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Abstract

The bubble type, generated by an ultrasonic field, was studied in a batch and flow reactor using a
multibubble sonoluminescence quenching technique with propanol and acetone. The influence of
frequency and transducer configuration was evaluated using the same piezo-electric element in
both setups. Results show that the bubble type not only depends on the frequency, but also on
the power input or transducer configuration. Additionally, the effect of flow on
sonoluminescence yield and bubble type was studied in the continuous setup at various
frequencies. As the flow becomes turbulent, the sonoluminescence signal reaches a plateau for
three out of four frequencies, and a transition from transient to stable cavitation occurs for

frequencies below 200 kHz.

Introduction

In the last three decades ultrasound has shown an increasing potential for application in
processes such as cleaning, emulsification and crystallization.[1-5] The beneficial effects are
mostly related to acoustic cavitation, involving the formation and implosion of micron-sized
bubbles in less than a few microseconds. As a result, local hot spots are created in which high
levels of energy are produced. In aqueous solutions, temperature and pressure can reach levels of
6000 K and 1000 atm, respectively.[6,7] Under these extreme circumstances, chemical reactivity is
promoted through thermolysis, supercritical water oxidation and free radical oxidation.[8,9] In
addition, light is emitted from the core of the bubbles during the last stages of the adiabatic
collapse, a phenomenon called multibubble sonoluminescence (MBSL).[6,10—12] Probing this
light intensity has been used as a tool to determine the bubble type, and indicated that two types
of cavitation can be generated; stable and transient bubbles.[12,13] Additional measurements of
acoustic emission data, recorded with a hydrophone, confirmed the presence of these two

different bubbles types.[14] Transient bubbles only exist for one or a few acoustic cycles, in
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which their radius expands to at least twice the initial size. Due to this limited time frame, it is
believed that there is no mass flow of permanent gas through the bubble-liquid interface.[15]
This lack of gas cushioning causes transient bubbles to implode very violently, often resulting in
the disintegration of smaller bubbles. Stable bubbles, on the other hand, oscillate around their
resonance radius for hundreds of acoustic cycles. They contain more gas, and thus have a less
violent collapse compared to transient bubbles.[16—18] The generated bubble type is determined
by parameters such as host fluid properties, initial bubble size, acoustic pressure and acoustic
frequency.[6,19] These factors are described in expressions for cavitation thresholds, like the
Blake and Apfel thresholds.[6,19-21] In short, these expressions determine the pressure that the
acoustic field needs to generate in order to produce transient bubbles. Additionally, these
threshold values form the transition between stable and transient cavitation. Further analysis of
the equations shows that the threshold pressures can be more easily overcome at lower
frequency, higher acoustic pressure and higher initial bubble size. More transient bubbles are thus
expected under these conditions.[22—24]

In the experimental MBSL quenching technique, volatile solutes are added to the aqueous
solution. When these solutes evaporate into the cavitation bubbles, they lower the bubble core
temperature, and sonoluminescence (SL) quenching — a decrease in SL intensity — occurs.[13,25]
The degree of quenching depends on the concentration of the solute at the bubble-solution
interface, and not solely on the bulk concentration in the surrounding liquid.[26] Eatlier reports
demonstrated that by altering the volatility, and the ability of the solute to form hydrogen bonds,
one can distinguish between stable and transient cavitation. [10,12,26] For example, Price e# al.
showed that addition of solutes that do not have the ability to form hydrogen bonds are able to
quench SL from transient cavitation.[27] For their experiments with transient cavitation, a pulsed
20 kHz horn operated at 0.1 to 0.4 W/cm? was used. At first, a homologous series of methyl
ketones (e.g. acetone) was tested at concentrations above 100 mM. These solutes were able to
quench the SL signal from transient bubbles by more than 40 % compared to the signal of water.
Afterwards, a homologous series of n-alkyl acetates (e.g. methyl acetate) at the same
concentration range was added, and quenching up to 80 % occurred. Although the latter solutes
show better quenching, acetone is usually used in the quenching experiments to evidence the
presence of transient bubbles. This solute is very volatile and has a high solubility in water of
more than 10 M, which makes it easy to use in the quenching procedure.[12,27] At solute
concentrations below 30 mM, both homologous series showed a similar behaviour by which the
SL signal first rises before it reaches the ‘quenching region’ at increasing concentration. This
initial rise was higher as the chain length and hydrophobicity of the molecules increases. Price ef
al. attributed this to a decrease in bubble coalescence. Coalescence increases the bubble size, and
these larger bubbles are removed from the ultrasonic field due to buoyancy. Also, these bubbles
do not have the correct resonance size to be influenced by the ultrasonic field, and will thus not
produce light. Inhibition of coalescence thus yields more SL-active bubbles Moreover, this study
showed that hydrophilic volatiles, which can easily form hydrogen bonds, are not able to quench
SL signal of transient bubbles. The evaporation of the solute is restricted by the hydrogen
bonding, and cannot enter the bubble during its lifetime. An example of this case was studied by
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the addition of a homologous series of alcohols (e.g. propan-1-ol) at concentrations up to
100 mM. These compounds can easily form hydrogen bonds and have a volatility that is similar
to the earlier tested ketones and acetates. Addition of alcohols with 4 or more carbon atoms in a
transient bubble field resulted in an SL enhancement of up to 2-fold compared to the water
signal. Solutes with less than 4 carbon atoms did not influence the signal. In short, addition of
alcohols in a transient bubble field enhances or does not influence the SL signal. On the contrary,
alcohols are able to quench the SL signal when stable bubbles are present.[10,12] Price ¢f 4/ used
a pulsed 515 kHz plate type transducer at 0.1 to 0.4 W/cm? to generate these stable bubbles. The
fact that quenching is possible during stable cavitation, is related to the life time of these bubbles,
assumed to be around 50-200 oscillations. As this is much longer compared to transient
cavitation, sufficient evaporation of the alcohols into the bubble occurs so SL. quenching can take
place.[16] Propanol is often used to perform the experiments as it has a high solubility in water of
more than 10 M. In addition, its volatility is adequate to use it as a quencher for stable bubbles,

whereas lower and more volatile alcohols like ethanol might also affect some transient bubbles.

Previous studies evaluated this quenching technique in batch mode, using different ultrasonic
sources, frequencies and volatile substances.[10,12,26] Tronson et a/. used a horn-type transducer
at 20 kHz with a calotimetric power in the range of 0.09 to 0.2 W/cm?. They demonstrated that
cavitation bubbles were transient in nature, since MBSL was not quenched by addition of
aliphatic alcohols like ethanol, propan-1-ol and butan-1-ol in concentrations up to 200 mM.
Tronson et al. also performed experiments using a 515 kHz plate type transducer with a
calorimetric power in the range of 0.04 to 0.4 W/cm? It was reported that complete SL
quenching was achieved for solutions of 50 mM butanol or 200 mM propanol. Since the alcohols
are efficiently quenching the SL signal, it was suggested that the cavitation bubbles were stable in
nature at this frequency. Explanations for the difference in bubble type were solely based on the
discrepancy in frequency and not on transducer configuration in the reactor, although these
greatly differed. These results should thus be interpreted with caution since other studies have
emphasized that the reactor design or placement of the transducer in the reactor can strongly
influence the ultrasonic field, and therefore also the bubbles.[4,29] Similar experiments with a
20 kHz horn and an acoustic power of 20 W were conducted by Ashokkumar e a/ using
propanol concentrations up to 100 mM. In the presence of this alcohol, the signal was quenched
to about 25 % of its initial value, indicating the presence of mostly transient bubbles. Further
experiments conducted at 440 kHz with a plate type transducer show that SL is quenched up to
80 %, after which no further quenching was observed despite more addition of propanol.
Ashokkumar ef a/. speculate that this might be due to the existence of 20 % transient cavitation.
These findings suggest that both cavitation types are present in a cavitation field, but with a
dominating presence of one type. At low frequencies the largest part of the bubbles has a
transient character, while at high frequencies stable cavitation is most abundant. However,
Ashokkmar ez al. showed the dependency of the cavitation type on the ultrasonic source, rather
than only on the frequency. Aqueous solutions of propanol up to 100 mM were able to quench
the SL signal of a 25/37 kHz plate transducer by more than 70 %, significantly higher compared
to the 20 kHz horn stated earlier. This indicates that low frequency ultrasound, usually classified
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below 50 kHz, can also generate stable cavitation when a plate transducer is used. These results
show the same trend as the results of Tronson ez a/, but it is clear that the degree of quenching
can differ and strongly depends on the bubble population. A dominant presence of stable
cavitation for example can quench the SL signal by using acetone between 0 and 25 %, based on

the results of these previous studies.

The combination of ultrasound in a confined flow reactor is a novel concept within the chemical
industry with high potential for fine chemical and pharmaceuticals production. Placing multiple
units in parallel can overcome scale up problems as the reactor dimension remains constant and
matches the penetration depth of the ultrasonic wave. In order to fully understand and control
the cavitation effects in these reactors, the bubble type and its dependency on flow regime needs
to be investigated. The effect of flow or agitation on the sonochemical activity has been studied
earlier but yielded conflicting results. Both attenuation and improvement were reported by many
authors. [30-306] All explanations for these observations were based on the amount of bubbles,
the residence time or mass transfer effects. No correlations were made with the bubble type
present in the reactor during the various experimental conditions. Therefore, this study evaluates
the cavitation type with a MBSL quenching technique at various flow rates in a rectangular flow
cell. To the best of our knowledge, this quenching protocol was never investigated in a
continuous millireactor to study the effect of liquid flow on bubble type. Earlier reports,
performed in batch reactors, indicate that cavitation type depends on both transducer type and
frequency, and that a mix of both stable and transient bubbles is present, with one of these being
dominant. However, as different piezo-electric elements were used when comparing frequencies
in these reports, it is possible that the frequency effect is caused by a difference in the set-up.
Therefore, it is important to evaluate the bubble type using the same ultrasonic actuator operated
at different frequencies. This study will thus evaluate also the bubble type using the same piezo-

electric element operated at different frequencies and in different setups.

Materials and methods

Chemicals and experimental procedure

In all experiments, ultrapure water (Milli-Q, resistance 18.2 MCQ.cm), provided by a Sartorius-
Stedim Arium 611 DI water purification system, was used as the bulk medium. Next, propanol
(= 99.5 %) and acetone (= 99.8 %), purchased from Sigma-Aldrich, are increasingly added to the
water up to a concentration of maximum 400 mM. The temperature of the solutions was held
constant at 20£2 °C throughout the experiment. Sonoluminescence signals were recorded at fixed
concentration intervals for 30 s with a gate time of 100 ms, using a photon counting head
(Hamamatsu, H11890 series) located on the outside of the setup. Results are shown in this paper
on a relative basis compared to the signal of ultrapure water (SL,). The results are thus expressed

as a ratio with SI; being the denominator. In all figures, the SL,, value is mentioned so the
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absolute values of all signals can be easily calculated. All experiments were performed three times

to allow calculation of the average photon count and standard deviation.

Experimental setup

Figure 1 shows the experimental reactor setups that were used in this study. To avoid
background interference, the complete setup is placed in a dark box. The photon counting head
captures the sonoluminescence signal from the active bubbles in the entire reactor volume. Visual
inspection showed that these bubbles remained in front of the measuring window at all times,

even when flow was applied.
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Figure 1: Experimental setups: (a) batch reactor with piezo-electric element submerged in the water as a
plate-type transducer, (b) millireactor with piezo-electric element glued to the outer reactor wall. Generator
and amplifier are used to create a sinusoidal signal. Photon counting head (PCH) quantifies the
sonoluminescence yield.

The batch reactor consists of a rectangular glass tank (205 mm x 84 mm x 210 mm). Two
different ultrasonic sources where used in this reactor. One was a disk transducer (M.P.
Interconsulting, type MPI-DISK-SPZT8-500X35) attached to a glass plate and sealed with a
plastic cover to prevent contact with water. The transducer was connected to a generator
(Picotest G5100) and an amplifier (E&I 1020L RF). This system operated at frequencies of
46 kHz and 132 kHz, with a constant calorimetric power of 12.5 W. The second one is a horn
transducer (Hielscher UP200S) with a built-in wave generator and amplifier operating at a
resonant frequency of 24 kHz. The electrical power was kept constant at 200 W, and a
calorimetric power of 93 W was obtained, corresponding to 38.8 W/L.

The milliflow reactor consists of a glass cell (10 x 10 x 155 mm). The flow is circulated by a micro
centrifugal pump (TCS Micropumps, type M400) and enters the flow cell at the bottom. Flow
rates from O up to 2 L./min were obtained during the experiments. This allows to work in batch
conditions, or generate either a laminar or turbulent flow regime. The same generator, amplifier
and disk transducer as in the batch setup were used. For this setup, the transducer was glued to
the outer wall of the reactor and was able to operate at four resonant frequencies: 46 kHz,
119 kHz, 247 kHz and 564 kHz. The calorimetric power was determined at different flow rates
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for all four frequencies, and maintained at 5 W during the experiments. When only the volume of

the flow cell is taken into account, this corresponds to a calorimetric power of 333.3 W/L.

Results and discussion

Figure 2 shows the relative quenching data in the presence of propanol and acetone for the
24 kHz probe with a calorimetric power of 93 W, submerged in the batch reactor without any
additional flow or agitation. This experiment was performed to deduct a protocol for the
interpretation of the quenching data. As was clear from eatlier reports, it is not determined which
absolute amount of quenching is necessary to conclude that a solute quenches the signal.
Interpretation of these results in combination with literature will allow to determine a cut off
value that decides whether a solute quenches the signal or not. Overall, propanol is not able to
quench sonoluminescence emitted by the 24 kHz probe, suggesting that only transient cavitation
is present. The signal in the presence of propanol is even enhanced over the entire concentration
region, similar to the results obtained by Price ¢ a/., although they only observed the increase in
the SL signal for 1-butanol and higher-C alcohols. The rise of SL can be attributed to the surface
active properties of the alcohols, hindering the coalescence when they are attached to the bubble
surface. This results in a larger amount of cavitation bubbles that contribute to an increased SL
intensity. Earlier results by Tronson e/ a/. on the effect of surfactant SDS (sodium dodecyl sulfate)
concentration on SL intensity, support these findings.[28] Addition of SDS initially increases the
SL signal, followed by a steady value, similar to the propanol curve in Figure 2. They also
attribute this effect to the inhibition of bubble coalescence by SDS. Measurement of the
coalescence by Lee and Ashokkumar using a capillary setup proved this hypothesis and showed
that bubble coalescence decreased in the presence of surfactants like SDS.[7] Therefore, the same
effect is expected for alcohols with a terminal hydroxyl group, creating a molecule with a long
nonpolar chain and a short polar ending, similar to SDS. Although propanol has a short nonpolar
‘tail” compared to the higher alcohols, it is likely that it will influence coalescence in a similar way.
The trend of the acetone curve in Figure 2 is identical to the results of Price ¢f a/. who were using
a 20 kHz horn in combination with a homologous series of ketones. A decrease in bubble
coalescence at low acetone concentrations causes the initial rise of SL intensity. At higher acetone
concentrations, quenching plays a more significant role and a decrease up to 50 % in the SL
intensity is obtained. Measurements at other calorimetric power levels, varying from 17 to 60 W,
showed similar results: enhancement by propanol and very limited quenching by acetone. This
proves that this horn transducer always generates transient cavitation independent from its power
level. Finally, Figure 2 also indicates that the effect of both acetone and propanol remains
constant above a concentration of 200 mM. The range of this steady state value is comparable to
those reported in literature. At this concentration the coalescence inhibition remains constant, so
either enhancement or attenuation is possible, depending solely on the ability of the solute to
evaporate into the bubble and quench the SL signal. In order to evaluate the bubble type, one
should thus check the relative plots of acetone and propanol simultaneously. When only acetone

is able to quench the signal transient cavitation is present. If both volatiles are able to quench the
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signal stable bubbles are dominant. Based on own experimental data and that from literature,
50 % quenching or more after addition of propanol is considered as the cut off value for the
dominant presence of stable cavitation.[10,12,26] A value below 50 % for propanol will
correspond to the presence of transient cavitation with a strong presence of stable bubbles.
Enhancement of the signals of both quenchers can always be attributed to a reduced bubble

coalescence, increasing the amount of bubbles and boosting the SL yield.[27,28]
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Figure 2: Relative SL. quenching data for a 24 kHz horn transducer submerged in the batch reactor without
agitation. All measurements are performed three times with the average and standard deviations being
displayed. Peec = 200 W; Pea = 93 W. SLy = 83.1 counts/ms

Figure 3 and Figure 4 show the SL emission relative to that in ultrapure water at 43 and 46 kHz
using the same piezo-electric element in the batch reactor and continuous millireactor,
respectively. In both cases, no additional fluid flow or agitation is applied during this set of
experiments. The deviations on the measurements in both reactors strongly differ, as can be seen
from the error bars that are almost not visible for the batch system, and spread over a large area
for the continuous millireactor. This is mostly attributed to the absolute sonoluminescence value
of water in both setups that is used to display the signals on a relative basis. In the batch reactor
this value fluctuates around 166 counts/ms, while only 6.6 counts/ms ate obtained in the
millireactor. As this value is placed in the denominator, it is clear that deviations will stand out
more in the millireactor as this value is low. Especially the measurements at 50 mM in Figure 4
show high deviations, probably caused by the fluctuations in the bubble coalescence inhibition.
At these lower concentrations the inhibition will fluctuate since the equilibrium concentration on
the bubble-liquid interface is not reached yet, resulting in a large spread on the amount of
bubbles and hence the SL intensity. The rise of the signal at 200 mM propanol is most likely also
caused by reduced bubble coalescence resulting in more bubbles compared to the other
concentrations. Despite these deviations, it is clear that there are considerable differences

between both setups although the same piezo-electric element was used. In the batch reactor
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both propanol and acetone almost completely quench the SL-signal, indicating stable cavitation is
dominating. The signal of propanol remains beneath the acetone curve at all times, meaning this
compound is quenching more effectively. However, considering the standard deviations of these
measurements, it is likely that both acetone and propanol quench the signal to the same extent. In
the milliflow reactor, a similar pattern as in Figure 2 arises, with SL. enhancement by propanol
over the entire concentration region, and an initial improvement followed by a limited reduction
of less than 50 % by acetone. Transient cavitation is thus the dominating bubble type in the
milliflow system. The difference in cavitation using the same element can be explained in two
ways. On the one hand, the reactor geometry is different in both cases, and earlier reports have
emphasized that this parameter can strongly influence the ultrasonic field and therefore also the
generated cavitation bubbles. [4,29] On the other hand, the calorimetric power expressed per unit
of volume or per squate cm is different. For the batch reactor a power of 5.2 W/L and
165.5 mW/cm? is obtained, for the milliflow cell the power was 333.3 W/L and 322.5 mW/cm?,
respectively. As higher power intensity leads to a higher acoustic pressure in the system, the
transient cavitation threshold is possibly exceeded in the millireactor, whereas it is not in the
batch setup. To determine whether the power or the geometry controls the cavitation type, one
should compare these two different setups at the same calorimetric power. In our case, this was
not possible, as the transducer was already operated at its maximum within the batch reactor. The
possible alternative of a lower power in the milliflow setup resulted in an undetectable SL signal.

Therefore, the power levels of these reactors could not be matched [37]
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Figure 3: Relative SL. quenching data for a piezo-electric element operating at 43 kHz, attached to a glass
plate, and submerged in a batch reactor without agitation. All measurements are performed three times
with the average and standard deviations being displayed. Peec = 13 W, Py = 12.5 W. SLy = 166.5
counts/ms
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Figure 4: Relative SL quenching data for a piezo-electric element operating at 46 kHz, glued onto the outer
wall of a continuous millireactor operated without flow. All measurements are performed three times with
the average and standard deviations being displayed. Peiec = £ 10 W, Pc.y = 5 W. SLy = 6.6 counts/ms

Figure 5 and Figure 6 show the results for the same piezo-electric element operated at 132 and
119 kHz in both a batch and a millireactor, respectively. Similar as at 43 and 46 kHz, no flow or
agitation was present during these measurements. A similar trend compared to the lower
frequency is observed; stable cavitation is present in batch, and transient bubbles arise in the
millireactor. From Figure 6 it is clear that propanol does not enhance the signal over the entire
concentration region, but limited quenching occurs at 200 mM. As stated eatlier, this
concentration is considered as a steady state value, after which the effect of the quenchers
remains constant. Therefore, no further decline of the signal is expected at higher concentrations,
and only 25 % SL decrease is obtained. Transient cavitation is thus the dominating bubble type,
with a limited amount of stable bubbles present that cause the quenching by propanol at higher
concentration. The fact that acetone can quench the signal by more than 50 % confirms that not

only transient cavitation is present.
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Figure 5: Relative SL quenching data for a piezo-electric element operating at 132 kHz, attached to a glass
plate, and submerged in a batch reactor without agitation. All measurements are performed three times
with the average and standard deviations being displayed. Peiec = 13 W, Peyy = 12,5 W. SLo = 96.8 counts/ms
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Figure 6: Relative SL quenching data for a piezo-electric element operating at 119 kHz, glued onto the
outer wall of a continuous millireactor operated without flow. All measurements are performed three times
with the average and standard deviations being displayed. Peiec = £ 10 W, Py = 5 W. SLy = 118.0 counts/ms

When summarizing the above findings, it is shown that low frequency ultrasound does not always
generate transient cavitation. Depending on the ultrasonic source, the reactor type and/or input
powet, also stable bubbles can be generated. Additional experiments in the millireactor without
flow, using the piezo electric element at 247 kHz and 564 kHz, show that only stable cavitation is
obtained. Both acetone and propanol were able to quench the signal by more than 85% at a
concentration of 200 mM, corresponding to the plot of stable bubbles. Hence, no transient
cavitation occurs although the same power densities are obtained that give rise to these bubble
types at the lower frequencies. This can be attributed to the fact that the transient cavitation
threshold increases at higher frequencies, so a high power input is needed to change the stable
bubbles into transient ones. [6,19] As a conclusion, these results thus show that in some cases
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only the frequency determines the bubble type. However, when the transducer configuration and
power intensity changes, the bubble type is not only dependent on frequency.

The effect of flow on bubble type was investigated in the flow reactor at four different
frequencies using the quenching technique. Therefore, a SL baseline of ultrapure water at
different flow rates was recorded to allow the plots of propanol and acetone to be normalized
relative to the signals in water. A relative plot of this baseline, normalized to the signal without
any flow, is shown in Figure 7. The flow rate is expressed using the dimensionless Reynolds
number Re calculated fora square cross-section with a hydraulic diameter D, of 0.01 m.
Furthermore, a density p 0f 998 kg/m?, a dynamic viscosity of 1 mPa.s, and a flowrate Q varying
from 0 to almost 3.3x10°m?/s is used. For all frequencies, an enhancement of the
sonoluminescence signal was obtained as the flow rate increases. These plots are in accordance
with the study of Hatanaka ef a/ [35] on the effect of fluid flow on MBSL using frequencies from
23 — 131 kHz and a water circulation of 4 L/min. SL. enhancement was achieved in the presence
of flow at various power settings up to 200 W. Additional experiments with a high speed camera
elucidated the mechanism, and showed that the fluid flow prevents coalescing and clustering of
cavitation bubbles by counteracting the primary and secondary Bjerkness forces. [38]
Consequently, this suggests that the bubbles in a flow regime are smaller than in case of a
stationary fluid where coalescing and clustering increases the bubble radius. At 46, 247 and
564 kHz, a plateau is reached at a Reynolds number of about 2000, close to the end of the
laminar region that is ca. 2300 in this reactor [39]. The enhancement can thus be explained by
reduced coalescence and clustering up to the point where the flow becomes turbulent. After
reaching this flow regime, no further coalescence inhibition occurs, and the amount and size of
the of bubbles remains constant. At 119 kHz no plateau is observed, so it is possible that
coalescence is prevented over this entire flow regime. This is similar to the empirical results of
Thomas who observed that for certain droplet sizes in a turbulent regime no coalescence can
occur. [40] Hence, it is possible that at 119 kHz the bubble size matches this critical value and no
plateau can be reached since no bubbles are clustering. In addition, a liquid flow always contains
small bubbles, up to submicron level, that can serve for nucleation sites of cavitation bubbles.[41]
The amount and the size of these bubbles depend on the agitation of the fluid. In a stirred batch
reactor, Wu ef al. observed that the amount of bubbles increases and the bubble size decreases for
higher stirring speeds. By increasing the stirring speed from 500 to 3500 rpm, they observed that
the average bubble diameter decreases from 800 nm to 200 nm. Similar results were obtained by
Razzaque and his coworkers at increasing flow rates in a continuous reactor. They reported that
the initial bubble diameter of about 10 mm was reduced to less than 3 mm when the flow
velocity increased by 4 times. In addition, more bubbles were detected at these higher flow
rates.[42] A higher amount of bubbles by reduced coalescence, by introduction of submicron
nuclei, or a combination of both, means that more nucleation sites are available at higher flow
rates. Consequently, more cavitation bubbles that emit light can be formed.
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Figure 7: SL intensity of ultrapure water at different flow rates measured at four different frequencies: (a)
46 kHz with SLy = 23.4 counts/ms, (b) 119 kHz with SLy = 22.3 counts/ms, (c) 247 kHz with SL; = 697.1
counts/ms, (d) 564 kHz with SLy = 3429.7 counts/ms. All measurements are performed three times with
the average and standard deviations being displayed Calorimetric power was maintained at 5 W in all
conditions.

Figures 8 and 9 show the results for the SL quenching experiments using propanol and acetone at
various flow rates for low (46 and 119 kHz) and high (247 and 564 kHz) frequencies,
respectively. All signals are displayed relative to the actual SL of ultrapure water at that particular
flow rate so only the effect of the quenchers becomes visual as the effect of flow is filtered out. A
concentration of 200 mM is used to make sure that the effect on coalescence remains constant,
and only the quenching effect is visualized. For the low frequencies of 46 and 119 kHz, there is a
shift from transient cavitation to stable cavitation as the flow becomes turbulent. In the laminar
regime, the propanol plot remains above the 50 % quenching value for both frequencies,
indicating that transient bubbles are still present. As the flow becomes turbulent, SL signals of
propanol drop below the 50 % value for the two frequencies, indicating that only stable bubbles
remain in the reactor. These results are confirmed by evaluation of the acetone curves at both
frequencies. Despite an enhancement at Re = 1000 for 46 kHz, probably due to inhibition of
coalescence, acetone is able to quench the signal. This proves that transient bubbles are present
in the laminar regime, and the further decline of the signal in the turbulent regime shows that a

transition in bubble type occurs. For the higher frequencies, 247 kHz and 564 kHz, bubbles are
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stable throughout the entire flow regime as the data points of both quenchers always remain
below the 50 %. In short, the results in Figures 8 and 9 show that transient bubbles, generated at
low frequency, can become stable at high flow rate, while stable bubbles are not altered by flow
rate. The threshold for the bubble type transition seems to be around the end of the laminar flow

regime, corresponding to a Reynolds number of around 2300.
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Figure 8: Effect of flow rate on the SL signal for low frequency ultrasound using propanol and acetone. The
SL signal of ultrapure water at a particular flow rate is used as the reference for each data point. (a)
corresponds to 46 kHz and (b) to 119 kHz. All measurements are performed three times with the average
and standard deviations being displayed. Calorimetric power was maintained at 5 W in all conditions. The
50% cutoff value is displayed with the horizontal dotted line.
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Figure 9: Effect of flow rate on the SL signal for high frequency ultrasound using propanol and acetone.
The SL signal of ultrapure water at a particular flow rate is used as the reference for each data point. (a)
corresponds to 247 kHz and (b) to 564 kHz. All measurements are performed three times with the average
and standard deviations being displayed. Calorimetric power was maintained at 5 W in all conditions. The
50% cutoff value is displayed with the horizontal dotted line.

A possible explanation for the transition of transient to stable cavitation is related to the size of
the bubbles present in the reactor at different flow rates. Flow reduces the bubble size and
introduces submicron gas pockets that can act as nuclei. [35,38] Based on the heterogeneous
nucleation model of Ramesh ¢# a/.[43], formulating that bubble size scales with the size of the
nuclei, one can thus assume that smaller cavitation bubbles are present at higher flow rate.
Although this model reasons from a solid nucleation surface, it is reasonable to postulate that the
same accounts for gaseous nucleation sites that are present during acoustic cavitation. Since
stable bubbles have in general a smaller initial radius[19,20], the formation of stable cavitation

bubbles might be favoured at high flow rates.
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Conclusion

This study evaluated the bubble type in a batch and continuous millireactor by using a
multibubble sonoluminescence quenching technique with propanol and acetone. To study the
effect of frequency and transducer configuration, experiments were performed with the same
piezo-electric element operating at a multiple frequencies, but set up in different configurations.
Used as a plate type 43 kHz transducer in a batch reactor, stable cavitation was obtained, while
transient bubbles arose when the piezo was attached to the outer wall of a flow cell. These
observations evidence the fact that stable bubbles can be present at low frequency depending on
the power input or transducer configuration in a reactor. The effect of flow was investigated in a
rectangular flow cell operated at different frequencies. At turbulent flow rate, the
sonoluminescence signal reached a plateau for almost all frequencies, indicating that bubble
coalescence was completely inhibited. In addition, a transition from transient to stable cavitation
bubbles is observed, at 46 kHz and 119 kHz, when the flow becomes turbulent. At frequencies
above 200 kHz only stable cavitation occurred independent from the flow rate in this setup. As
both bubbles types have different effects, these results indicate the importance of choosing the
adequate frequency within the process conditions. This study can thus be valuable for the design

and control of ultrasonic reactors for applications that require a specific cavitation type.
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