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The generation of cavitation by ultrasound is used in a large number of processes in different scientific and
industrial applications. Chemical reactions are made possible or accelerated by locally occurring high tem-
peratures and pressures generated by the collapse of cavitation bubbles. Mixing or separating substances,
emulsification, ultrasonic cleaning, degassing, and microbiological treatment of fluids are some more applica-
tions for ultrasonic generated cavitation. In most of these applications, an optical examination of the events
within the cavitating medium is not possible. Non-transparent media or closed containers prevent an optical
process monitoring. In addition, the use of sensors is often impossible for cost reasons, limited construction space
or disturbance of the process. In order to still enable process monitoring, the authors follow a novel approach:
the analysis of the electrical signals of the ultrasound transducer used for cavitation generation. The current
signal of the ultrasound transducer is inspected for frequency components, known as acoustic cavitation in-
dicators. For this, the time signal is recorded and transferred to the frequency domain for further processing and
evaluation. In previous studies, acoustical sensors like hydrophones or microphones were used as reference for
the self-sensing technique.

In order to link cavitation events inside the fluid container to cavitation indicators in the current signal, a
photo study of the cavitation events inside a transparent water container is conducted. In contrast to previous
self-sensing attempts, the ultrasound transducer’s transfer characteristic is also considered. The evaluation of the
acquired data shows that a frequency component which is 3/2 times the driving frequency (~30kHz) can be
used to determine the onset of transient cavitation. Once the transient cavitation threshold has been exceeded,

broad band noise levels show a good correlation with cavitation intensity.

1. Introduction

The generation of cavitation can be beneficial to many processes.
The motivation for the application of the presented self-sensing ap-
proach is an industrial application: the manufacturing of heat sinks
during casting. The aim of this process is to generate a cohesive con-
nection between aluminum and copper, both of which have good
thermal conductivity and are commonly used in the production of
heatsinks. The authors’ approach to enable the connection between
aluminum and copper is to apply ultrasound to the melt in order to
generate cavitation [1]. The cavitation bubbles then clean the surface of
the solid copper part and destroy oxide layers, which prevent a con-
nection. The described ultrasonically assisted casting process leads to a
cohesive bond [2], ensuring high thermal conductivity.

In order to control this manufacturing process, a method for mon-
itoring cavitation is needed. The casting mould and aluminum melt
provide an opaque environment, thus making optical process mon-
itoring impossible. In addition, the use of measurement equipment, like
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hydrophones, is impossible due to the high temperature of the liquid.
Yet, in order to provide process monitoring, the electrical signals of the
ultrasound transducer, used to create cavitation, can be analyzed for
indicators in the frequency domain. The working principle of this self-
sensing technique has already been successfully tested [3-6]. The
principle is based on the fact that different frequency portions, known
as acoustic indicators for cavitation [7,8], can also be found in the
electrical signals of the transducer. These indicators can be the noise
level or frequencies related to the ultrasonic driving frequency fy. The
driving frequency related indicators can be divided into harmonics
(n*fp), subharmonics (fo/n) and ultraharmonics (n*fo/m, m = 2, 3, 4,
...) with n being the harmonic index (n = 2, 3, 4, ...). Broadband noise
is known as an indicator for transient cavitation. Commonly used de-
vices for cavitation monitoring are additional transducers [9], passive
piezoelectric receivers [10], microphones [11,12] or hydrophones
[13,15]. The investigations, applying the self-sensing concept, link
different indicators to cavitation events. In [3] the frequency portions
3/2fo, 5/2fp and 7/2f, are associated to the onset of transient
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cavitation. By comparison with the signals from a special cavitation
sensor, in [4,5] different subharmonic and ultraharmonic frequency
components in the current signal are investigated for their suitability
for cavitation detection. The components 3/2f,, 7/3fp, 3.9fp and 4.2f,
are presented as possible indicators for the onset of stable and transient
cavitation. A sudden change in resonance frequency is also found to
agree with the occurrence of transient cavitation. Although the
thresholds for the onset of transient cavitation could not be detected
with the frequency components 5/2f, and 7/2f,, these two portions are
suspected to be related to the strength of cavitation. Furthermore, the
effect of changes of the experimental setup is investigated. The ex-
change of the ultrasonic transducer or the driving electronics changes
the self-sensing results. For one type of setup the intensity of ultra-
harmonics is linked to the strength of cavitation.

Instead of monitoring indicators in the frequency domain, another
approach is to evaluate changes in the transducers impedance. In this
way the volume fraction of gas in the vicinity of the transducer can be
related to the transducer’s impedance [14,16].

In this contribution, a laboratory setup is used to investigate the
dependence of cavitation indicators on ultrasound intensity and the
corresponding cavitation events within the medium.

First the principle of self-sensing cavitation detection is explained.
Then the experimental setup is presented and experimental results are
shown. Before the results are discussed, the measurement results are
evaluated, to find a correlation between cavitation intensity and fre-
quency based indicators.

2. Principle of cavitation detection

Before the experimental setup and the results are described, the
principle of cavitation detection, applied here, will first be explained.
The ultrasound transducer is actually a piezoelectric converter that
converts electrical alternating signals into mechanical vibrations, which
in turn excite the surrounding fluid and generate a sound field. In order
to create a high mechanical amplitude, that generates high pressure in
liquids, to thus generate cavitation, the transducer is driven at re-
sonance in its third longitudinal eigenmode. The cavitation bubbles in
the fluid produce mechanical deformation on the transducer's horn,
which leads to a deformation of the piezo elements of the converter,
which in turn generate electrical signals. These signals are small com-
pared to the driving signal and are superimposed on it. The super-
imposed signals can be recognized by measuring the transducer’s cur-
rent signal and transferring it to the frequency domain. The principle
described is shown graphically in Fig. 1(a). The sound wave generated
by the converter and amplified by the transducer’s geometry is depicted
in black. The vibrations resulting from the deformation, caused by the
bubbles, are shown in gray. The challenge of self-sensing cavitation
detection can be made clear by Fig. 1(b), in which an electrical
equivalent circuit of a piezoelectric transducer, driven near a resonance
frequency, coupling the electric, mechanical and acoustic domain, is
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shown. This simplified model is based on the equivalent circuit model
by Van Dyke [15]. In the electrical domain, the voltage U and current i
are the electrical signals driving the converter and Cp is the transducer’s
piezoelectric parallel capacitance. The term 1:a represents the me-
chanical transmission factor, coupling the electrical and mechanical
domain, in which C,,, L,, and R,, correspond to the transducer’s stiff-
ness, mass and attenuation respectively.

Z; is the changing load impedance, representing the process. It is
part of the acoustic domain, which is coupled to the mechanical domain
by the transmission factor 1:8. For the presented self-sensing approach,
voltage U and current i are measured at the converter’s terminals.

For a steady state system, like the one depicted, and a constant load
the determination of the system behavior and the systems’ parameters is
straightforward.

The system behavior of a power ultrasound transducer and its ap-
plication in cavitation generation is more complex. Since for amplitude
increase, the length of the ultrasound system is tuned to the wavelength
of the operating frequency, further multiples of this frequency are ex-
cited in addition to the operating frequency. This generates additional
content in the frequency domain, which makes the identification of
cavitation induced frequency portions more difficult. Furthermore, a
cavitating liquid is a complex transient load, varying temporally and
locally. Therefore, a model based approach for cavitation detection is
difficult and experimental investigation has to be conducted.

3. Experimental setup

For studies on the cavitation events inside the fluid container, a
transparent laboratory setup was used at room temperature. Water was
selected as a transparent liquid. A transparent cylindrical water con-
tainer (inner diameter 110 mm) made of polymethyl methacrylate
(PMMA) was used for the experiments. A cover with a hole in its center
was put on the container, to position the transducer at the center of the
container. With this setup, a camera was used to take pictures of the
cavitation events. The amount of water in the container was held
constant throughout the experiments.

An ultrasound transducer (tip diameter 30 mm), driven at its third
longitudinal natural frequency (approximately 20.64 kHz), was used to
generate the sound field within the fluid and thereby create cavitation.
A power amplifier (QSC RMX 4050), as well as frequency and ampli-
tude control hardware, (DPC 500/100Kk) [16] were used to drive the
transducer. With a digital oscilloscope (Picoscope5203) connected to a
PC, the voltage and current signals at the transducer’s terminals were
recorded, using a voltage-probe (Testec TT-HV 15) and a current-probe
(Tektronix P6021). The camera (Nikon D3100 + Sigma DC 18-250 mm
lense) was also connected to the PC for triggering. With a measurement
routine, datasets were recorded over a time span defined by the number
of samples and the samplingrate. Each dataset consists of 20 kSample
blocks with 1 MSample sampling rate of the electrical signals, and a
photo taken with an exposure time of 1/1000s.
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Fig. 1. Principle of self-sensing: (a) Reaction of the cavitation bubbles on the transducer; (b) Equivalent circuit of Transducer with changing load.
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Fig. 2. Photo of the mounted transducer, transducers’s frequency response (|Y¢| and phase (Y¢)) and current amplitude - displacement amplitude characteristic.

The mounted transducer, used in the experiments, its measured
frequency response (admittance |Y,;| and phase (Y})), and its current-
displacement characteristic are shown in Fig. 2. Using the frequency
response measurement, the resonance frequency, used for driving the
transducer, can be determined to be approximately 20.64 kHz. This
measurement was conducted in air without a load. By compensating the
transducer’s parallel capacitance Cp [17,18], and computing the me-
chanical phase value phase (Yyecn), the control hardware drives the
transducer at the displayed frequency characteristic independent of the
load.

For an ultrasound transducer driven at a resonance frequency the
displacement amplitude is proportional to the amplitude of the driving
current. The mechanical transmission factor a was measured with a
fiber-optic laser vibrometer (Polytec OFV-552 and vibrometer con-
troller OFV-5000) at the tip end of the transducer’s horn. Because the
excitation frequency was measured as well, the displacement amplitude
is calculated based on the velocity measurement.

4. Results

The experimental setup was used to generate cavitation in water, in
order to investigate the dependence of frequency portions in the
transducer’s current signal on the excitation displacement amplitude
and the cavitation events inside the liquid. For this purpose, the im-
mersion depth (distance between the horn’s tip and the bottom of the
water container) and the vibration amplitude were varied.
Measurements were made for four different distances (65 mm, 70 mm,
75 mm, 80 mm) with current amplitudes increasing from 100 mA to
2000 mA in 100 mA intervals. Spectrograms of the current signal were
computed from the recorded electrical data, showing the frequency
content over time. The photos taken during the measurements were
processed for determination of the bubble content.

4.1. Spectrograms

Different frequency components in the current signal of the trans-
ducer are used for the indication of cavitation events. The signals re-
sulting from the reaction of the cavitation bubbles on the horn are small
compared to the driving signal. In order to be able to recognize the
cavitation related signal components, amplitudes of up to 5mA are
displayed in the spectrograms. By limiting the amplitude range and
adjusting the displayed color spectrum to the interval 0-5mA, higher
values are truncated. The investigation of the frequency spectrum
showed that the major changes, which are considered cavitation re-
lated, occur in the range up to 100 kHz, therefore the spectrograms are
limited to this range. In order to obtain an impression of which fre-
quency components are generated at different excitation amplitudes,
Fig. 3 shows spectrograms for five current values for a distance of
80 mm between the bottom of the container and the horn’s tip. For
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100 mA, 500 mA and 1000 mA only the driving frequency f, and its
harmonics show elevated amplitude values with rising intensity. In the
spectrograms for 1500 mA and 2000 mA further frequency components
can be found. The most pronounced frequency components are the 3/
2fo (~30kHz) and the 5/2f, (~50kHz) portion. In addition to the
numerous frequency portions, the global noise level is also higher in
comparison to the lower current intensities. This is indicated by the
brighter blue' tone between the single pronounced frequencies. Ad-
ditionally, a low frequency component of approximately 50-100 Hz
becomes visible from the 1000 mA spectrogram.

The measurements presented in Fig. 3 show the cavitation gener-
ated frequency components superimposed on the frequency content
generated by the transducer itself. In order to be able to distinguish
between these two sources, it is necessary to investigate the frequency
components which are generated by the transducer without a load. For
this investigation the experimental setup was used without submerging
the horn’s tip in water. For different excitation amplitudes the electrical
signals were recorded and spectrograms were computed from the
measured data. Results of these measurements are shown in Fig. 4. For
good comparability spectrograms for the same excitation amplitude as
in Fig. 3 are shown. While the 100 mA spectrogram mainly shows
pronounced values for the driving frequency (~20.6 kHz), the spec-
trograms for higher amplitudes also show elevated values for the har-
monics of the driving frequency. The low frequency component, al-
ready found in the spectrograms measured under load conditions, is
also present. In the 2000 mA spectrogram even the global noise level
rises. The results of the measurements with the unloaded transducer
show that the transducer itself generates frequency portions that are
similar to known cavitation indicators: the harmonics of the driving
frequency and a low frequency component. In addition, an elevated
noise level is generated by the transducer itself. Therefore, these com-
ponents cannot be used as indicators for cavitation activity for the
presented setup. Since the frequency components that arise during ca-
vitation generation and the characteristic frequency components of the
transducer are known, the next step is to find out what occurs in the
liquid. This is done be evaluating the photos taken during the mea-
surements.

4.2. Photo study

Photos were taken to monitor the events inside the fluid during each
measurement, and one photo for each dataset of the electrical signals
was taken. This results in one photo for every time-step of the spec-
trograms. To ensure the best quality photos, the lighting was aligned so
that the light fell through the contents of the vessel towards the camera.
This enabled cavitation bubbles to be detected due to a change in the

! For interpretation of color in Fig. 3, the reader is referred to the web version of this
article.
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Fig. 3. Spectrograms of transducer’s current signal for different current amplitudes at 80 mm distance.
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Fig. 4. Spectrograms of transducer’s current signal for different current amplitudes without load in air.

reference

measurement

measurement processed

Fig. 5. Image processing procedure: left: reference; middle: photo during measurement; right: resulting black and white picture (red lines indicate the container walls
and horn position). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

degree of brightness. Before ultrasound was switched on, a reference
photo was recorded for every measurement series. This was done in
order to determine the differences caused by the sonication. The image
processing procedure is shown in Fig. 5. By subtracting the reference
photo from the pictures taken during the measurements, the changes
caused by ultrasound irradiation and cavitation can be visualized. The
resulting black and white image shows the cavitation activity inside the
container. The black pixels correspond to cavitation bubbles. The horn’s
position and the container walls are indicated by red lines.

The reference photo shows few small air bubbles inside the fluid and
trapped on the container wall. Scratches on the container are also
visible. The measurement photo not only shows cavitation bubbles in-
side the liquid, but additional bubble clusters on the container wall as
well. These are indicated by big bright spots in the foreground and
background. In the processed photo, the bubbles on the container wall
are also converted to black pixels and are therefore counted as bubble
content.

404

In order to get an impression of the amount of cavitation activity
and the spatial cavitation distribution, the acquired photo data were
compiled into an overview picture for every measurement series. These
overview pictures show where cavitation occurs and the intensity of the
occurrence. By compiling the individual black-and-white images, a gray
scale image is generated. Here the cavitation occurrence rate (how
often the pixels were black) is displayed. These images show the local
cavitation occurrence distribution. This allows an evaluation of the
spectrograms and the affiliated gray scale pictures, in order to correlate
the cavitation field structure and intensity with the frequency portions
in the spectrograms. The following figures show the significant changes
in cavitation activity and the measured frequency fractions for the four
different immersion depths. In Fig. 6 the most striking changes during
the evolution of cavitation activity can be seen for a distance of 80 mm
between container bottom and the horn’s tip. By increasing the ex-
citation amplitude up to 1000 mA, no major changes occur in the fluid.
A few isolated small bubble clouds are present, and bigger bubbles
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Fig. 6. Cavitation activity indicated by gray scale images and spectrograms for a distance of 80 mm.

trapped on the container wall vibrate continuously around their posi-
tion leading to black spots. In addition, some bubbles travel around the
fluid by streaming effects and cause gray stripes in the gray scale pic-
ture. The corresponding spectrograms show elevated amplitudes mainly
for the driving frequency, its harmonics and a low frequency portion. A
further increase in excitation amplitude, to 1100 mA, suddenly leads to
the occurrence of cavitation bubbles in the upper and lower half of the
container in two separate zones, while more bubbles occur in the upper
half. The corresponding spectrogram shows a highly elevated distinct
frequency fraction at 3/2f, (~30kHz) and an elevated band at 5/2f,
(~50kHz), which is wider than the 3/2f, (~30kHz) portion.

The third harmonic (3fy, ~ 60 kHz) shows higher values than in the
measurements before, and additional subharmonics and ultraharmonics
appear with slightly increased intensities, varying over the measure-
ment time. Grayscale picture and spectrogram show that a cavitation
threshold has been exceeded.

By a further increase in excitation amplitude, the two zones of
bubble occurrence enlarge until at 2000 mA, when cavitation bubbles
are generated almost everywhere in the liquid. For all measurements,
the strongest cavitation occurrences can be observed at the horn’s tip, at
the lower end of the upper occurrence zone and at the center of the
lower zone near the container bottom. The big white spots in the gray
scale pictures of 1500 mA and 2000 mA originate from bubbles, which
were already stuck to the container wall when the reference photo was
taken and didn’t disappear during the measurement. The measurements
for the different excitation amplitudes were carried out successively, so
bubbles generated during a measurement are present on the reference
photo of the following measurement. This leads to white spots after the
image processing. The dark borders surrounding the bright spots cor-
respond to smaller bubbles, which are attached to the main bright
bubble, vibrating on the container wall.

In the spectrograms for the increased excitation amplitudes, the
frequency band around the 3/2f, (~30kHz) fraction widens and an
additional frequency range at 5/4f, (~25kHz) shows elevated ampli-
tudes over the whole measurement time. The 5/2f, (~50kHz) band
shows higher amplitudes than before and additional elevated ampli-
tudes can be found for a band at 9/4f, (~ 46 kHz).

For the highest excitation amplitude of 2000mA, the 5/4f,
(~25kHz) band widens and connects to the 3/2f, (~30kHz) fraction
and a 7/2f, (~72kHz) portion becomes more pronounced.

The first change in the horn’s immersion depth doesn’t significantly
change the cavitation occurrence, but affects the amplitude levels that
lead to changes in cavitation generation. Fig. 7 shows grayscale images
and spectrograms for a distance of 75 mm between container bottom

and horn’s tip.

For excitation amplitudes up to 1400 mA, no major changes occur in
the fluid. Only few small bubble clouds appear temporarily, mainly in
the lower half of the container. Also, movement of the water surface is
made visible by a dark rim at the top of the image for 1400 mA. An
excitation amplitude of 1500 mA leads to the formation of two separate
zones, in which cavitation bubbles occur. A further increase in excita-
tion amplitude enlarges these zones. Again, the upper zone is bigger
than the lower one. The spectrograms generally show the same fre-
quency portions as for 80 mm distance. When the cavitation threshold
is exceeded at 1500 mA, the 9/4f, (~ 46 kHz) frequency portion is more
pronounced than for 80 mm. The fourth harmonic (4f,) appears with
high amplitudes for 2000 mA.

Decreasing the distance between horn’s tip and container bottom to
70 mm has more influence on the cavitation occurrence than the pre-
vious distance change. Fig. 8 shows the corresponding gray scale
images and spectrograms. Already for 500 mA there is a small conical
zone where cavitation occurs present around the horn’s tip, while there
is little cavitation directly at the tip. Although cavitation is generated,
the indicators observed so far are not present in the frequency spec-
trum. For amplitude levels of 1300mA and higher, the 3/2f,
(~30kHz), 5/2f, (~50kHz) and 9/4f, (~46 kHz) frequency portion
appear for different time spans, but not for the whole measurement
time. The next significant change appears for 1700 mA. Cavitation
bubbles temporarily appear to be widely distributed in the container.
The highest bubble occurrence is found at the top of the liquid, but
compared to the previous immersion depths, few cavitation bubbles
appear. Still, there is very little cavitation activity directly at the horn’s
tip. The only frequency portion that is present during the whole mea-
surement and deviates from the harmonics is the 9/4f, (~46kHz)
component. The 3/2f, (~30kHz) and 5/2f, (~50kHz) component
appear a few times for a very short period. Higher excitation ampli-
tudes, again, lead to the formation of two separated zones, where lots of
cavitation bubbles appear with the highest occurrence at the horn’s tip.

This is accompanied by the presence of the 5/4f, (~25kHz), 3/2f,
(~30kHz) 5/2f, (~50kHz), 13/4f, (~67kHz) and the 17/4f,
(~87 kHz) portions as well as the fourth harmonic with high ampli-
tudes over the whole measurement time. The f,/2 (~10 kHz) and 7/2f,
(~72kHz) portions also become more pronounced for high currents. It
is noticeable that for 2000 mA the 13/4f, (~67 kHz) and the 17/4f,
(~87kHz) portion are shifted to higher frequencies, while the fre-
quency of the fourth harmonic is slightly lower than before. This may
be due to the nonlinearity of the ultrasonic system, which is amplitude
dependent. Subharmonic content at approximately 0.65f, is also
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Fig. 7. Cavitation activity indicated by gray scale images and spectrograms for a distance of 75 mm.

generated.

For a distance of 65 mm, more changes in cavitation occurrence,
and the affiliated frequency spectra can be observed than for the three
distances already discussed (see Figs. 9 and 10).

For all measurements up to 900 mA, the spectrograms show ele-
vated amplitudes for 9/2f, (~93 kHz). This frequency portion is not
cavitation related. It is even present at times when the ultrasound is
switched off (not shown here).

The origin of this phenomenon is not yet confirmed. It is assured
that the 9/2f, (~93kHz) portion that is found in spectrograms for
excitation amplitudes higher than 900 mA is cavitation related. While
at 100 mA, bubbles already start traveling through the fluid and occa-
sionally appear in a cluster beneath the horn’s tip. For 300 mA cavita-
tion, bubbles appear in a conical zone, like for 500 mA at 70 mm dis-
tance. In addition to harmonics now the 7/2f, (~72kHz) portion
appears in the spectrogram.

While the cavitation structure does not change when the excitation
amplitude is increased, the number of elevated frequency portions in-
creases until 900 mA is reached. For this excitation, the cavitation
bubbles are more widely distributed with a small zone of high occur-
rence at the center of the horn’s tip. Some of the frequency portions,
which were present before, also disappear and, besides harmonics, the

frequency component showing the highest amplitudes is the 7/2f,
(~72kHz). The next major change appears for 1300 mA. Here the ca-
vitation structure changes again and the frequency indicators suggest
that a cavitation threshold has been exceeded. The highest bubble oc-
currence is on the left side of the horn and bubbles appear more fre-
quently in the lower half of the container. The spectrogram shows
frequency content similar to the spectrograms for high excitation am-
plitudes for the other immersion depths with an additional 19/4f,
(~98 kHz) component. Increasing the excitation first leads to the for-
mation of a large zone with high bubble occurrence at the tip of the
horn, which evolves into a beam like structure towards the container
bottom. The 19/4f, (~98kHz) component disappears and the spec-
trograms show the same frequencies as for high amplitudes at 70 mm
distance.

The results presented here show that the generation of ultra-
harmonics with amplitude values equal to or higher than 5mA can be
linked to the generation of transient cavitation. The cavitation bubble
distribution is highly dependent on geometric boundary conditions,
which are influenced most by immersion depth.
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Fig. 8. Cavitation activity indicated by gray scale images and spectrograms for a distance of 70 mm.
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Fig. 9. Cavitation activity indicated by gray scale images and spectrograms for a distance of 65 mm.

5. Correlation between cavitation intensity and frequency based
indicators

It has already been shown that, by the operation of the transducer
itself without a load, and depending on the excitation amplitude, dif-
ferent frequency components are present in the current signal.
Therefore, it is necessary to investigate which relationships between
cavitation intensity and frequency-based indicators can be found de-
spite the sensor characteristics. The cavitation intensity is determined
by the number of pixels corresponding to cavitation activity. The
number of cavitation bubbles, determined from the photographs, has to
be considered erroneous for various reasons: (1) the photos only show
part of the container; (2) image processing identifies changes in relation
to a reference picture, which leads to relative instead of absolute values;
(3) bubbles sticking to the container wall prevent insight into parts of
the container; (4) the bubbles have different size, so the number of

pixels is not equal to the number of cavitation bubbles.

Nevertheless, the determined cavitation activity can be considered
representative, as differences between the measurements are shown.

In order to determine if there is a correlation between the de-
termined pixel number and frequency components, the mean pixel
number is calculated for all current intensities for all four distances. The
results are shown in Fig. 11(a). The 3/2f, (~30kHz) frequency com-
ponent and two low-frequency bands were chosen as potential cavita-
tion indicators. The evaluation of the photo study showed good
agreement between the generation of cavitation bubbles and the ap-
pearance of this frequency component. The two low frequency bands
are investigated because broad band noise is known to be an indicator
for transient cavitation. The ranges of the low-frequency bands are
0.5-12.5kHz and 14-19 kHz. These bands represent broadband noise
below the excitation frequency. The gap between both bands ensures
that the 0.65f, (~13kHz) frequency component, which occurs with
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Fig. 10. Cavitation activity indicated by gray scale images and spectrograms for a distance of 65 mm.
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Fig. 11. Mean values for all current amplitudes and distances: (a) mean pixel number; (b) mean 3/2f, amplitude.
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Fig. 12. Mean amplitudes for two frequency bands below the driving frequency: (a) 0.5-12.5 kHz; (b) 14-19 kHz.

some measurements, is not considered. The evaluation of the 3/2f,
(~30kHz) fraction is shown in Fig. 11(b). Fig. 12 shows the evaluation
of the two low frequency bands.

The most distinct increase in pixel number occurs at a distance of
80 mm, as the excitation current amplitude exceeds 1000 mA, and at a
distance of 75mm, as soon as 1400 mA is exceeded. The 3/2f,
(~30kHz) component shows the same behavior as the pixel number for
75 mm. For 80 mm, the strong increase occurs when 1100 mA are ex-
ceeded. It is assumed that this distinct increase indicates that the
transient cavitation threshold has been exceeded. The link between the
thresholds, detected with the self-sensing approach, and the onset of
transient cavitation was established by visual observations of cavitation
events and structures known to occur in transient cavitation. In addi-
tion, changes in audible noise also indicated the onset of transient ca-
vitation.

The mean pixel number shows bigger increases for 500 mA,
1300 mA and 1800 mA. This behavior is also found for the corre-
sponding curve of the 3/2f, (~ 30 kHz) indicator. From the photo study,
the appearance of jellyfish cavitation structures [19] can be associated
with the increase for 1300 mA. This indicates that the transient cavi-
tation threshold has been exceeded. The most gradual increase in pixel
number occurs at a distance of 65 mm. More pixels are present here, for
low current amplitudes, than for the other distances, while the max-
imum pixel number, at high amplitudes, is the lowest. Although cavi-
tation structures are already generated beginning at 300 mA for am-
plitudes below 1000 mA, there seems to be no correlation between pixel
number and the cavitation indicator. At 1000 mA, the transient cavi-
tation threshold seems to be exceeded, as the value of the frequency
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component increases drastically.

The 3/2f, (~30kHz) frequency component shows a decreasing
tendency for all distances after exceeding the transient cavitation
threshold. It is assumed that, from that point on, energy is transferred to
further frequency components.

In Fig. 12, the mean amplitude values for two frequency bands
below the driving frequency are shown for all measurements. These
bands represent a broad band noise level. Fig. 12(a) shows the fre-
quency band 0.5-12.5kHz and the 14-19kHz band is shown in
Fig. 12(b). For low excitation amplitudes, both graphs show no strong
correlation with the mean pixel number. It is assumed that the noise
levels in this region are highly influenced by the frequency content
generated by driving the transducer. Once the individual transient ca-
vitation thresholds have been exceeded, the graphs show more in-
dividual changes and a good correlation with the mean pixel number. In
order to better illustrate this relationship, Figs. 13 and 14 show the two
bands in comparison with the cavitation activity in the range above
1000 mA for the individual distances. Although the values for both
frequency bands tend to change more drastically for high amplitudes
than the cavitation activity, a general similarity is recognizable. It is
assumed that the increase in noise level here is mostly influenced by
transient cavitation induced broad band noise.

6. Conclusion and discussion
For detection of ultrasonic generated cavitation, a novel self-sensing

method was used, that can be applied even under hard to access or
opaque conditions. It has been shown that using this method, cavitation
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Fig. 13. Detailed comparison of the mean pixel number (cavitation activity) and the mean current amplitude in the frequency band 0.5-12 kHz.

can be detected without any further measurement devices. In additional
measurements, that are not presented here, this technique has been
applied to an ultrasound assisted casting process with aluminum melt.
In these experiments the occurrence of different frequency components
in the current signal could also be linked to the generation of cavitation.

In order to obtain a conclusion on the cavitation processes in the
liquid, a photo study was additionally performed.

The investigation of the characteristic frequency components, gen-
erated by driving the transducer, showed that several frequency por-
tions known as acoustic cavitation indicators, such as harmonics of the
driving frequency, a low frequency portion and the global noise level,
are part of the system’s characteristic and therefore make cavitation
detection more difficult.

The occurrence of ultraharmonics in the frequency spectrum was
identified as an indicator of cavitation activity, for all investigated test
arrangements. The excitation amplitude, for which the threshold for
cavitation generation was reached, varied with the distance between
container bottom and horn’s tip.

The number of the occurring ultraharmonics also varied with the

immersion depth of the horn. For smaller distances, a higher submer-
ging level, therefore more ultraharmonics appeared in the spectrum.
This can be explained with the larger horn surface area that is influ-
enced by cavitation activity for higher submerging levels. If a larger
area is influenced by cavitation, the intensity of the frequency portions
present is increased. In addition, the increasing number of ultra-
harmonics can be related to the different structures of the resulting
cavitation fields. For higher submerging levels, the horn is influenced
not only on the tip face, but also on the sides by cavitation.

The fact that different results were achieved for different experi-
mental conditions supports the conclusion of preceding studies, that
changes in the experimental set-up change the self-sensing results.

Elevated values of the 3/2f;, (~30kHz) frequency portion were
identified as an indicator for the onset of transient cavitation. This in-
dicator was also found by other researchers. Once the transient cavi-
tation threshold has been exceeded, the cavitation intensity shows good
correlation with broad band noise levels in two frequency bands below
the driving frequency. This link has not been reported by other re-
searchers and underlines the dependence of the self-sensing technique
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on the experimental setup and the transducers frequency characteristic.

The results presented in this study are valid for the presented ex-
perimental setup. It is probable that the detectable frequency compo-
nents, and the sensitivity towards them, are dependent on the char-
acteristics of the ultrasound system and thus on the geometry of the
transducer. Therefore, it is necessary to investigate the differences that
occur when another ultrasonic transducer or when other electrical
components are used. A change in experimental setup may also influ-
ence the sensitivity of the self-sensing process.

It should also be investigated how a change in the sonoreactor’s
geometry affects the results.

With the presented results, an advance towards cavitation detection
in rough process environments has been made. However, further stu-
dies are necessary in order to make it possible to control the cavitation
process by means of the identified indicators.
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