expansion is
followed by the shock wave and during this sequence the
liquid is vaporized and a cavitation bubble is growing. This
bubble is filled with water vapor. The bubble collapse occurs
during the second phase of the bubble lifespan. The collapse is
caused by the reduction of interior pressure and cooling that is
influenced by the external environment.

This research was focused on the relation between the light
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energy and the bubble size that can be produced in the
experimental setup.

For the single bubble generation we used here the setup for
the laser induced breakdown (LIB).

The 10ns width laser pulse was generated using Q-switched
Nd:YAG NewGemini pulse laser. This laser worked with one
cavity for single shot generation on the wavelength 532nm.
The outlet diameter of the laser beam was 5mm with Gaussian
characteristics of intensity. In our research setup we used
EFL1 - 75mm, and EFL2 - 300mm, magnification of 4times.
This setup is followed with the golden mirror of the focus
50mm. The focused laser beam created the laser point
(radius<0.1mm). Due the losses in the optical path on each of
optical elements, comparable to this, we had to increase the
energy level that enters the whole system. The set output
energy of the laser is taken in account in the relation to the
bubble diameter.

The diameter of the laser beam was 5mm. the magnification
of the Galilean beam expander was calculated according to
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Fig. 2 the schema of the Galilean beam expander

IV. VISUALIZATION SETUP

We used here the shadowgraphy setup for the bubble
visualization. This setup consists of the 1.5kWatt continuous
daylight lamp of light temperature 5200K and 110klux in the
distance 1m far from the investigated object. The surrounded
air was cooled with the ventilation system.

In the central horizontal axis, opposite to the light source
was placed high speed CMOS camera SpeedSense from
DantecDynamics. This camera is working on frequency
180kHz with resolution of (128x128)px or lower frequency
with higher resolution up to (1280x800)px, and the dynamic
range 12bit. The camera exposure time was 1us. The sub-pixel
resolution was 20um.

The camera was mounted with optical lens system Nikkon
Macro 200 to get detailed image of magnification 1:1 in the
distance 500mm far from the bubble. This setup ensured us
optimal resolution and magnification of the image, so the
pictures of the cavitation bubbles are contrast and detailed.
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The camera was mounted with the 570nm low pass optical
filter to reduce the backward laser flashes to the camera and
also to eliminate the flash generated while plasmatic
breakdown.
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Fig. 3 the schema of the experimental setup of the LIB and
visualization technique

V. PVDF FILM FORCE MEASUREMENT

The pressure response of the cavitation bubble was
measured with PVDF film sensor DT1-028K W/TH
(Measurement Specialties) in the far field. This sensor was
also used to record the impact force from the bubble generated
close to the wall. The signal from the PVDF film sensor was
digitalized with the oscilloscopic card with the sampling
frequency 60MHz. The PVDF film sensor was calibrated with
the drop ball test and the measured calibration constant was
7.48mVI/N.

The whole system (bubble generation, visualization setup
and force measurement) was synchronized with the laser shot.
The synchronization via the timer box was directly connected
to the measurements cards in the computer. The signals were
processed separately. The camera records were processed in
Phantom Multi cam.

The investigation was realized with the water tank made
from optical glass and filled with distilled water. We measured
the parameters of water before and after the set of experiments
and the values were following: the degree of dissolved air in
the water 8.43mg/l and the conductivity 1.3uS/m. The degree
of dissolved air gave us information for further comparable
study of the dependence of cavity bubble characteristics on the
degree of dissolved air. And the conductivity signifies the
degree of impurities in water.

VI. RESULTS

For the relation between input laser energy and the bubble
size that was generated with our optical setup, we create the
dataset of size — measurement.

The energy of the laser beam was set and measured with
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Ophir pyroelectric energy sensor. The dataset of at least 20
cavitation processes for statistic evaluation was captured. This
maximum bubble size was detected in each image and it was
related to the energy of the laser beam. The bubble size was
measured in vertical and horizontal axis and the final value
represents the average value. The increase of the laser energy
causes the increase the horizontal value of the cavitation
bubble size. This effect corresponds with the temporal and
spatial plasma evolution at the very beginning of the process.
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Fig. 4 the graph of the relation between the cavitation bubble radius
and the input laser energy
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Fig. 5 the graph of relation between the bubble collapse time and the
input laser energy

The relation between the energy of the laser beam and the
cavitation bubble size is asymptotic. This means that further
increase of laser energy does not lead to significant increase of
the bubble size.
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According to Kennedy [13], the plasma temperature shows
asymptotic dependence on the laser pulse energy as well. With
higher laser energy we recognized the negative influence of
impurities and presence of segmentations on the bubble
surface.
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Fig. 6 the characteristic bubble shape for set input laser energy.
The process of LIB is not only characterized with the

relation between the energy of the laser beam and cavitation
bubble size, but also with the bubble dynamics. Rayleigh
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(1917) expressed the quotation that represent the collapse time
of the bubble (2).

2
t.=0.915 (ﬁi) )
1Py

, Where the p is the liquid density, R the radius of the bubble,
p; the atmospheric pressure in the surrounding liquid — 10°Pa
and the p, is the vapor partial pressure 2339Pa for 20°C.

The calculation of collapse time gives us important
information and prediction about the bubble growth and
dynamics. This is useful for the final experimental setup of the
sample frequency of the camera and how long the process
takes. As it is seen in Fig.5 collapse time is dependent on the
cavitation bubble size, and finally on the input energy of the
laser beam.

As we have successfully made the calibration pattern that
gave us relation between the cavitation bubble size and the
input laser energy (Fig. 4), we could follow in our research
that is mainly focused on the impact of the cavitation bubble
on the surface. With our experimental setup we got the very
precise equipment that enables the generation of the cavity
bubbles time, geometrically and spatial defined (Fig. 6).

In this part of experimental work we completed the
experimental setup mentioned above with the PVDF film
sensor attached to the wall. In the previous tests [7] that were
based on single spark-generated cavitation, there were
compared the results from the hydrophone and PVDF film.
The signal correspondence between these two methods and the
comparison of the measured pressure and force assured us in
the good agreement.

The collapse patter that was detected synchronously showed
the same trend and the peak of maximal and minimal values
were temporary fitted.

Here in this measurement we were more interested in the
impact force from the bubble on the wall. We worked with the
input laser energy 4.7mJ that led to the generation of the
symmetrical regular shape bubble radius of size 0.83mm.

We run the serial of experiments varying in the distance of
the bubble and the wall. The crucial distances were: the whole
diameter, half of the diameter, half of the radius and the edge
of the bubble.

Here we present the results taken in two interesting
distances i.e. the two whole diameters and the bubble radius.
The force measurement is related to the visualization.

The images were captures in the resolution (128x184)px
with the frequency 130.232 kHz. The starting point of the
measurement is the shot from the laser that initiates the
breakdown. The plasmatic flash can be sometimes seen on the
firs image.

Two PVDF film signals corresponding to two bubble wall
distances are presented in the Fig. 7 and Fig. 8. The first peak
in the signal at Fig. 7 (up to 5 ps) corresponds to the
interaction between the wall and shock wave, which is
radiated at the bubble initiation due to rapid plasma expansion.
After this phase the bubble starts to expand up to the first
maximum radius, which is reached about 51ps.
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Fig. 7 the visualization of single cavitation bubble development in selected time steps and the synchronized force measurement
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Fig. 8 the visualization of single cavitation bubble development in selected time steps and the synchronized force measurement

ISSN: 1998-4448 80



INTERNATIONAL JOURNAL OF MECHANICS

Then the bubble starts to collapse. The final stage of the
collapse is associated with the shock wave production, which
can be identified at the signal by the peak about 109ps.

After this phase the bubble expand to the second maximum
radius followed by second bubble collapse. The shock wave
generated during the second collapse can be identified at the
signal about 143ps. In this position the bubble wall interaction
is realized only due to shock waves. The first peak in the
signal at Fig. 8 (up to 5us) corresponds to the interaction
between the wall and shock wave. Then the bubble expands to
the first maximum radius followed by first collapse
represented by peak at 110ps. In contrast to previous case the
bubble is during the final state of the collapse attracted to the
wall. This movement continues during the second bubble
expansion. The second bubble collapse proceeds already at the
wall, which can be identified by the peak about 180us.

The experimental setup of the LIB enables us the precisely
set the spatial geometry of the cavitation bubble generation.
The further study followed the trend of the impact force on the
various surfaces and the character of the shape in the
implosion phase. The shape of the implosion phase of the
cavitation bubble corresponds directly to the impact force that
was measured on the wall surface.

Anyway as the bubble lifespan can be divided into two
phase, the visualization was also studied separately.

During the first phase the bubble grows and expands and
the distance to the surface was estimated from the maximum
bubble size. In the second phase of the bubble implosion, there
is visible the significant influence of the bubble distance.

Time after LIB:
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the bubble generated in the distance equal to the bubble
diameter, the second row the distance to the half of maximum
bubble diameter; the third row the half of the bubble radius
and the fourth row represents the bubble generated in the
distance one and half diameter to the surface. Already in this
stage there is seen small force impact on the surface,
especially when the bubble is generated close enough to the
surface or is directly detached. It is obvious that the detached
bubbles have the major influence on the damages of the
surface. There is mentioned in the introduction part that
probability of the cavitation bubble raise increase with the
impurities in the water so there is the no striking information
that those impurities are mostly present on the surfaces so
there is further increase of the damage.

As it is seen this phase is crucial for the further behavior of
the single bubble. In the second phase, during the implosion
and the bubble destruction the force impact is raised and it is
visible that the impact force is growing also with the distant
bubbles. The figure 10 corresponds with the figure 9 and the
rows are following.
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Fig. 9 first part of cavitation bubble lifespan- the growth of the
bubble and the start of the implosion

Figure 9 shows the cavitation bubble in the first part of
grows in four distances to the surface. The first row presents
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Fig. 10 second part of cavitation bubble lifespan — the implosion with

VII. CONCLUSION

The main goal of this research was to set the optical setup
for the laser induced breakdown and to create the calibration
relation curve for the bubble size dependence on the input
energy of the laser beam.

This calibration curve was related to the collapse time of the
cavitation bubble to estimate the lifespan of each bubble. This
information was the entry condition for the setup of the
visualization technique.

Here we used the high speed shadowgraphy setup. The



INTERNATIONAL JOURNAL OF MECHANICS

visualization was synchronized with the pressure response
measured with PVDF film sensor attached to the solid wall.
The interaction between the cavitation bubbles was studied
with both techniques: the valuated visualization and the signal
from the PVDF film.

Time evolution of the PVDF film signal has the same
characteristics but maximum and minimum peak values are
influenced by the distance between the bubble and the wall
position.

As we are dealing with powerful experimental technique
that enables the generation of single highly defined cavitation
bubble in time and space, the following research will be
focused on the impact of the cavitation bubble force on the
elastic wall and the measurement of the temperature field in
the bubble surroundings. The next step is the estimation of
cavitation bubble characteristics on the degree on the
dissolved air and the level of impurities in the water.
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