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Various industrial processes such as sonochemical processing and ultrasonic cleaning strongly rely on the
phenomenon of acoustic cavitation. As the occurrence of acoustic cavitation is incorporating a multitude
of interdependent effects, the amount of cavitation activity in a vessel is strongly depending on the ultra-
sonic process conditions. It is therefore crucial to quantify cavitation activity as a function of the process
parameters. At 1 MHz, the active cavitation bubbles are so small that it is becoming difficult to observe
them in a direct way. Hence, another metrology based on secondary effects of acoustic cavitation is more
suitable to study cavitation activity. In this paper we present a detailed analysis of acoustic cavitation
phenomena at 1 MHz ultrasound by means of time-resolved measurements of sonoluminescence, cavita-
tion noise, and synchronized high-speed stroboscopic Schlieren imaging. It is shown that a correlation
exists between sonoluminescence, and the ultraharmonic and broadband signals extracted from the cav-
itation noise spectra. The signals can be utilized to characterize different regimes of cavitation activity at
different acoustic power densities. When cavitation activity sets on, the aforementioned signals correlate
to fluctuations in the Schlieren contrast as well as the number of nucleated bubbles extracted from the
Schlieren Images. This additionally proves that signals extracted from cavitation noise spectra truly rep-
resent a measure for cavitation activity. The cyclic behavior of cavitation activity is investigated and
related to the evolution of the bubble populations in the ultrasonic tank. It is shown that cavitation activ-
ity is strongly linked to the occurrence of fast-moving bubbles. The origin of this ‘‘bubble streamers’’ is
investigated and their role in the initialization and propagation of cavitation activity throughout the son-
icated liquid is discussed. Finally, it is shown that bubble activity can be stabilized and enhanced by the
use of pulsed ultrasound by conserving and recycling active bubbles between subsequent pulsing cycles.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Acoustic cavitation and related phenomena have been subject
of research throughout many years, yet a thorough understanding
of the diverse physical processes that precede or result from the
inception of acoustic cavitation remains incomplete. While single
bubble systems have been studied rigorously during the past
20 years [1], the investigation of multibubble systems is often
hampered by the complex interactions between numerous
cavitation bubbles [2].

The resulting dramatic fluctuations of the number of bubbles
and their activity as well as the often chaotic dynamics of the bub-
ble population as such make it difficult to investigate and model
cavitation activity in those systems in a consistent and thorough
ll rights reserved.
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manner. Yet, a strong technological interest exists, as the
occurrence of acoustic cavitation often goes along with a dramatic
increase in chemical and physical activity [3]. For instance, the
corrosiveness of the cleaning chemistries that are utilized in semi-
conductor surface cleaning to remove (particulate) contamination
from the substrates is becoming problematic due to the continuous
downscaling of the fabricated devices and the increasing chemical
sensitivity of the functional layers. The critical particle size dimin-
ishes in the same order of magnitude, resulting in particles which
are harder to remove [4,5]. A possible way out of this dilemma
might be the ultrasonic agitation of the cleaning liquid to mechan-
ically assist particle removal, which is in turn strongly dependent
on cavitational activity in those systems [6,7]. The utilized frequen-
cies in the order of magnitude of 1 MHz (‘‘megasonic cleaning’’)
prevent a straightforward visual observation of the dynamics of
the active bubbles. This is caused by the very small active bubble
radii (typical 3 lm or less) and the diminutive timescale of the
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bubble dynamics (typically equal or smaller than 1 ls). However, a
variety of effects that originate from those oscillating microbubbles
can be utilized to determine, characterize and quantify bubble
activity [8–12] in both academic and industrial environments.

We have very recently reported on a setup that is capable of
monitoring bubble activity in a megasonic cleaning system as a
function of time by means of cavitation noise (CN), sonolumines-
cence (SL) and high-speed stroboscopic Schlieren imaging (HiSSSI)
[13]. Due to the synchronization of the various measurements and
the possibility to correlate the resulting ‘‘indicators’’ with particle
removal efficiency data under the very same conditions, it has be-
come possible to assess the relation of cavitation and cleaning
activity.

Two types of cavitation (inertial vs. stable) can be distinguished
[14,15]. Inertial cavitation causes the broad component in the fre-
quency spectrum of the CN spectra that coincides with the occur-
rence of SL in the case of high acoustic intensities. Stable cavitation
on the other hand is deemed responsible for the occurrence of
higher and ultraharmonics of the fundamental driving frequency
in the very same spectra. The results presented in [13] indicate that
both types of cavitation –depending on the applied acoustic
power- may coexist over time or are partially transformed into
one another in a cyclic manner. This transformation is marked by
a strong attenuation of the sound field and the explosive growth
of bubbles out of the active size, which ranges from the Blake
threshold to the linear resonance radius [16]. At lower acoustic
intensities, the corresponding signals therefore suffer a loss of con-
tinuity to that extent that the occurrences of both inertial and sta-
ble cavitation activity are confined to short, random bursts. In this
regime, active bubbles appear, and vanish almost simultaneously
which results in a dramatic reduction of particle removal.

In this paper, a more detailed analysis of bubble population
effects observed under continuous sonication at different acoustic
intensities is presented. It is shown that over a wide range of pow-
ers the magnitudes of the CN and SL signals display a strong corre-
lation to one another. The transition to burst type behavior for the
inertial cavitation state as reported in [13] is marked by a change in
this correlation. It will be shown that the explosive growth and
subsequent coalescence of the bubbles as well as their interaction
with the sound field play a major role in this transition. This is
done by comparing the evolution of the size distribution of the
forming large bubbles (between 20 and 100 lm) and the sound
field intensity with the evolution of the CN and SL signals. The
comparison is done over the period of the inception of those sig-
nals with the aid of HiSSSI. Furthermore, the role of the observed
bubble streamers in the propagation of cavitation activity in the
cleaning vessel is discussed. The distribution of streamer-velocities
is evaluated at different acoustic intensities and compared to a
model for the dependency of the average translational velocity of
acoustically active bubbles in traveling acoustic waves. Finally,
we discuss the possibility of enhancing cavitation activity through
sonication in a pulsed rather than a continuous manner. As it will
be shown, besides having a limiting effect on the growth of bub-
bles, pulsed ultrasound also leads to the conservation of active
bubbles due to the partial dissolution that takes place in between
subsequent pulses. While this is directly observable for larger,
inactive bubbles, the combination of experimental data as a whole
suggests that the same effect might lead to an increase of the num-
ber of smaller, active bubbles as well.
2. Experimental approach

A detailed overview of the setup and the processing conditions
can be found in [13]. A quartz tank with a volume of 1.7 l was sup-
plied with argon saturated ultrapure water (UPW) at a circulation
rate of 0.5 l/min and a temperature of 20 �C. The liquid was soni-
cated using an ultrasonic transducer (PZT-5A) with a resonance
frequency of 980 kHz, which has been attached to the bottom plate
of the tank, covering the full crossectional area of the tank
(220 � 25 mm2). A slice of damping material (Precision Acoustics
Ltd, Aptflex F28) at the top of the tank suppressed acoustic reflec-
tions, so that a traveling wave field was maintained during sonica-
tion. The SL activity was measured with a Photomultiplier (PMT,
Hamamatsu R980) while the CN in the region around the PMT win-
dow was measured with a needle hydrophone (Onda HNR-0500,
aperture 500 lm). The output signal of the hydrophone was ampli-
fied with a home-built amplifier based on the AD8066 operational
amplifier (Analog Devices) prior to being captured with an oscillo-
scope card (National Instruments, NI-5124, 100 MHz sampling
rate). Three subsequently recorded PMT and hydrophone signals
respectively (individual sample length: 50,000 samples) were
averaged to yield one set of data, before the procedure was re-
peated to record the subsequent data set.

The Schlieren images were recorded with a high speed-camera
(Microtron MC1362) under stroboscopic illumination (Lumiled
LXHL-LD3C and homemade circuitry; 60 ns flash duration). The
camera runs at a frame rate of 500 Hz and uses an exposure time
of 500 ls. An image sequence with a length of 2 s was captured
continuously until the camera was triggered to stop in case of a
‘‘cavitation event’’. The synchronization between the camera and
the oscilloscope card allows for a comparison of the signals even
though the time resolution of the HiSSSI (ms) is much higher than
that of the CN and SL measurements (roughly 0.3 s). In this way, it
has been possible to observe and investigate particular events of
the inception of cavitation activity on a time scale of a few ms
while the evolution of the cavitation activity in the tank could be
monitored over several minutes. The lateral position of the field
of view (FOV) was chosen to be centered around a region of peak
acoustic intensity and thus high Schlieren contrast. The vertical po-
sition corresponds to the lower half of the tank, approximately
10 cm above the transducer.
3. Link between cavitation noise, sonoluminescence, stable and
inertial cavitation

CN spectra [14,15] usually contain distinct features that are
either related to inertial or stable cavitation, such as sub- and
(ultra)harmonics and a broadband noise component. In a recent
numerical study [17], it was proposed that the temporal fluctua-
tion in the number of bubbles results in the broadband component
of the CN spectra. The fluctuation of the number of bubbles is
caused by shape instabilities (production of new bubbles) or coa-
lescence. In case of very high bubble densities, the broadband com-
ponent was observed to be enhanced due to the mutual interaction
of the cavitation bubbles. In our study, however, acoustic reflec-
tions are minimized during sonication due the use of damping
material. As a result, a traveling wave field is dominating which
avoids the size dependent clustering of the bubbles in the nodes
and antinodes. The occurrence of harmonics and ultraharmonics
has been attributed to both stable and transient bubbles. The ultra-
harmonics might be caused by bubbles which are roughly twice
the linear resonance size. However, these bubbles might be suscep-
tible to parametric shape instabilities especially at higher (MHz)
frequencies, which might reduce their contribution significantly.
Ultraharmonics might also be generated, when the driving
frequency corresponds to one of the ultraharmonic resonance of
bubbles smaller than the linear resonance size [18]. These reso-
nances are usually sharper than the ones valid for bubbles twice
the resonance size and are easily missed when performing
numerical calculations for a finite set of bubble radii. Also, the
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contribution of asymmetric collapses in the close vicinity of the
hydrophone surface has not yet been investigated as a possible
root cause for the CN broadband component.

Despite these ambiguities, we choose to define the cavitation
activity extracted from the ultraharmonics signal as stable and
the one corresponding to the broadband component as inertial, as
the intensities at which the latter can be (steadily) observed are
generally higher with respect to the ultraharmonics signals [13].
The recording of a time series of CN spectra therefore allows us
to monitor the evolution of the two populations over the period
of sonication (for the exact method of extracting the signals we re-
fer to [13] for reasons of conciseness). The lower 5 ultraharmonics
(with the background contribution subtracted) are combined to
form a weighted average ultraharmonic signal. The statistical
weights were pragmatically chosen corresponding to the overall
signal ranges of the individual ultraharmonics so that each ultra-
harmonic contributed equally to the resulting signal. It has been
shown in [13] that events with high SL coincide with the occur-
rence of a broadband component in the corresponding CN spec-
trum. The ultraharmonics, though always observable down to
low nominal intensities, show similar enhancement whenever
there is a significant SL signal measureable. In general, even at
the same nominal acoustic intensity, all signals are subject to con-
siderable variations up to that extent that both the SL and the CN
broadband component become confined to short bursts of inertial
cavitation activity.

3.1. Sonoluminescence vs. cavitation noise

To explore the relation between the individual signals further,
we combined the data for different nominal intensities by plotting
the individual signals against each other rather than as functions of
time in order to visualize their correlation to each other (Fig. 1).
Fig. 1(a) shows the correlation plot of both the ultraharmonic
(black symbols) as well as the CN broadband component (grey
symbols) against the measured SL counts. At high nominal acoustic
intensities (0.73 and 0.55 W/cm2, squares and circles), a strong cor-
relation is visible between both CN signals and the measured SL. At
moderate intensities of 0.36 W/cm2 (triangles pointing down-
Fig. 1. Mutual correlation of the indicators of acoustic cavitation activity for
different acoustic power densities of continuous sonication at 980 kHz: (a)
Correlation plot of measured SL counts vs. the ultraharmonic (black data points)
and broadband component (grey data points) of the CN spectra. (b) Correlation plot
of the CN broadband component vs. the ultraharmonic signal. CN signal levels are
given in dB based on a reference acoustic intensity of 1 mW/cm2.
wards) and 0.28 W/cm2 (triangles pointing upwards) the signal
correlation follows a different (steeper) branch; with the ultrahar-
monic signal reaching higher values than previously while the
broadband component approaches the lower detection limit given
by the intrinsic noise level of the measurement. At even lower
power densities (0.18 W/cm2, diamonds), no clear correlation is
observable anymore, as the SL signals have reached values below
the detection limit.

3.2. Stable vs. inertial cavitation

A similar situation is observable in the interdependency be-
tween the ultraharmonic signal and CN broadband component
(Fig. 1(b)). Here, the correlation plot consists of 2 branches: the
upper branch represents again the situation for high acoustic
intensities (0.73 and 0.55 W/cm2) where the broadband noise is
significantly enhanced with respect to the ultraharmonics. Oppo-
site to that, the lower branch represents the signal correlation for
lower input power densities (0.36 W/cm2 and 0.28 W/cm2),
where the ultraharmonics are strong but the broadband compo-
nent is weak. Eventually, any correlation disappears when the
(integrated) broadband signal approaches its detection limit
(around �45 dB).

3.3. Relation to cleaning activity

At the corresponding input power, cleaning activity in the tank
completely vanished as reported in [13], because of the fact that
any kind of steady state cavitation activity ceased to exist. The 2
branches that appear in both correlation plots represent 2 different
states of cavitation activity: at higher acoustic input power densi-
ties, all signals are able to reach a ‘‘steady’’ state, meaning that after
inception they do not vanish for the period of sonication (though
signal levels might fluctuate considerably). This situation thus rep-
resents a state of coexistence of stable and inertial cavitation. At
lower nominal intensities, the SL and CN broadband component
signals only appear in form of short, random bursts (as discussed
later). Furthermore, the onset of the steady state of the ultrahar-
monics is delayed by several seconds. This state is characterized
by a partial transition from stable to inertial cavitation and back,
meaning that the existence of the inertial state of cavitation activity
state is confined to short, random intervals. Consequences include
the reduced attenuation of the driving sound field and the reduced
growth of bubbles out of resonance. Furthermore, a larger fraction
of the active bubbles contribute to the ultraharmonic signal, so that
those signals show higher values compared to the high intensity
case.

These results show that understanding the signal correlations
and their relation proves very useful in the identification of differ-
ent regimes of cavitation activity. We have already shown in [13]
that cavitation activity does not necessarily have to belong to the
inertial type to yield significant cleaning activity. A cleaning re-
gime, where the majority of the bubbles belong to the stable cavi-
tation type might be preferred in order to prevent damage to
delicate structures. Furthermore, the strong interdependency of
the different signals allows for the application of CN measurements
as a metrology for cavitation activity also in systems, where SL
measurements are impossible to carry out including commercial
megasonic cleaning tanks and ultrasonic reactors.
4. Evaluation of cavitation activity, Schlieren contrast and
bubble size after cavitation inception

Although bubbles might initially grow by rectified diffusion [19],
the main mechanism that leads to bubble sizes larger than the



Fig. 3. Overview of bubble detection in HiSSSI sequences of cavitation inception
(high power case). In the top full-scale Schlieren image (a), identified bubbles have
been highlighted with dashed squares, whose lateral dimensions correspond to the
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active radii is coalescence ([2]; Fig. 2). The onset of inertial
cavitation activity coincides with an explosive growth of bubbles
and a strong attenuation of the sound field as observed in the HiSSSI
[13]. Bubbles attract each other due to the action of secondary
Bjerknes forces [20]. Bubble coalescence finally leads to the forma-
tion of large inactive bubbles with radii of several 10–100 lm
(under consumption of smaller bubbles) which are then subse-
quently removed from the acoustic field. In case of lower acoustic
intensities, the duration of enhanced cavitation activity is limited
to a few hundred ms as discussed in the following section. An exam-
ple of this mechanism is shown in Fig. 2 with an image sequence.
The sequence of the frames is indicated by numbering and the time
difference between each frame amounts to 2 ms. In each frame, the
interacting bubbles are marked with white arrows. Coalescence
results in the merging of these bubbles and therefore a reduction
of the number of bubbles.

In the following, we would like to present a deeper, quantitative
analysis of cavitation inception in different regimes of cavitation
activity. For this purpose, we compare the time evolution of the
SL and CN signals with that of the Schlieren contrast and the size
distribution of the bubbles visible in the images. This is done for
2 scenarios corresponding to a high nominal power density of
0.73 W/cm2 and a moderate power density of 0.36 W/cm2. To
determine the visible bubble size distribution, we extracted the ra-
dius and position of the bubbles frame-by-frame with the help of a
‘‘bubble tracking’’ algorithm, shown in Fig. 3. First, the image qual-
ity of the individual HiSSSI frames is improved by means of spatial
filtering through the subtraction of the image sequence average
from the individual image data. Then a Sobel filter is applied to
highlight the bubbles and the resulting images are binarized,
resulting in black and white image maps, where bubbles appear
as white spots. The bubble positions are identified by searching
the image frames at random positions until a white spot is found,
similar to throwing ‘‘darts’’ on a ‘‘dartboard’’. Cross correlating the
images with a 2D Gaussian function around the initial position
yields the geometrical center of the white spot (and thus the bub-
ble), while the spot size is taken as measure of the bubble radius.
This search is repeated 500 times, multiple detections of the same
Fig. 2. Image sequence of bubble coalescence taken at a high acoustic intensity of
0.73 W/cm2. The frames are actually zoomed-in excerpts from HiSSSI sequences.
The images are numbered according to their position in the sequence and the time
difference between two subsequent images is 2 ms. The displayed field of view does
not remain stationary, but moves upwards with the ‘‘surviving’’ bubbles (compare
image background). Identical and created bubbles have been marked with vertical
arrows of varying orientation to help identifying them in subsequent frames.

identified bubble diameter. In the lower left quadrant of the image, two wrong
(‘‘phantom’’) identifications can be seen, which were induced by image distortions
(marked by white arrows). The utilized coordinate system is indicated. Acoustic
waves travel in positive z-direction, which also corresponds to the direction of
liquid circulation. Fig. 4(b) shows a magnified excerpt of the Schlieren image, which
is highlighted in (a) with the solid rectangle. A small portion of the excerpt shows
the binarized image used to detect and size the bubbles in the Schlieren images. The
bubble radius histogram contains the bubbles detected in the entire Schlieren
image. The phantom identifications correspond to the detection events at 115 lm.
bubble are removed from the data afterwards. The data is subse-
quently arranged in a bubble radius histogram, with interval
widths of 10 lm (see histogram in Fig. 3). The lower detection limit
is located around 20 lm (the pixel size corresponds to 8 lm). Due
to the limited resolution, the imaging of mainly scattered light and
the image manipulations described above, also bubbles smaller
than 20 lm might be detected by the algorithm, but are counted
to the first bubble size interval. The variable image contrast in-
duces flaws in the bubble detection algorithm also in the region
of very large bubble sizes, especially in cases where large bubbles
show complex reflection patterns or where dense bubble clusters
appear (white arrows in Fig. 3(a)). These errors will usually yield
bubble counts at very large radii (>100 lm, compare the bubble
size histogram and corresponding images in Fig. 3). However, even
though not all bubbles might be detected, the algorithm proves to
be robust within its limitations, and the ‘‘darts-’’ methodology of
bubble detection ensures the statistical comparability of different
image sequences as long as the number of iterations is kept
constant.
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4.1. High power scenario

Fig. 4 shows a combination of HiSSSI image data with SL and CN
data around the onset of ‘‘cavitation activity’’ for the high power
case. The upper graph of Fig. 4(b) compares the time evolution of
the Schlieren contrast [13] with the corresponding SL, ultrahar-
monic and CN broadband signals. The lower graph of Fig. 4(b) dis-
plays the time evolution of the number of bubbles for 3 different
size intervals. Here, the time scale represents the time after the
start of sonication. Fig. 4(a) displays a sequence of 4 images illus-
trating the different stages of cavitation inception with time elaps-
ing from left to right. The corresponding times are indicated by the
arrows below the lower time axes in Fig. 4(b).

The inverse relationship between the 3 signals that indicate
acoustic bubble activity and the Schlieren contrast is evident. The
attenuation of the sound field is also clearly visible when compar-
ing the individual images of the sequence in Fig. 4(a). The Schlieren
contrast is proportional to the (local) power density of the acoustic
field [21]. Hence, a strong decrease in Schlieren contrast (when
inertial cavitation activity is high) is equal to a strong attenuation
of the acoustic field due to increased consumption of acoustic en-
ergy by the active bubbles above the Blake threshold [22]. The drop
in Schlieren contrast (during the time interval indicated by the first
and second arrow respectively) also corresponds to the onset of
explosive increase in the number of bubbles starting around
300 ms. The bubble number quickly reaches stagnation with a
bubble size distribution subsequently expanding to larger radii
Fig. 4. Evolution of cavitation activity (SL, CN broadband and ultraharmonic signal), Sch
0.73 W/cm2. (a) The four-image sequence represents different states in the evolution o
rectangle in Fig. 3. The vertical arrows underneath the timing axes in part b indicate the
the cavitation activity signals and the Schlieren contrast. The lower graph shows the ev
(second to third arrow). Accordingly, cavitation activity decreases
continuously while the Schlieren contrast recovers. After
1200 ms, cavitation activity has dropped significantly. The bubble
number decays within the following 200 ms as the remaining bub-
bles are removed from the field of view by buoyancy and radiation
forces. One has to keep in mind that the FOV only represents a
small fraction of the acoustic field in the tank. However, a reason-
able amount of bubbles ‘‘nucleate’’ within the FOV and move up-
stream, leaving the FOV, whereas bubbles (mainly larger ones)
from regions closer to the transducer enter. A stagnation of the
bubble number means that the inflow of bubbles into the FOV
and the creation of bubbles within the FOV counteract the loss
caused by the upstream movement of the ‘‘nucleated’’ bubbles. If
the generation of bubbles ceases, the bubble number in the FOV
will eventually decay after cavitation activity has dropped, as
observed here.

A new cavitation cycle sets on around 1500 ms (third to fourth
arrow).

4.2. Moderate power scenario

In the case of moderate power density, the inception of cavita-
tion activity is delayed by roughly 8 s with respect to the start of
sonication. The appearance of larger bubbles is confined to the
upper right region of the FOV in Fig. 5. Small bubble streamers (vis-
ible as streaks in the image) appear in the lower left region of Fig. 5.
As sonication progresses, these streamer bubbles grow explosively,
lieren contrast and bubble radius information for a high acoustic power density of
f cavitation activity. The image size corresponds to the region marked by the solid
corresponding time of the images. (b) The upper graph shows the time evolution of
olution of the number of bubbles within a specific size interval.



Fig. 5. Full-scale Schlieren sample image of cavitation inception at a moderate
power density of 0.36 W/cm2. The solid rectangle indicates the region that is used
for the image sequence in Fig. 6. There, mostly larger visible bubbles appear. In the
region encircled by the dashed rectangle, mostly bubble streamers are visible. This
region is used for the image sequence in Fig. 8.
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coalesce and propagate to the upper right of the FOV. The role of
the streamer bubbles in the propagation of cavitation activity
throughout the bulk liquid will be discussed in the following
Fig. 6. Evolution of cavitation activity (SL, CN broadband and ultraharmonic signal), Schl
of 0.36 W/cm2. (a) The four-image sequence represents different states in the evolution
rectangle in Fig. 5. The vertical arrows underneath the timing axes in part b indicate the
the cavitation activity signals and the Schlieren contrast. The lower graph shows the ev
section. The burst-type behavior of (inertial) cavitation activity in
this regime is clearly visible in Fig. 6(b) in the Schlieren contrast
as well as in the evolution of the number of bubbles extracted from
the images. Again, an enhancement in cavitation activity (meaning
SL, ultraharmonics and broadband noise) coincides with the occur-
rence of visible bubbles in the images (around 9100 ms, second ar-
row). This correlation indicates that the observed ‘‘burst type’’
behavior corresponds to the growth of active bubbles through
and out of the active size. As already mentioned in the previous
section, when the reproduction of bigger bubbles ceases, the out-
flow of bubbles out of the FOV (and the tank) reduces the number
of detected bubbles. The bubble reduction continues until all bub-
bles are removed or new bubbles are reproduced. The overall bub-
ble size remains smaller (the largest observed bubbles have a
radius of 50 lm in comparison to 100 lm for the high power sce-
nario), as the duration of an individual burst amounts to only
roughly 250 ms (second to third arrow). Subsequent bursts
(around 10,000 ms, fourth arrow) vary considerably in strength
(hereby relating to the number of observed bubbles and the reduc-
tion of the Schlieren contrast).

The movement of the formed bubble clusters described earlier
can be quantified by calculating the average position of the bubbles
frame by frame. Again, the bubbles are classified according their
radius, keeping track of their spatial coordinates (see Fig. 7). A uni-
form distribution of bubbles in the FOV has a barycentric position
in the middle of the FOV (represented by the black horizontal lines
in Fig. 7 and compare to Fig. 5 for the geometrical orienta-
tion).While this is the case for the spatial distribution of the
ieren contrast and bubble radius information for a moderate acoustic power density
of cavitation activity. The image size corresponds to the region marked by the solid
corresponding time of the images. (b) The upper graph shows the time evolution of
olution of the number of bubbles within a specific size interval.



Fig. 7. Time evolution of the center positions of the observed bubble clusters. The
coordinates correspond to the coordinates assigned in Fig. 5. The vertical lines
correspond to the image centers. The bubbles have been assigned to different
clusters according to their size similar to the bubble size information displayed in
Fig. 6. The timing information has been zoomed in on the first bubble ‘‘burst’’. For
better visibility, trend lines have been added to the data set corresponding to
bubble radii between 20 and 30 lm (black solid lines).
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smaller bubbles (20–40 lm) in the beginning of a burst, the larger
bubbles (40–50 lm) are clustering upstream, moving in direction
of the propagation of the sound field. As the cavitation burst ends,
the ‘‘reproduction’’ of visible bubbles ceases and the whole cluster
drifts upwards until it disappears out of the FOV. The movement is
coinciding with a lateral movement from left to the right, suppos-
edly driven by the horizontal acoustic pressure gradient induced
by the non-uniform acoustic field [13]. The vertical cluster velocity
can be estimated using the timescale determined by the frame rate
of the camera and the positional information given in the images.
Looking at bubble cluster corresponding to radii between 20 and
30 lm, the cluster shifts its vertical position only between 9220
and 9320 ms by roughly 3 mm, resulting in a velocity of 30 mm/
s. The data however look very noisy due to the fluctuations in
the number of detected bubbles. Nevertheless, looking at the
x-position of all 3 bubble size intervals, a continuous movement
can be seen spanning a range of 4 mm within 300 ms, which would
correspond to a velocity of roughly 13 mm/s. As the liquid velocity
(due to the liquid circulation) only roughly reaches 1.5 mm/s and
the observed bubble radii are still rather small, both buoyancy
and liquid circulation can be excluded as the root causes for the
vertical movement. Acoustic streaming might be a contributing
factor [23], but is expected to yield a rather chaotic movement
due to the vorticity of the resulting streaming patterns. The role
of acoustic forces on the propagation of acoustically active bubbles
will be discussed further in the following section.
5. Role of bubble streamers in the propagation of cavitation
activity

Numerous publications deal with the temporary variation of the
spatial distribution of cavitation bubbles and its influence on both
the observed cavitation activity as well as on the properties of the
sound field. However, in most cases, the emerging bubble struc-
tures show a rather complicated dynamic behavior due to the
standing wave nature of the employed sound field [24,25]. This
complicated behavior includes the clustering of bubbles in the
nodes and antinodes of the sound field and the occurrence of bub-
ble streamers propagating to and from these regions. However, in
contrast to that, a sound field with a considerable traveling wave
component leads to the occurrence of unidirectional streamer pat-
terns [26] consisting of small, active bubbles. Images like Fig. 5
indicate that cavitation activity is strongly linked to the occurrence
of those fast-moving streamer bubbles. Moreover, these streamer
bubbles might be essential for the propagation of cavitation activ-
ity in the tank. Starting from regions closer to the transducer, they
move at velocities in the order of magnitude of m/s in direction of
the propagation of the acoustic field [13]. Their fast movement
indicates a strong oscillatory activity, which is known to be cou-
pled to their translational movement through the acoustic radia-
tion forces. This is consistent with observations reported in [26]
with partial standing wave fields, demonstrating that the bubble
streamers are sonoluminescing when passing pressure antinodes.

Here, a quantitative analysis of the streamer velocities is pre-
sented. For this purpose, we have determined the length of the
streaks caused by fast moving bubbles for nominal acoustic inten-
sities of 0.73, 0.55 and 0.36 W/cm2 (see Fig. 8(a)). Given the expo-
sure time of a single camera frame as 500 ls, we can determine the
velocity distribution of the investigated streamer bubbles based on
70 individual measurements for each nominal intensity.

5.1. Numerical modeling

We also employed the model described in [27] to calculate the
time dependent translational velocity of the acoustic bubbles as a
function of the equilibrium bubble radius and the power density of
the acoustic field. Two differential equations describe the radial
(Eq. (1)) and translational motion (Eq. (2)) of the acoustic bubbles:

R€Rþ 3
2

_R2 ¼ 1
c

H þ G ð1Þ

2p
3

q0
d
dt
ðR3uÞ ¼ �4p

3
R3 @

@z
Pexðz; tÞ þ FDrag ð2Þ

Here R denotes the time-varying radius of the bubble, z the po-
sition of the translating bubble with respect to the propagation
direction of the acoustic field, c is the speed of sound (1485 m/s)
and q0 the liquid density (1000 kg/m3). Pex represents the acoustic
driving pressure at the position of the bubble. The mass of the gas
confined in the bubble interior has been neglected in Eq. (2).
Hence, the translational dynamics are coupled to the effective mass
of the bubble determined by the volume of displaced water (left
hand side of Eq. (2)), which is strongly coupled to the volumetric
oscillation of the bubble. u represents the translation velocity of
the bubble relative to the liquid velocity vex (see Eq. (3)). Neglect-
ing the liquid circulation, vex is essentially given by the fluid parti-
cle velocity induced by the pressure wave Pex(z, t) at the bubble
position (see Eq. (4)).

uðz; tÞ ¼ _z� vexðz; tÞ ð3Þ

vexðz; tÞ ¼
1

q0c
@

@t
Pexðz; tÞ ð4Þ

The drag force FDrag in Eq. (5) represents the friction exerted on
the bubble interface by the liquid, primarily counteracting the
Bjerknes force which accelerates the bubble:

FDrag ¼ �
p
2

CDq0R2juju ð5Þ

The drag coefficient CD is given by

CD ¼
16
Re

1þ 8
Re
þ 1

2
1þ 3:315Re�1=2
� �� ��1

( )
ð6Þ

Here, Re ¼ 2Rjujq0=g denotes the Reynolds number.



Fig. 8. Analysis of bubble streamers at 0.73 W/cm2, 0.55 W/cm2 and 0.36 W/cm2. (a) Sample images showing streamers at the aforementioned acoustic intensities. The lateral
image dimensions correspond to the region framed by the solid line in Fig. 5. Individual streamers are marked in the images with dashed rectangles, then zoomed in on in the
insets in the lower left corner of each image (the image contrast of the insets has been enhanced). (b) Calculated normalized amplitude and position for a bubble with an
equilibrium radius of 2.7 lm. The graphs extend over the 95th to 100th simulated acoustic cycle, when the bubble oscillation has become periodic. The position is given with
respect to the direction of propagation of the acoustic field. (c) Comparison of experimental data and numerical simulation of the streamer velocities. The simulated velocity
data (horizontal axis) are presented as a function of the bubble equilibrium radius (vertical axis). The dashed curves represent simulations at reduced acoustic intensities
(corresponding to the case of absorption of the traveling waves). The experimental data are represented as velocity histograms extracted from the streak lengths of 70 bubble
streamers for each power density.
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H and G represent the forcing that drives the radial oscillation of
the bubble. In contrast to the case of a bubble with fixed position, G
contains a term u2/4 that couples the radial motion of the bubble to
its translation (see Eq. (7)). H takes the influence of acoustic radia-
tion onto the damping of the radial oscillation into account (see Eq.
(8)).

G ¼ u2

4
þ 1
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2r
R0

� �
R0

R

� �3j

� 2r
R
� 4g
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R
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" #

ð7Þ

H � R
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dt
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P0 and PV are the hydrostatic (101.3 kPa) and vapor (2.33 kPa)
pressure of the liquid, respectively, r is the surface tension
(0.072 N/m) and g is the dynamic viscosity (0.000863 Pa/s). We
used a temporal polytropic coefficient in order to compensate for
the time-dependent thermal conductivity of the gas confined in
the bubble following a formulation by [28]. Furthermore, evapora-
tion and condensation of water at the bubble wall is included, fol-
lowing a description given by [29].

Fig. 8(b) shows an example of the numerical calculation of R and
z for a bubble with an equilibrium radius R0 of 2.7 lm and an
acoustic density of 0.73 W/cm2 after 95 simulated acoustic cycles.
The bubble shows a significant response to the driving pressure,
first expanding to 2.5 times its equilibrium radius before collapsing
to a fraction of its equilibrium volume. While the bubble remains
more or less static during the expansion phase, the sudden reduc-
tion in effective mass during the collapse leads to a ‘‘jump’’ of the
bubble in the direction of propagation of the acoustic field. As the
bubble performs a few hundred jumps while the camera is expos-
ing one single frame, it leaves a trace of its motion in the image in
the form of a streak (see small insets in Fig. 8(a)). In analogy, we
calculated the average bubble velocity from the distance covered
by the bubble within 5 acoustic cycles.
5.2. Comparison of model and experiment

Fig. 8(c), shows a combination of the theoretical and experi-
mental results. The theoretical curves display the average bubble
velocity for bubble radii between 0.1 and 20 lm and acoustic
intensities of 0.73, 0.55 and 0.36 W/cm2. The dashed curves repre-
sent values for the same nominal power densities, when the acous-
tic field is attenuated, as this often coincides with the appearance
of bubble streamers in the Schlieren images. Comparing the Schlie-
ren contrast prior to bubble ‘‘nucleation’’ in Figs. 4(b) and 6(b)
shows that the contrast scales roughly linear with the acoustic
intensity. A reduction of the Schlieren contrast to a fourth of the
original contrast will therefore roughly correspond to a similar
reduction in acoustic intensity or a reduction of the acoustic



Fig. 9. Time development of SL, CN broadband and ultraharmonic signal as a
function of sonication time for different pulse lengths. The duty cycle has been kept
constant at 20%, the acoustic intensity amounts to a moderate acoustic intensity of
0.36 W/cm2. Only the first and last 25 s of the sonication period(120 s) are shown.
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driving pressure amplitude to half of the original amplitude. In any
case, the radii that show the highest velocities are located around
the nonlinear resonance size of 2.7 lm. An ultraharmonic reso-
nance around 1.5 lm is visible at the 2 highest intensities. With
decreasing intensity the width of the resonance decreases while
the maximum value is pinned around 3 m/s. For larger bubbles,
the translational velocity saturates at values between 10 and
80 mm/s depending on the acoustic intensity. The experimental
value for the bubble cluster velocity derived in section IV corre-
sponds to this range, confirming the assumption that the move-
ment of the bubbles out of the acoustic field is driven by the
radiation forces. The experimental velocity histograms display a
wide distribution of streamer velocities in the range between 0.1
and 1 m/s. The lower the acoustic intensity, the narrower the dis-
tribution (leaning towards lower values) and thus the lower the
average streamer velocity (0.34 m/s, 0.25 m/s and 0.22 m/s, respec-
tively). The values are smaller than the theoretical peak values for
resonant bubbles. This might have several reasons: first of all, the
bubbles might have already grown ‘‘out of resonance’’ when im-
aged. Secondly, the theoretical model of spherical bubble collapse
might significantly overestimate the corresponding translational
velocity. The peak velocity is strongly depending on the dynamics
of the bubble around collapse. If damping of the collapse is under-
estimated by the model, the peak velocity might be lower. A more
realistic model should also include the asymmetry of the collapse
expected for a bubble moving in a traveling wave field [30]. This
asymmetric collapse might give rise to additional sub- and ultra-
harmonic emissions, more efficient evaporation of reactive species
into the bubble interior as well as the reproduction of acoustically
active microbubbles resulting from bubble fragmentation. The dis-
tances covered by the bubbles within a few hundred milliseconds
span in most cases the entire cleaning tank, leading to the propa-
gation of cavitation activity in the cleaning liquid.
Fig. 10. Full-scale Schlieren sample image of cavitation inception at 0.36 W/cm2

under pulsed conditions (100 ms pulse duration, 20% DC). The solid rectangle circles
the region that is used for the image sequence in Fig. 11.
6. Controlling the cavitation activity by means of pulsed
sonication

We have already shown that cavitation activity is becoming
unstable with time, when the intensity of the acoustic driving is re-
duced. Ultrasonic ‘‘pulsing’’ by turning the acoustic field periodi-
cally on and off, thus creating acoustic wave trains of finite
length and periodicity, has been shown to enhance acoustic cavita-
tion under certain circumstances [31–34].

We measured the time evolution of cavitation activity by means
of CN and SL for different pulse durations in order to identify
parameter regimes, in which enhancement can be observed. The
duty cycle (DC), meaning the ratio between the pulse duration
and the pulse repetition period has been kept at a constant value
of 20%. Fig. 9 shows a comparison of the experimental results be-
tween continuous (dashed line) and pulsed (solid line) acoustic
fields. For 20 and 100 ms pulse duration, all cavitation activity sig-
nals are enhanced compared to the corresponding signals in the
continuous case. Although still subject to considerable fluctua-
tions, the signal levels appear to be more stable compared to the
‘‘burst-type’’ behavior under continuous sonication (SL and broad-
band noise component). The corresponding ‘‘inception delay’’ de-
creases, especially visible in the SL and ultraharmonic signal,
compared to continuous sonication.

Fig. 10 illustrates the effect of ultrasonic pulsing on the spatial
distribution of the cavitation bubbles (nominal acoustic intensity
0.36 W/cm2, pulse-length 100 ms, duty cycle 20%). Here, the distri-
bution of observed bubbles appears to be more dense than in the
continuous sonication case (compare to Fig. 5). Different enhance-
ment mechanisms have been proposed [33,34], such as the declus-
tering of the trapped bubbles and the limitations that are imposed
on the sizes of larger ‘‘degassing’’ bubbles. These degassing bubbles
scatter the sound field and might therefore cause a considerable
reduction of the sound field amplitude. In [34] it was reported, that
the utilization of pulsed ultrasound can prevent the formation of
these bubbles and the resulting attenuation of the acoustic field.
In cases of traveling wave fields and smaller acoustic intensities
as employed here, these effects might play a minor role as the local
spatial densities of the bubbles are considerably smaller. We have
seen in the previous section that cavitation activity under continu-
ous sonication at lower acoustic intensities is constrained to short
bursts in time. This confined bubble activity is the result of an
elimination of active bubbles due to coalescence and acoustic radi-
ation forces. When the sonication is periodically turned on and off
the bubble growth time is limited and the partial dissolution of the
cavitation bubbles might lead to their ‘‘recycling’’ in between sub-
sequent pulses [35–37].

The enhancement vanishes at long pulse durations (see Fig. 9
for a pulse length of 400 ms), where the ‘‘inception’’ delay is pro-
longed and the signal levels approach or even drop below the
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corresponding signal levels for continuous sonication. Here, the
dissolution of cavitation bubbles between subsequent acoustic
pulses (pulse-off time 1600 ms) has a negative effect on cavitation
activity.

6.1. Enhancement mechanism

A detailed analysis of the Schlieren and cavitation activity data
for a pulse duration of 100 ms delivers some insight into the
enhancement mechanism (see Fig. 11). The pulses are clearly visi-
ble in the time evolution of the Schlieren contrast (Fig 11(b)) with
the contrast significantly deteriorating during the second and third
pulse and partially recovering during the fourth pulse. The corre-
sponding SL signal increases steadily, with signs of saturation for
the first signal point following the Schlieren image sequence. The
CN signals show some initial enhancement as well, until they stag-
nate (ultraharmonic signal) or drop off (broadband component).
However, the time resolution of the CN measurements is clearly
not sufficient enough to display the signal enhancement that is ob-
served at a long time scale on the short time scale of cavitation
inception. This is also caused by the fact that the signals of multiple
subsequent pulses are averaged.

Unfortunately, the detection accuracy of the smallest bubbles is
affected by the acoustic field as indicated by the steep drops of the
bubble counts that coincide with elevated Schlieren contrast (espe-
Fig. 11. Combination of cavitation activity (SL, CN broadband and ultraharmonic signal)
0.36 W/cm2 under pulsed conditions (100 ms pulse duration). (a) The four-image sequen
corresponds to the region marked by the solid rectangle Fig. 10. The vertical arrows unde
The upper graph shows the time evolution of the cavitation activity signals and the Schli
break is not valid for the SL counts axis.) The lower graph shows the evolution of the n
cially for the last two pulses). However, the dramatic increase in
the number of especially smaller bubbles (20–30 lm) between
the first and the fourth pulse in Fig 11(b)) is evident. At the end
of the fourth pulse, the bubble size distribution has broadened,
since the number of large bubbles (30–50 lm) significantly in-
creased. The saturation of the SL signal and the drop in CN broad-
band noise goes along with that broadening. Between the pulses
the majority of bubbles remain in the FOV. However, the bubble
number slowly decays (especially for the smallest detectable bub-
bles). Those bubbles may dissolve out of the detection range or
slowly drift away with the liquid circulation. When comparing
the evolution of the bubble number with the vertical average posi-
tion of the bubble cluster over time (Fig. 12), a small drift upwards
in between subsequent pulses can be observed. However, this
movement does not suffice to explain the significant decrease in
the number of bubbles, therefore the dissolution assumption ap-
pears to be valid. The vertical position steadily increases over time
with respect to the center of the FOV (horizontal line), when the
acoustic field is inactive. It converges back to the center position,
when sonication is activated, as new bubbles ‘‘nucleate’’ and dis-
solved bubbles grow back into the detection range (compare the
increase in bubble number with the vertical position of the bubble
cluster for the third pulse).

The discontinuities in the bubble numbers induced by the
action of the acoustic field might have several reasons: The
, Schlieren contrast and bubble radius information for an acoustic power density of
ce represents different states in the evolution of cavitation activity. The image size
rneath the timing axes in part b indicates the corresponding time of the images. (b)
eren contrast. (Note that there is axis break inserted on the CN signal axis. This axis
umber of bubbles within a specific size interval.



Fig. 12. Time evolution of the vertical positions of the ‘‘nucleating’’ cluster of
smallest bubbles compared to the evolution of the number of bubbles. The
horizontal line represents the image center. The Schlieren contrast (grey shaded
areas) indicates the time intervals, where sonication is active.

Fig. 13. Comparison of 2 subsequent magnified image frames showing the effect of
the acoustic field on bubbles visible in the images. In the first image the ultrasound
is still on, in the second image ultrasound has been turned off.
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increased Schlieren contrast might masquerade some bubbles,
though this effect might be partially compensated through tempo-
ral averaging of the image data (which has been carried out sepa-
rately for images with acoustic field and images without).
However, also the light deflection caused by the refractive index
gradient in the region of the acoustic field might affect the imaging
of small bubbles. Acoustic radiation forces might remove bubbles
as soon as a pulse arrives in the FOV. However, the results dis-
played in Fig. 12 do not indicate any sudden movement of the bub-
ble clusters. Nevertheless, Bjerknes forces certainly exert an effect
on the bubbles. Fig. 13 shows two subsequent HiSSSI frames at the
end of a pulse. The first frame corresponds to the situation with
acoustic field, the second without. In the first frame bubbles appear
blurred, an effect that might be induced by the acoustic radiation
forces [26] and/or acoustic streaming [23]. Tiny bubbles that might
have vanished due to this effect reappear in the second frame.

7. Summary and conclusion

The results presented in this paper demonstrate that acoustic
cavitation is a complex phenomenon, which triggers a variety of
secondary processes such as SL and CN. These secondary processes
are very useful for the characterization of acoustic cavitation in
various industrial environments. We have demonstrated that
changes in the quantitative relationship between SL and the differ-
ent components of the CN spectra indicate transitions between dif-
ferent regimes of acoustic cavitation. However, qualitatively, the
correlation between SL and CN is maintained throughout a wide
range of acoustic powers making their use complementary and
interchangeable to a certain degree. This result is supported by
the work reported by other authors on the correlation between
the CN broadband component and SL [38]. In a technological con-
text, CN might serve as a metrological tool for cavitation activity in
industrial systems of various scales where SL measurements might
be difficult to carry out. The fact that CN spectra carry a multitude
of information in their respective ultraharmonic and broadband
components can help to distinguish different regimes of acoustic
cavitation, such as stable cavitation and inertial cavitation [14–16].

The inception of cavitation activity can be both visualized and
quantified using HiSSSI synchronized with the SL and CN measure-
ments. The evolution of the size distribution of the ‘‘nucleated’’
(visible) bubbles and the Schlieren contrast both show a correla-
tion with the corresponding SL and CN signals. Again, the Schlieren
contrast and extracted bubble sizes offer complementary informa-
tion. Strong fluctuations in the Schlieren contrast are characteristic
for periods of enhanced cavitation activity, when (non-linearly)
‘‘resonant’’ bubbles absorb large portions of the acoustic energy
transported by the acoustic waves. Eventually, their explosive
growth and mutual interaction produces larger bubbles and subse-
quently reduce cavitation activity. The size distribution of the
residual bubbles can be used to quantify bubble activity further,
even though the detection is limited to bubbles larger than
20 lm and affected by the ‘‘jitter’’, which especially the small bub-
bles experience in the acoustic field. The fluctuations in cavitation
activity that result from this cyclic behavior are intensified at lower
acoustic power densities, marking the transition to a different re-
gime of acoustic cavitation, which is observed in the relation be-
tween SL and CN. Here, the occurrence of acoustic cavitation is
confined to short ‘‘cavitation’’ bursts and cavitation activity van-
ishes completely between the bursts.

Bubble streamers link the occurrence of acoustically active bub-
bles quantified by means of CN and SL, and the size distribution of
the residual bubbles extracted from the Schlieren images. They are
essentially responsible for the spreading of cavitation activity
throughout the sonicated liquid volume. As confirmed by the com-
parison between the experimental data and numerical calcula-
tions, their fast movement is essentially coupled to their radial
oscillation through the acoustic radiation forces caused by the
traveling wave field of the system.

However, the continuous transformations which the cavitation
field is undergoing during continuous sonication significantly
weaken or even inhibit the efficiency of cavitation induced pro-
cesses such as particle removal [13] especially at lower acoustic
power densities. On the other hand, lowering the input power is al-
most inevitable in megasonic cleaning to prevent damaging of
fragile structures by collapsing bubbles. Cavitation activity can be
enhanced, when sonication is periodically turned on and off, thus
pulsing the acoustic field. On one hand, the growth of bubbles
out of resonance due to rectified diffusion and coalescence is re-
duced. On the other hand, the ‘‘nucleated’’ bubbles remain in the
sonicated liquid after one pulse has passed, effectively lowering
the cavitation threshold for the next incoming pulse. The right
choice of pulse parameters is crucial for the efficiency of the ultra-
sonic pulsing. Here, the partial dissolution of the cavitation bubbles
in between two subsequent ultrasonic wave trains might be an
important effect limiting the parameter range considerably. We
have reasonable experimental evidence for this assumption which
will be presented elsewhere [37]. There, a thorough investigation
of the phenomenon is presented, using a combination of the
presented CN metrology and particle removal efficiency measure-
ments. A fundamental understanding of the underlying
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interdependencies might eventually lead to a better control of cav-
itation inception, which might be the key to a reliable megasonic
cleaning process.
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