Mapping of Sonochemical Reactors: Review,
Analysis, and Experimental Verification

Parag R. Gogate, Prashant A. Tatake, Parag M. Kanthale, and Aniruddha B. Pandit
Chemical Engineering Division, Institute of Chemical Technology, University of Mumbai,
Matunga, Mumbai 400 019, India

The erratic behavior of cavitational activity exhibited in a sonochemical reactor poses
a serious problem in its design and scale-up. Several previous studies in the past dealt
with mapping of sonochemical reactors, which have been critically analyzed and recom-
mended for efficient scale-up strategies. There have been no efforts to link the primary
effects (local pressure field) of ultrasound activity with the observed secondary effects
(such as chemical reaction). In this work an ultrasonic horn (standard immersion-type
reactor), and an ultrasonic bath (rectangular geometry with transducers located at the
bottom in triangular pitch) reactors were mapped with the help of local pressure mea-
surement (using a hydrophone), and liberated iodine was estimated using the Weissler
reaction, and a quantitative relationship was established between the two. In estimating
chemical reaction rates, the effect of microscopic variation in the type of microreactor
used (test tube in this case) on the extent of degradation was also investigated. Mea-
sured local pressure pulses were used in theoretical simulations of bubble dynamics
equations to check the type of cavitation taking place locally, and to estimate the possi-
ble collapse of the pressure pulse in terms of the maximum bubble size reached during
the cavitation phenomena. A relationship also was established between observed iodine
liberation rates and the maximum bubble size reached. The engineers can easily use
these unique relationships in an efficient design, since the secondary effect can be di-

rectly quantified.

Introduction

Chemical effects associated with the cavitation induced in
a liquid by the passage of ultrasound are quite distinct from
the conventional chemical processes. Very high energy densi-
ties (energy released per unit volume) are obtained locally,
resulting in high pressures (on the order of 100-50,000 bar)
and temperatures (in the 1000-5000 K range), and these ef-
fects are observed at millions of locations in the reactor. There
are larger illustrations where these spectacular effects have
been successfully harnessed for a variety of applications
worldwide. Few of the important applications can be given as
chemical synthesis [in both homogenous and heterogeneous
systems by way of increase in the rate and selectivity of many
chemical reactions (Petrier et al., 1982, 1984; Pandit and
Joshi, 1993; Mason, 1986, 1999; Petrier and Luche, 1987;
Lindley and Mason, 1987; Shah et al., 1999; Thompson and
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Doraiswamy, 1999; Sivakumar and Pandit, 2001a; Sivakumar
et al., 2002a)]: wastewater treatment [degradation of many of
the biorefractory/complex chemicals (Cheung et al., 1991;
Kotronarou et al., 1991, 1992; Petrier et al., 1992; Bhatnagar
and Cheung, 1994; Serpone et al., 1994; Shirgaonkar and
Pandit, 1997; Hua and Hoffmann, 1997; Seymore and Gupta,
1997; Weavers et al., 1998; Hung and Hoffmann, 1999; Pan-
dit et al., 2001; Gogate, 2001)], textile processing (Thakore,
1990; McCall et al., 1998; Rathi et al., 1997; Yachmenev et
al., 1998, 1999), biotechnology [cell disruption (Save et al.,
1994; Shirgaonkar et al., 1998) and foam control in bioreac-
tors (Ambulgekar et al., 2002)], and crystallization (Srinivasan
et al., 1995). However, it should be noted that, in spite of
extensive research, there is hardly any chemical processing
being carried out on an industrial scale owing to the lack of
expertise required in diverse fields such as material science,
acoustics, and chemical engineering, for scaling up successful
laboratory-scale processes, also due to the lack of a suitable
reactor design and scale-up strategies.
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Table 1. Overview of the Work in the Area of Mapping of Ultrasonic Reactors

Sr. Details About Equipment and

No. Reference Measurement Important Findings

1 Contamine et al. ® Cylindrical reactor with a circular single @ Trends obtained for all the systems, that is, physical sys-
(1994) transducer located at the bottom of the tem, homogenous, and heterogeneous chemical reactions

reactor with a driving frequency of 20 kHz,
acoustic power in the range 1-200 W, and
another reactor with immersion trans-
ducer with the same ultrasonic generator
as previous. Measurements in terms of
physical effects (mass-transfer coefficients
[MTC] using electrochemical probes) and
chemical effects (rate of homogenous as
well as heterogeneous reaction) of ultra-
sound over multiple locations in the reac-
tor.

in terms of variation of cavitational intensity were similar.
For the ultrasonic reactor with transducer at the bottom,
overall intensity decreases as we go away from the trans-
ducer with an intermediate increase at positions equivalent
of multiples of A/2. Also radial variation indicates maxi-
mum intensity at the center of the transducer with dimin-
ishing intensity away from the center.

For the reactor with immersed horn as a transducer, the
profile was dependent on the power input. At higher power
inputs, intensity diminishes with distance from the horn,
whereas at low power input standing waves exist, giving an
oscillatory profile.

The difference is attributed to very high power intensities
(W /cm?) in the case of immersion systems as compared to
the system with the circular transducer at the bottom.

2 Soudagar and
Samant (1995)

Ultrasonic bath with driving frequency of
23 kHz, capacity 3 L, power input 120 W,
three transducers at the bottom arranged
in a triangular pitch, and a second bath
with a configuration of 35-kHz frequency,
capacity 2.75 L, and power input of 85 W
with a single transducer at the center.
Piezoelectric pressure intensity measure-
ment probe (PPIMP) was used for mea-
surement of local pressure intensity by
recording genreated voltage on a cathode
ray oscilloscope.

The ultrasonic intensity diminishes with distance from the
two transducers forming the base of the triangle, whereas
intensity was slightly increasecd at distance A/2 from the
apex position transducer due to the overlapping of wave
patterns. For the bath with a single transducer, the in-
creased intensity is observed only above the center of the
transducer. Thus, the triangular arrangement of transduc-
ers could be more useful as compared to a single trans-
ducer, as there is a large number of locations where a
large intensity has been observed.

3 Chivate and Pandit
(1995)

Ultrasonic horn with driving frequency of
2277 kHz and power input of 240 W
through a horn area of 81 mm? with an
energy transfer efficiency of only 2%.
Precalibrated aluminum foil of uniform
surface mounted flat, parallel to the irra-
diating surface was dipped in test solution
at various distances. The indentations
produced were analyzed geometrically and
the impulse pressure can be calculated.

Pressures of several thousand atmospheres are observed
very near the horn and decrease exponentially with the
distance from the horn. Correlation is given for the estima-
tion of pressure as

Pressure (in atm) =9.82x10™* (distance in m)~ !
Typical volume experiencing high pressures (> 10,000 atm)
was reported to be around 3 mm?, which is a microfraction
of the total volume, thus, limiting the large-scale applica-
tions of immersion systems.

Also the maximum pressure pulse observed is dependent
on the vapor pressure of the medium used.

4 Romdhane et al.
(1995a)

Ultrasonic cleaner (parallelepiped tank
with maximum acoustic power of 160 W,
frequency of 26 kHz), hexagonal tank with
each side fitted with a transducer, fre-
quency of 22 kHz and consumed electric
power of 300 or 600 W, sonitube with an
aim of maintaining radial homogeneity
(frequency of 20 kHz), and ultrasonic horn
of operating frequencies 20 kHz and 40
kHz.

Cavitational intensity measurement using
a thermoelectric probe by measuring the
temperature difference between probe
material temperature and the medium
temperature.

Standing waves have been observed in the ultrasonic
cleaner, which increases the local cavitational activity. The
ultrasonic power decreases as one moves away from the
emitters. Increased activity has been observed at a dis-
tance equivalent to A/2. Cavitational activity was found to
be much more uniform in the case of hexagonal tank as
compared to ultrasonic cleaner and uniformity was more
at higher power inputs.

In the case of a sonitube, as the length of immersed por-
tion increases, the ultrasonic activity has been found to
increase due to the increase in the amount of energy being
transmitted to liquid. The distribution of the intensity is
fairly homogeneous in the radial direction.

For an ultrasonic horn, for both the frequencies, decreas-
ing intensity with distance from the horn tip has been
observed with increased activity at distances of A/2. In the
vicinity of the horn, bubbles have been observed that are
responsible for the absorption of energy. The intensity also
decreases in the radial direction away from the axis pass-
ing through center of the horn.

Comparison of different reactors using an efficiency factor
reveal the highest homogeneity of cavitational activity for
the sonitube (hence increased cavitation intensity) fol-
lowed by the hexagonal tank.
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The major problems identified in designing large-scale re-
actors are the local existence of cavitation events very near
the irradiating surface, wide variation in the energy dissipa-

tion rates in the bulk volume of the reactor coupled with the
inability of the existing tools to accurately predict the cavitat-
ing zones in the reactor and link it with the observed chemi-

Table 1. (Continued) Overview of the Work in the Area of Mapping of Ultrasonic Reactors

Sr.
No.

Reference

Details About Equipment and
Measurement

Important Findings

Keil and Dahnke,
1996, 1997a,b;
Dahnke and Keil,
1998a,b, 1999;
Dahnke et al.,
1999a,b

® Numerical simulations of the local pres-

sure fields using different modeling ap-
proaches such as Helmholtz and Kirch-
hoff integral equation with homogeneous
and inhomogeneous distribution of cavita-
tion bubbles, consideration of the effects
of small-amplitude sinusoidal oscillations
of the gas bubbles present in the liquid.
Different sonochemical reactors: one with
simple cylindrical geometry with a circular
ultrasonic transducer at the bottom (1),
second a circular tube with open ends with
irradiation with three ultrasonic horns
placed in an equilateral triangle in the
same plane around the tube (2), and the
third one where an immersion transducer
is used in a cylindrical vessel (3). Two dif-
ferent irradiating frequencies, 25 and 50
kHz, and the assumption of pure liquid
have been considered in simulations.

Cavitational activity was found to be maximum at the cen-
ter axis of the transducer and diminishing away from the
center line in the same plane, and also as one moves away
from the transducers in a direction perpendicular to the
tank bottom. For the case of homogeneous distribution of
the bubbles, the influence on the pressure fields was negli-
gible for a bubble fraction <1073, whereas above this a
remarkable reduction in the pressure amplitude was ob-
served. For reactors of types 1 and 3, intensity at the
opposite end nearly vanishes, whereas considerable atten-
uation was observed for the reactor 2. For very high-volume
fractions of gas/vapor (0.2), intensity vanishes even near
the transducer surface.

For inhomogeneous distribution of the bubbles, which as-
sumes very high bubble concentration near the ultrasonic
source and lower concentration away from the source, the
damping effect decreases considerably as compared to ho-
mogeneous distribution. For a volume fraction of 0.2, the
acoustic field keeps its original structure in the vicinity of
the beam source, decreases to a low value, and then an
undamped propagation of intensity is observed due to low
concentration away from source. Thus, decrease in inten-
sity is only observed very close to the surface of the trans-
ducer.

An important characteristic of the findings that can be
highlighted is that the active cavitation region is not a
simple fraction of the transducer frequency or the ampli-
tude. Thus, optimization needs to be done in terms of the
number and properties of sound sources and properties of
the liquid medium.

The trends in the pressure fields existing in the reactor
obtained are quite similar to the earlier experimental re-
sults of Soudagar and Samant (1995), though quantitative
agreement is not seen. The presence of the PPIMP trans-
ducer alters the sound field in its surroundings, and also
additional standing waves are formed between the probe
surface and the bottom of the reactor. This influence has
not been considered in the theoretical simulations, which
are also based on a number of approximations leading to
inaccuracies.

6

Romdhane et al.
(1997)

e Ultrasonic horn with driving frequency of

20 and 40 kHz and variable power input,
ultrasonic cleaning tank with frequency of
26 kHz, maximum power input of 160 W,
and two emitters at the bottom, sonitube
operating at 20 kHz ensuring radial ho-
mogeneity of the ultrasound. Experimen-
tal measurement of local ultrasonic inten-
sity using thermoelectric probes in a reac-
tor of capacity 5 L.

For horn-type reactors, the ultrasonic activity decreases as
we move away from the central axis of the horn with a
small increase in the activity at distances corresponding to
A/2. For ultrasonic cleaner a cavitational threshold was
observed at 25-W power input. Power consumption has
little effect on the trend in the variation of local ultrasonic
activity.

The ultrasonic intensity was found to be dependent on
agitation as well as circulating fluid Reynolds number
(lower activity at higher values, which indicates the distur-
bance of the sound field existing in the reactor; the contri-
bution of standing waves will also be lower at higher values
of the Reynolds number). Also the presence of solid parti-
cles or cavitation bubbles attenuates the ultrasonic wave
propagation. Optimization in terms of the size of the solid
particles and the volume fraction needs to be done to get a
proper balance between the change in the ultrasonic activ-
ity and the reaction or extraction requirements. For exam-
ple, the presence of solid particles decreases the local ul-
trasonic activity but at the same time enhances the cavita-
tional activity in terms of a number of cavitational events
possibly due to surface cavitation.
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Table 1. (Continued) Overview of the Work in the Area of Mapping of Ultrasonic Reactors

Details About Equipment and
Measurement

Important Findings

e Different reactor configurations varying in

terms of the arrangement of transducers
and reflectors for formation of standing
waves with capacity in the range of 1 to 6
L, acoustic power input in the range of 1
to 100 W. Local effects were measured
with the help of jacketed thermocouples.

Maximum temperature sensed by the thermocouple in the
case of a juxtaposed emission module (JEM) and
directed-beam module (DBM) was observed above the
center position of the transducers, whereas the tempera-
ture gradually decreased as one moves away from the cen-
ter axis. Thus, the active volume is restricted to just the
cylinder above the transducer. With combined emission
modules (CEM), where the two ends of the cylinder are
fitted either with one transducer and one reflector or
transducers at each end, complete overlapping of the reac-
tion zones is observed. Similar trends were observed with
the measurements of chemical effects by chemilumines-
cence of luminol.

Geometry was optimized in terms of the length between
two transducers or transducer and reflector to obtain the
beneficial effects of standing waves. The rate constant for
the degradataion of NaPCP observed in DBM, where
standing waves are formed, is about 25% more as com-
pared to the JEM.

Sr.

No. Reference

7 Gonze et al.
(1998)

8 Faid et al.
(1998)

The ultrasonic device used is a sonitube
with a driving frequency of 20 kHz, and a
20-kW Branson-made generator. Solution
is pumped through the reactor, and the
active length is 37.5 cm.

Cavitational activity was measured with
different probes viz. the thermoelectrical
probe (relative temperature difference
measurement), electrochemical probe
(measurement of mass transfer coeffi-
cient), the chemical probe (measurement
of rate of decomposition of KI).

The method used for measurement of cavitational activity
does not affect the observed trends. The ultrasound effects
vary significantly along the axis of the resonant tube (in-
creases from the bottom of the tube due to the formation
of standing waves in the resonant tubular emitter), but an
almost negligible variation is observed along the radial
direction, that is, from the tube axis to the wall. Thus, the
sonitube reactor gives a radial homogeneity.

In the sonitube-type reactor, where the liquid is pumped
through an irradiation zone; some ultrasonic activity is also
observed in the region beyond the irradiation zone. In the
irradiation zone, the activity has been observed to be mini-
mum at the lower extremity and increases as we move
away from the lower end.

The electrochemical method is found to be more sensitive
toward the variation in ultrasonic activity (4 times the vari-
ation in the minimum and maximum values) as compared
to the other two methods (only 2 times the variation).

9 Dahlem et al.,
(1998, 1999)

Telsonic horn (radially vibrating horn with
supplied power of 1000 W, 20 kHz driving
freczluency, and irradiation area of 365
cm®) and laboratory-scale horn (with lon-
gitudinal vibrations, power-300 W, driving
frequency of 20 kHz, and emitting surface
of 0.8 cm?).

Hydrophone probe used for mapping of
local acoustic field; local measurements
with the extent of iodine liberation from
the Weissler reaction.

Maximum activity at a distance equal to half the wave-
length for the pressure amplitude measurement (only sub-
harmonic pressure amplitude has been considered, which
does not show the realistic picture). The maxima for pres-
sure measurements coincide with those obtained for the
iodine liberation, indicating correspondence between the
two. Large intensity was observed below the horn with
Weissler reaction rates about 50% higher as compared to
the maximum obtained along the radial locations, and also
PIV measurements give velocity of fluid due to acoustic
streaming 6 times higher at the position below the horn.
Similar measurements with a laboratory horn indicate the
active region is in close proximity to the horn. Sonochemi-
cal yields are higher for the telsonic horn as compared to
the conventional laboratory-scale horn.

10 Moholkar et al.
(2000)

Ultrasonic cleaning bath with a driving
frequency of 22 kHz, power input of 120
W, and liquid capacity of 300 mL. Pres-
sure measurements using a hydrophone at
different locations in the reactor.
Experimental runs were performed with
two liquids, one cavitating (water) and
other noncavitating (silicon oil) to clearly
estimate the quantity of the pressure pulse
due to cavitation.

The cavitation intensity is concentrated at the center of
the bath while it decreases considerably at the corners and
the edges of the bath. This can be attributed to the conical
divergence of the acoustic waves in the bath generated by
the transducer located at the bottom in the triangular pitch.
Also the intensity diminshes as one moves away from the
source.

The measured pressure amplitude was used in the theoret-
ical simulations of the bubble dynamics using the Gilmore
model, and it was shown that bubbles at locations of a
minimum cavitation intensity show stable cavitation,
whereas bubbles at maximum cavitation intensity show
transient cavitation, which indicates that such locations
will be beneficial for the chemical reactions.
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Table 1. (Continued) Overview of the Work in the Area of Mapping of Ultrasonic Reactors

Sr. Details About Equipment and
No. Reference Measurement Important Findings
11 Moholkar and e Numerical simulations for the bubble dy- e Transient collapse of the bubbles has been observed only if

Warmoeskerken
(2000)

been considered for the analysis.

namics studies using the Gilmore model
based on the Kirkwood—-Bethe hypothesis.
A hypothetical dual-frequency reactor has

the phase difference between the two waves is either A/2
or — A/2 and the second or the coupling frequency is
either the first subharmonic or ultraharmonic of the first
or main frequency. Moreover, mapping of the reactor shows
that there is no transient cavitation close to the transducer
surface, which means that there will be minimal erosion of
the surface under application of dual frequencies. Opti-
mization can be done in terms of the operating parameters
of the two waves, namely, phase difference, individual fre-
quencies, and/or acoustic power input.

cal or physical effects of cavitation, and, last, erosion of the
sonicator surfaces at the high power intensities required for
industrial-scale operations. In some previous works (Gogate,
2001; Gogate et al., 2001a,b), we have tried to address the
first problem by using a new geometric arrangement of the
transducers on the irradiating surface. The experimentally
obtained energy efficiencies and the cavitational yields have
been found to be more the conventional immersion systems,
that is, ultrasonic horn with the scale of operation as high as
1.5 L in a dual-frequency flow cell (Sivakumar et al., 2002b;
Gogate et al., 2001a), and 7.5 L in a hexagonal triple-
frequency flow cell (Gogate et al., 2001b).

The second problem is mainly attributed to the current
state of the transducer technology and the attenuation of the
acoustic field by cavitation events at and near the sonicator
surface. Cavitation is induced in a sonochemical reactor by
the passage of ultrasound. This ultrasound is produced by
transducers, which convert the electrical energy into mechan-
ical energy (vibrational energy). These transducers are strate-
gically located on the reactor sidewall or at the bottom of the
tank. Due to this, the cavitational activity is concentrated in
the zones closer to the transducer surface, resulting in spatial
variation of the cavitational activity. Also due to the attenua-
tion of ultrasound, there is a decrease in the cavitational ac-
tivity away from the transducers. It is of paramount impor-
tance to understand the effect of these changes on the cavita-
tional activity, which results in active and passive zones in the
reactor. Hence, it becomes necessary to characterize the cavi-
tational activity and to study its spatial variation. From the
current level of knowledge in the area of sonochemical reac-
tors it is impossible to accurately predict the active and pas-
sive zones in the reactor, though the group of Keil and
coworkers has done some very good work in this area, as dis-
cussed in detail later. In the present work, we also have tried
to identify the active and passive zones with the help of a
mapping exercise and link these driving pressure fields with
the observed chemical effects in terms of the yields of iodine
from the Weissler reaction.

The third major problem identified in the efficient scale-up
of the ultrasound-based reactors is more dependent on the
availability of knowledge from the field of material science.
The aim should be to develop new transducers with a mate-
rial of construction giving minimal erosion rates at higher
power dissipation levels and at the same time with similar
levels of energy transfer for cavitation events. Moreover,
transducers with concave surfaces for irradiation can also be
developed, which results in focusing of energy at locations
other than the transducer surface, leading to minimal erosion
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rates at the irradiating surface. Such designs can be effec-
tively used at higher scales of operation where because of
high levels of power dissipation, the erosion rates may be very
high in conventional flat designs. Magnetostrictive transduc-
ers need a special mention here: these can be operated at
much higher levels of power dissipation, which is a necessity
when a large-scale operation is considered. They can be eas-
ily used in gases as well as liquids. Moreover these systems
can be cooled by a jet of cold water focused on the vibrating
system or be completely water-cooled, and hence greater out-
puts can be obtained, plus continuous operation of the ultra-
sonic equipment is also possible for longer time periods. A
further advantage is that these models can be sterilized for
chemical or medical work.

In this work, we have made an attempt to give an overview
of the literature available in the area of mapping cavitational
activity, and based on the analysis of the same, we give some
recommendations about efficient scale-up in terms of the lo-
cation of the transducers, location of the reaction medium
relative to the transducers, and so on, and we propose some
guidelines for future work. Furthermore, the variation in the
cavitation intensity has been studied in two different sono-
chemical reactors that differ in terms of the placement of the
transducers, viz., ultrasonic bath (three transducers placed at
the bottom of the reactor) and an ultrasonic horn (single im-
mersed transducer). The present work aims at local measure-
ments of the pressure amplitudes using a hydrophone, mea-
surement of the chemical effect of cavitation, that is, the ex-
tent of decomposition of the aqueous KI solution at the same
locations and relating the observed cavitational yields with
the measured pressure fields, and also with the theoretical
predictions of the bubble dynamics under the experimental
conditions at different locations using the Tomita Shima
equation (Shima and Tomita, 1979, and Tomita and Shima,
1986), which considers the compressibility of the medium at
the later stages of collapse, and hence is more realistic in
comparison to the Rayleigh—Plesset equation, which ignores
the liquid compressibility effects.

Critical Analysis of the Existing Literature

In the past, attempts have been made to understand the
uneven distribution of the cavitational activity existing in the
reactor. Table 1 summarizes these findings in terms of the
technique used, type of the reactor considered, and impor-
tant results obtained in the studies. It can be seen that these
studies tried to identify the primary (measurements in terms
of pressure amplitudes or the local temperatures), or the sec-
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ondary effects (either physical [measurement of mass-transfer
coefficients] or chemical [sonoluminescence and Weissler re-
actions]) of the wave propagation in the medium either based
on experimental work or rigorous theoretical simulations. The
following important considerations for developing an effec-
tive scale-up strategy can be highlighted based on the de-
tailed analysis of the findings as illustrated in Table 1.

1. A wide distribution of the cavitational activity exists in
the sonoreactor, with the maximum intensity observed just
above the center of the transducer (for the standard arrange-
ments such as ultrasonic horn/bath). The intensity varies both
axially and in the radial direction with decreasing trends as
we get further away from the transducer (in the axial direc-
tion) and away from the axis passing through the center of
the transducer (in the radial direction). The intensity has been
found to increase by a small amount at distances correspond-
ing to A/2 in the axial direction, where A is the wavelength of
the driving sound source (Pugin, 1987; Romdhane et al.,
1995a; Romdhane et al.,, 1997; Dahlem et al., 1998, 1999).
Similar results also have been obtained in the present work.

2. Immersion types of transducers are the poorest, when
scale-up possibilities are considered, though very high inten-
sities (pressures of the order of few thousand atmospheres)
are observed very near to the horn. The intensity decreases
exponentially as one moves away from the horn and vanishes
at a distance of as low as 1 cm, as observed by Chivate and
Pandit (1995). It also should be noted that the active zone in
the case of the ultrasonic horn also depends on the maximum
power input to the equipment as well as the operating fre-
quency. Romdhane et al. (1995a) have shown that the ultra-
sonic activity falls from a maximum 120°C temperature dif-
ference measured with a thermal sensor to less than 10°C
within a distance of 1 cm for the ultrasonic horn with an
operating frequency 20 kHz and P, =160 W, whereas for
another horn with an operating frequency 40 kHz and P,
=600 W, the distance required is around 2 cm for the same
overall drop. Thus, using higher power dissipation does not
directly result in increasing the active cavitation volume (ap-
proximately a four times increase in power dissipation results
in only a two times increase in the active volume). Further-
more, the ultrasonic activity in the radial plane passing
through the tip of the horn diminishes at a distance of 3 cm
away from the axis through the center of the vibrating area.
Thus, the active zone is restricted to a small zone around the
irradiating surface. Using the PIV technique and with the help
of numerical models (Dahlem et al. (1998, 1999) have found
the local velocities due to acoustic streaming existing near
the surface of the ultrasonic horn. They have reported that
the active zone is restricted to near the surface only, and very
low velocities are obtained at the bottom of the reactor as
well as near the reactor wall in the radial direction.

3. In the case of the ultrasonic bath, when the bottom of
the reactor is irradiated with a single transducer, the active
zone is restricted to a vertical plane just above the transducer
with the maximum intensity at the center of the transducer.
Thus, the area of irradiating surface should be increased so
as to get better distribution /dissipation of energy in the reac-
tor. This has the dual advantage of decreased ultrasonic in-
tensity (defined as power dissipation per unit area of the irra-
diating surface), which increases the magnitude of the pres-
sure pulse generated at the end of the cavitation events
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(Gogate and Pandit, 2000). In an earlier work (Gogate et al.,
2000a), it was also shown, using decomposition of KI as the
model reaction, that for similar operating frequencies, the ul-
trasonic bath gives better cavitational yields [defined as io-
dine liberation per unit power density (watts/m>) of the
equipment] as compared to the ultrasonic horn. Mujumdar et
al. (1997) have also obtained similar results with emulsifica-
tion reactions. Dahlem et al. (1998, 1999) have shown better
local ultrasonic intensities and iodine liberation rates for the
radially vibrating horn (1,000 W dissipated through a 365-cm?
area) as compared to a conventional horn (longitudinal vibra-
tions, 300 W dissipated through a 0.8-cm? area).

4. To increase the active zones existing in the reactor, one
can easily modify the position of the transducers (if multiple
transducers have been used, which is likely to be the case for
a large-scale operation, because it is quite difficult to success-
fully operate a single transducer with very high power and
frequency due to the limitations of the construction materials
for the transducers), so that the wave patterns generated by
the individual transducers will overlap, which also results in
uniform and increased cavitational activity. Arrangements can
be constructed, such as triangular pitch in the case of the
ultrasonic bath (Soudagar and Samant, 1995; Dahnke and
Keil, 1998a,b), tubular reactors with two ends either irradi-
ated with a transducers or one end with a transducer and the
other with a reflector (Gonze et al., 1998), parallel-plate re-
actors with each plate irradiated with either the same or dif-
ferent frequencies (Thoma et al., 1997; Gogate et al., 2001a,b),
and transducers on each face of a hexagon (Romdhane et al.,
1995a; Gogate, 2001; Gogate et al., 2001b). It is of the utmost
importance to have uniform distribution of the ultrasonic ac-
tivity in order to get increased cavitational effects. Romd-
hane et al. (1995a) have compared different ultrasonic equip-
ment and have shown that a hexagonal reactor with a single
transducer at each of the hexagon’s faces gives better homo-
geneity as compared to conventional ultrasonic horn and par-
allelepiped geometry. The uniformity of the distribution can
be further increased by using multiple transducers on the face
of the hexagon (Gogate et al., 2001b). Thus, newer designs
giving uniform and enhanced ultrasonic activity over the en-
tire region of the cavitational reactor, must be developed.

5. The work of Keil and coworkers (Keil and Dahnke, 1996;
Keil and Dahnke, 1997a,b; Dahnke and Keil, 1998a,b, 1999;
Dahnke et al., 1999a,b) appears to be pioneering in terms of
simulations of the pressure fields existing in the reactor. Such
a detailed analysis can be used to identify the regions with
maximum pressure fields in a large-scale reactor, and then
perhaps small reactors can be placed strategically at these
locations in order to get maximum benefits. It might happen
that the threshold required for certain applications is ob-
tained at these locations, but if considered globally, these ef-
fects will be marginalized, resulting in much lower yields from
the cavitation reactors. Thus, the location of the transducers
on the irradiating surface and the location of the microreac-
tors will also depend on the type of application, which deter-
mines the required cavitational intensity. It should be noted
that a one-to-one correspondence between the simulated
pressure fields and the experimental reactions must be estab-
lished before reaching any firm conclusions. In the later sec-
tions, the simulated conditions using the bubble dynamics
equations have been correlated with the observed cavita-
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tional yields for the decomposition of KI, which illustrates
the methodology to be followed in establishing the corre-
spondence for the specific applications.

It also should be noted that there is some room for im-
provement in the models used by Keil and coworkers. The
homogenous density distribution of the bubbles as assumed
in the work (Dahnke and Keil, 1998a) is difficult to achieve,
even in a well-stirred ultrasound bath. In addition, bulk
movement of the liquid in the bath due to stirring or acoustic
streaming can disturb the pressure fields due to the scatter-
ing of ultrasound waves. In the simulation with inhomoge-
neous distribution of the bubbles (Dahnke and Keil, 1998b,
1999), the assumption of homogenous bubble distribution in
one plane (radial variation of bubble size and number has
been neglected) also is not possible practically, since the bub-
ble volume fraction changes continuously with sound-wave
propagation due to continuous generation and collapse of the
cavities, plus the number of these cavities varies with time.
Also, the assumption of small-amplitude sinusoidal motion in
the modified wave equation is questionable, especially in the
case of pressure waves with much higher amplitudes (>1
atm), which are again likely to be used at higher scales of
operation.

Nevertheless, this work surely cannot be underestimated
and can be taken as a starting point for obtaining a clearer
picture of the cavitation phenomena. Also, experimental veri-
fication of the obtained simulated pressure fields and their
effects on the physical and chemical effects of ultrasound
needs to be established. Simple techniques that can be used
for the said measurements can be thermochemical /electro-
chemical probes (Contamine et al., 1994; Trabelsi et al., 1996),
thermoelectrical probes (Romdhane et al., 1995b; Romdhane
et al., 1997; and Faid et al., 1998), thermister probes (Martin
and Law, 1980), thermocouples (Gonze et al., 1998), sensors
based on piezoelectric effect (Soudagar and Samant, 1995;
Dahlem et al., 1998, 1999; Moholkar et al., 2000; the present
work), colorimetric measurements (Ratoarinoro et al., 1995),
chemical reactions, such as the fading of color intensity of
phenolphthalein (Rong et al., 2001), sonoluminescence of lu-
minol (Gonze et al., 1998), decomposition of KI (Weissler,
1950; Contamine et al., 1994; Faid et al., 1998; Dahlem et al.,
1998, 1999; the present work), PIV measurements for the lo-
cal velocity due to acoustic streaming (Dahlem et al., 1998,
1999), Michael reaction (Contamine et al., 1994), and so on.
Faid et al. (1998) have compared different sensors that can
be used for the measurements of local cavitational effects,
namely electrochemical, thermoelectrical, and chemical
probes, and have shown that the results of cavitational distri-
bution are the same irrespective of the type of sensor used
for the measurement.

6. The use of multiple frequencies results in a relatively
better distribution of cavitational activity and provides a bet-
ter scale-up option. As pointed out by Dahnke and Keil
(1998a), to obtain a better energy distribution one has to
modify the sound source in terms of the number and proper-
ties, and in this context multiple frequencies even offer en-
hanced flexibility. Moholkar et al. (1999) and Moholkar and
Warmoeskerken (2000) have also shown that by adjusting the
phase difference and magnitude of two waves, transient cavi-
tation can be obtained at increased reactor sites, which re-
sults in better overall cavitational activity. Moreover, due to
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the use of multiple frequencies, the violent collapse of the
cavities is restricted near the transducer surface, resulting in
a decreased erosion of the surface (Moholkar and War-
moeskerken, 2000), which was another major problem in the
scale-up as outlined earlier. In the earlier works, it was also
shown using different chemical reactions [decomposition of
KI (Gogate et al., 2001a), destruction of p-nitrophenol
(Sivakumar et al., 2002b), destruction of rhodamine B, a typi-
cal effluent in the effluent from the dye industry (Sivakumar
and Pandit, 2001b), degradation of formic acid (Gogate et al.,
2001b)], that the reactors based on multiple frequencies give
better results compared to single-frequency reactors. More-
over, Tatake and Pandit (2002) have also indicated, with the
help of numerical simulations of bubble dynamics using the
Rayleigh—Plesset equation, that the collapse of cavities is
more violent for the case of multiple-frequency systems than
for a single operating frequency of the same or twice the in-
tensity.

7. Dahnke and Keil (1998a) have also shown that merely
increasing the acoustic power input to the reactor or increas-
ing the transducer frequency cannot enhance/improve the
distribution of the cavitational activity. Romdhane et al.
(1997) have also reported that the local ultrasonic intensity,
as measured with the help of thermoelectric probes, remains
unchanged with increasing power input (in the range 12.5 W
to 39 W). Thus, increasing the power input to the reactor in
order to achieve higher cavitational yields certainly cannot be
a good scale-up strategy. The experimental evidence (Coup-
pis and Klinzing; 1974; Gutierrez and Henglein, 1990; Ra-
toarinoro et al.,, 1995; Ondruschka et al., 2000), indicating
that an optimum power input is always required for a particu-
lar reaction beyond which the beneficial effects are not ob-
served also confirm this. A detailed discussion about the opti-
mum intensity has been already presented in an earlier work
(Gogate et al., 2001a).

8. The local ultrasonic activity is also dependent on the
agitation, the presence of solids (size and volume fraction), or
the flow regimes used in the circulating type of reactor (liquid,
which passes through a zone of ultrasonic irradiation and back
to the storage tank is being pumped at a definite rate). In a
recent work carried out in this department, a dual-frequency
flow cell was operated in a continuous loop and in combina-
tion with the hydrodynamic cavitation reactor (orifice plate
setup; for details refer to Gogate et al., 2001a), in order to
increase the active cavitational volume in the reactor and ex-
amine the synergism between the two different types of cavi-
tation. The cavitational yield due to the combined operation
of the dual-frequency flow cell and hydrodynamic cavitation
setup depends not only on the individual contributions but
also on the synergism between the two. Preliminary results
indicate that the rates of iodine liberation at higher recircula-
tion flow rates were lower in comparison to the operation
with lower flow rates, indicating that the contribution of the
ultrasonic irradiation to the overall cavitational effect at
higher flow rates is possibly due to the lower disturbance of
the sound field existing in the reactor. This fact is further
confirmed with the observation of higher cavitational yields
at increased flow rates for the case of a hydrodynamic cavita-
tion setup alone (Vichare et al., 2000). Also, Romdhane et al.
(1997) have shown that the local ultrasonic activity decreases
with agitation as well as with an increase in the Reynolds
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number (defined as = d X v X p/u, where p is the liquid
density, u is the viscosity, v is the recirculation velocity, and
d is the inner diameter of the equipment used). Moreover,
the peaks observed at distances of A/2 in the case of a stag-
nant liquid medium diminish in the case of an agitated
medium, thereby confirming the disturbance caused in the
propagation of the sound wave. Similar results were obtained
in another setup where the liquid was recirculated through
the irradiation zone. To give a quantitative idea, an increase
in the Reynolds number from 219 to 10,656 decreases the
measured temperature difference from 121.5°C to 7.6°C, in-
dicating that there is an almost linear effect of the Reynolds
number on the ultrasonic activity. A quick analysis of the data
given in the work indicates a temperature difference of
around 127°C if the fluid was stagnant (Temperature differ-
ence = —0.01 X Reynolds number + 127 with an R? value
for the equation fitting of 0.95). It must be noted that the
mathematical relationship only gives an indication of the ef-
fect of the recirculation flow rate on the cavitational activity
and may not be linear in all the cases. The effect of the flow
regime can also be linked to the standing-wave pattern exist-
ing in the reactor due to the reflection of sound waves, which
also contributes to the enhancement of cavitational activity.
At higher operational flow regimes, standing waves will nec-
essarily be destroyed. However, the exact effect of the flow
regime on the propagation of the sound wave and sound field
existing in the reactor is not well understood; still, it can be
said that for getting enhanced benefits from the continuous
operation of sonochemical reactors, one should operate with
as low flow rates as possible for single-phase operations.

Nevertheless, this is a very important point that needs to
be considered, particularly for applications involving multiple
phases such as chemical reactions and solid-liquid extrac-
tion. On one hand, where the increased agitation or Reynolds
number results in less cavitational activity, it also results in
better mixing of the two phases, which might enhance the
rates. The same trend was observed with the size and the
volume fraction of the solid particles present. The higher size
particles were observed to attenuate the wave propagation to
a lesser extent, whereas smaller size particles give better in-
terfacial areas for chemical reactions as well as extraction.
Also, an increase in the volume fraction results in lower local
ultrasonic activity, but may have a positive effect on the cavi-
tational activity (additional surface, and hence a larger num-
ber of nuclei for the cavitation phenomena), and also on the
chemical reactions where the solid particles used are acting
as a catalyst for the reaction. Thus, optimization needs to be
made taking the two opposite effects into consideration.

9. For better scale-up possibilities with the ultrasonic reac-
tor, it is also important to design new reactors, which can be
operated in continuous mode. The traditional immersion or
ultrasonic bath-type reactors cannot be operated in continu-
ous mode with high cavitational yields. Romdhane et al.
(1995a) and Faid et al. (1998) have described a sonitube reac-
tor, which can be operated in a continuous manner. Mapping
of this reactor shows some cavitational activity even beyond
the irradiation zone. Moreover, as compared to various reac-
tors studied in their work [ultrasonic horn, ultrasonic cleaner
(bath), hexagonal reactor], sonitube gives a better homogene-
ity in terms of the cavitational activity; negligible variation
has been reported in the radial direction. The two- and
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three-frequency flow cells designed in this department can
also be operated in a continuous manner, which forms a part
of the future investigation. In the case of continuously oper-
ated sonochemical reactors, the selection of operating flow
rates is a crucial factor, particularly for the multiphase sys-
tems, as discussed in details earlier.

The design used by Dahlem et al. (1998, 1999) also needs a
special mention here. The telsonic horn, which has radial vi-
brations instead of conventional longitudinal vibrations, for
the immersion system has the double advantage of a higher
irradiating surface (lower intensity of irradiation, resulting in
better yields) coupled with good distribution of the energy in
the radial direction. Moreover, even if the horn is radially
vibrating, local measurements just below the horn also show
high cavitational activity, which again will be more beneficial
in enhancing the global sonochemical yields.

The preceding analysis of the existing literature also shows
that all these studies have not conclusively established the
basis for how the variation in the local cavitational activity
affects the overall performance of the reactor, and there is
no relationship between the primary (development of a local
pressure/temperature pulse) and secondary (observed posi-
tive effects for the particular application, such as the chemi-
cal reaction rates, in the case of chemical synthesis) effects of
the ultrasound action. We tackle this problem in the follow-
ing sections.

Two of the most important parameters, which can be di-
rectly related to the secondary effects, are the driving pres-
sure and the cavity collapse pressure generated in the acous-
tic field, which are also a function of the maximum radius
reached by the cavity nuclei in the growth stage. In the pre-
sent work, the local pressure intensity was measured using a
piezoelectric hydrophone. The advantage of using a hy-
drophone over other pressure measurement techniques is that
the hydrophone gives both the local and the real-time pres-
sure intensity in addition to the information on the frequen-
cies characterizing the pressure pulses. Calorimetric methods
employing highly sensitive thermocouples or other techniques
cannot provide this information. Also, hydrophones have bet-
ter spatial resolution, bandwidth, and sensitivity compared to
the other pressure measurement techniques. The dimensions
of the hydrophone were such that it did not significantly af-
fect the existing acoustic pressure field. Detailed discussions
about the different measurement techniques used for map-
ping ultrasonic intensity can be readily obtained in the open
literature (Neppiras, 1968; Saksena, 1983; Mason and
Lorimer, 1988; Suslick, 1988).

It is also important to understand how the variation in this
local pressure intensity affects the reaction rates; hence, the
chemical reaction rates at different locations were measured
using a model reaction as the decomposition of potassium
iodide (KI) to give iodine. A detailed experimental procedure
for these measurements is discussed in the following section.

Experimental Methodology
Experimental system

As was said earlier, two different experimental systems dif-
fering in the placement of the transducers were used in the
present work. The first experimental system used was a stain-
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less-steel low-powered ultrasonic bath (Dakshin Ltd., Mum-
bai, India; maximum power rating, 120 W, and driving fre-
quency, 20 kHz) with internal dimensions of length = 0.15 m,
breadth = 0.15 m, and height = 0.15 m. The bath has three
transducers located at the bottom, arranged in a triangular
pitch, as shown in Figure 1. The calorimetrically measured
actual power input to the system (by measuring the tempera-
ture rise in uncontrolled operation; for details see Gogate et
al., 2001a) was found to be equal to 36 W, indicating an en-
ergy transfer efficiency of 30%. The second is a typical im-
mersion-type system (Dakshin Ltd., Mumbai, India; maxi-
mum power rating, 240 W, and driving frequency, 20 kHz)
with a tip diameter of 2 cm and was always dipped in 2 cm
below the liquid level. The energy efficiency of the Dakshin
horn was found to be a mere 3%, which is quite a bit lower
than the ultrasonic bath (Gogate et al., 2001a). This also
stresses the point of using higher dissipation areas for obtain-
ing better cavitational results.

Measurement of local pressure

As was said earlier, the local pressure amplitudes were
measured using a hydrophone (Bruel & Kjaer Ltd., Type 8103,
Denmark), and a charge amplifier. The dimensions of the hy-
drophone used were: length, 50 mm, and diameter, 9.5 mm.
The hydrophone was always protected against cavitation by a
rubber sheath. The calibration curves supplied by the manu-
facturer takes into account the absorption coefficient of this
rubber sheath, so no errors will be introduced due to this
protection. The values of intensity calculated with the help of

Location of the test tubes
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Figure 1. Location of the test tubes and the transducers
in the ultrasonic bath.
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Figure 2. Experimental setup used for acoustic map-
ping in the ultrasonic bath.

pressure measurements using a hydrophone were compared
with those estimated on the basis of energy dissipated into
the liquid medium under experimental conditions, and a good
agreement was observed between the two.

Water was taken in the bath as a cavitating medium and
was filled up to a height of 15 cm. The measurements were
carried out at nine different locations, as indicated in the
Figure 1, facilitating the studies for the axial as well as radial
variation of the cavitational activity. The three different loca-
tions along the height of the bath were chosen as a function
of the wavelength of the ultrasound (position A was at a dis-
tance of A/4, whereas positions B and C were at distances A
and 3/2, respectively from the bottom of the bath). The po-
sitions in the radial direction were such that one of the posi-
tions was in the center of the bath (also the center of the
triangle marked by the transducers at each of its apexes),
while the other two positions were equidistant from the axis
passing through the center and nearer to the wall. Twenty
mL of water (height of water in the glass test tubes = 4 cm)
was put in each of the test tubes (ID = 25.3 mm; OD = 28.6
mm; length =150 mm) and the hydrophone was then sus-
pended in it. The signal from the hydrophone was amplified
through a charge amplifier and fed to a fast Fourier trans-
form (FFT) based spectrum analyzer (Lecroy Ltd., Model
9310 M, USA). Figure 2 shows the experimental setup used
in the present work. The resultant output was recorded in
terms of mV for the corresponding frequencies. From the
FFT, it was observed that peaks were obtained at the driving
frequency, multiples of the driving frequency (that is, at 40,
60 and 80 kHz), and subharmonics (10 kHz). Using the hy-
drophone calibration details supplied by the manufacturer,
the amplitudes of the pressures were calculated at these
peaks. As cavitation is a very random phenomenon, two con-
secutive readings at the same conditions may yield com-
pletely different results in terms of the measured pressure
amplitudes. Therefore, 60 pressure pulses were collected for
a particular frequency at a particular location in the bath.
The same procedure was then repeated for the remaining
eight different positions and at three different heights. The
60 readings ensured that a statistically significant number of
samples were measured, which reduces the random variation
in the measured pressure pulse due to the occasional cavity
collapse.
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A similar procedure was also adapted for measurements in
the case of the ultrasonic horn. The measurements were made
in the axial direction, with increasing distance from the tip of
the horn, and also some mecasurements were made in the
horn-tip plane in the radial direction. The experimental setup
used is shown in the Figure 3.

Measurement of chemical effects

As explained earlier, it is very important to know how this
variation in the local pressure affects the reaction rates for
any chemical system. The model reaction considered in the
present work is a decomposition of potassium iodide, which
frees iodine (in the absence of CCl,). It should be noted at
this stage that this reaction is only induced due to the cavita-
tion and not by shear temperature and pressures (Suslick et
al., 1997; Senthilkumar et al., 2000). This is due to the fact
that free OH- radicals are formed in the solution only under
cavitating conditions. These free radicals then attack KI lib-
erating iodine. Details of the chemical reaction and quantifi-
cation of liberated iodine were discussed earlier (Gogate et
al., 2001a).

In this work, variation in the pressure intensities and KI
decomposition rates were studied at the same location, but
with nine glass test tubes of apparently similar dimensions.

These measurements were also repeated by using a single
glass test tube at different locations to check if the variation
in the thickness and curvature of the glass test tubes had any
effects on the cavitational fields at that location. The time of
irradiation was fixed at 20 min. The same procedure was re-
peated at all the locations using the same test tube. The need
for the use of the single test tube is discussed in detail later.

Bubble-dynamics studies

As said earlier, it is important to link the measured driving
pressure fields with the observed chemical effects and obtain
a relationship between them. The driving pressure is respon-
sible for the cavitation phenomena where the generated cavi-
ties expand to a maximum cavity size and then undergo vio-
lent collapse, generating a large magnitude of the pressure
pulse and the temperatures responsible for the observed
chemical effects. The magnitude of the cavity collapse pres-
sure is dependent on the maximum size of the cavity and also
on the time taken for the collapse.

In the acoustic cavitation, the most important parameter
affecting the bubble dynamics other than the frequency of
the ultrasound is the operating intensity of the irradiation.
Ultrasound intensity is directly related to the pressure ampli-
tude, and is given by the following equation
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Figure 3. Experimental setup used for acoustic mapping in the ultrasonic horn.
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P,=2IpC (1)

where P, is the driving pressure amplitude, [ is the intensity
of irradiation, p is the density of the liquid medium, and C is
the velocity of sound in the medium.

Simulations were carried out to discover how the variation
in the local pressure amplitude affects the bubble dynamics.
The measured values of the pressure amplitude were substi-
tuted for P, in the equation for the local fluctuating compo-
nent of pressure given below

P.= P, P,[sin(2mf1)] @)

where f is the frequency of irradiation (20 kHz) and P, is
the initial pressure inside the bubble.

The radial wall motion of the bubble was well described by
the bubble dynamics equation developed by Rayleigh and
later modified by Plesset (1949), more commonly known as
the Rayleigh—Plesset equation. It was shown in the previous
work (Gogate and Pandit, 2000) that the assumption of the
incompressible nature of the liquid in this equation severely
underestimates the magnitudes of the generated cavity col-
lapse pressures. A rigorous and more realistic equation for
considering the compressible nature of the liquid medium was
used for numerical simulations in the present case. Details
on the simulation conditions, the solution methodology, and
the assumptions involved in these equations were described
in the earlier work (Gogate and Pandit, 2000), and so are not
repeated here. To give readers a feel of the rigorous nature
of the equation, it has been depicted here as follows:
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where the P, and P, as a function of R are given as follows
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The various parameters involved in the equation are given
in the Notation section. The simulations were performed for
the peak frequency as observed in the Fourier frequency
transform and for an initial cavity size of 2 um. It has been
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generally observed that the cavity sizes produced in the case
of sonochemical reactors are of the order of a few microns
(typically in the range 1-10 microns), though recent experi-
mental investigations (Tsochatzidis et al., 2001) have indi-
cated a cavity size of 10 um as the minimum. It should be
noted that the cavity size depends largely on the type of the
equipment and the operating conditions (intensity and fre-
quency of irradiation), along with the physicochemical prop-
erties of the liquid medium. The selection of the 2-um cavity
size was only as a representative value in the range generally
observed. Further research has to investigate the effect of
cavity size on the cavitational yields, as well, and the general-
ized correlation should also consider this effect.

For each value of the driving pressure, the maximum ra-
dius reached by the growing bubble during the growth stage
of the cavitation phenomena was obtained from the solution
of the bubble dynamics equation. The maximum bubble ra-
dius gives an indication of the nature of cavitation, that is,
stable or transient, and hence the final pressure/temperature
pulse that is likely to be generated that results in the desired
effects.

Results and Discussion
Effect of the test tube of similar dimensions

A major point in the experimental investigations into dif-
ferent aspects of sonochemistry is the reproducibility of the
results obtained, which is relatively easy to obtain within a
laboratory because of internal consistency. It is somewhat
more difficult to obtain between different laboratories for the
same sets of conditions. Minor changes in the experimental
conditions lead to different results and so a careful scrutiny
and a characterization of the equipment to be used should be
carried out first. Luche (1999) has discussed the variation in
the chemical yield due to change in the vessel geometry. Pu-
gin (1987) has reported higher intensities in flat-bottom flasks
than in round bottom flasks.

To characterize the different test tubes used in the investi-
gation, experiments were conducted with different test tubes
at a single predefined location (1 A, as per the Figure 1). The
volume of KI solution taken was also kept the same in all the
test tubes, which were of the same diameter. The results ob-
tained are depicted in Figure 4. It can be seen that although
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Figure 4. Variation of the amount of iodine released at
the same location with type of the test tube.
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Figure 5. Frequency Fourier transform (FFT) curves for
two different positions in the case of the ultra-
sonic horn.

the location is the same, which means that the time-averaged
local ultrasonic activity will be the same, there is wide varia-
tion (up to eight times between the maximum and minimum
iodine liberations) in the amount of iodine liberated over a
constant period of 20 min. It should be noted at this stage
that the readings of freed iodine are the average of three
runs and the variation in these three readings is within +10%,
which can be attributed to the randomness of cavitational
events and experimental inaccuracies. Thus, the observed
variation can be attributed to the difference in the curvature
of the test tubes and the thickness of the glass tube, which
attenuates the ultrasound to a different extent, resulting in a
variation in the local pressure amplitudes, and thus affecting
the cavitational activity and the KI decomposition rates. This
point is quite critical, as while doing experiments, one is al-
ways satisfied with the global matching of the instruments
used in the investigations and the microvariations are usually
not considered. So it can be said that for various laboratories
working on the same sets of conditions, the results can vary
by nearly 10 times due to the changes in the thickness and /or
curvature of the test tubes, resulting in a variation in the de-
gree of attenuation of the various frequency waves in the sec-
ondary equipment used (such as test tubes, beakers, and so
on).
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Figure 6. Variation of the ultrasonic activity in the axial
direction for the ultrasonic horn.

This point also needs to be considered where microreac-
tors are used at strategic positions with the most ultrasonic
activity, as predicted by the numerical simulations for en-
hanced cavitational yield from the reactor. Optimization
needs to be carried out, and the selection of these microreac-
tors should be for maximum global benefits.

Variation in the local intensity

Ultrasonic Horn. The FFT response curves for two sample
positions, viz., at a distance of 1 cm from the tip of the horn
(A), and at distance 4.5 cm away from the tip (G) are shown
in Figure 5. The figure shows that peaks are observed at the
driving frequency (20 kHz) as well as at multiples of the driv-
ing frequency (that is, 40 kHz, 60 kHz, and 80 kHz). Mo-
holkar et al. (2000) have shown that these peaks are absent
for the noncavitating liquids. Noncavitating liquids show only
one peak at the driving frequency. This is because, in the
case of water, the acoustic emission spectra are composed of
ultrasound waves with the pressure pulses caused by bubble
oscillation /collapse superimposed on it. However, for non-
cavitating liquids such as silicon oil (with viscosity on the or-
der of 200 CP), cavitation phenomena are not seen to result
in only the fundamental frequency peak. The figure also
shows that the intensity of the peak at the driving fundamen-
tal frequency is greater for position A compared to position
G. This is in accordance with many earlier studies on map-
ping the ultrasonic horn (Chivate and Pandit, 1995; Romd-
hane et al., 1995a, Romdhane et al., 1997).

A complete profile for the variation of the local ultrasonic
activity with axial distance from the horn tip is shown in Fig-
ure 6. The trend observed is again similar to the earlier ob-
servations of decreasing activity as the distance increases.
Moreover, it also can be seen that the ultrasonic activity shows
intermediate peaks, that is, an increase in the intensity with
the distance between two peaks approximately equal to A/2.
Pugin (1987) and Romdhane et al. (1995a, 1997) have ob-
tained similar results. The intermediate increase in the local
ultrasonic activity can be attributed to the prominent subhar-
monic peaks (observed at frequency = 10 kHz) at these loca-
tions. The FFT response at position G (distance = 4.5 cm)
shows a dominant peak in pressure intensity at frequency of
10 kHz, which is equal to f/2, where f is the driving fre-
quency for the horn (see Figure 5). Such a peak was not ob-
served at the earlier location, F, at a distance of 4 cm from
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Figure 7. Variation of the ultrasonic activity in the radial
direction for the ultrasonic horn.

the tip of the horn. Esche (1952) has shown that subharmoni-
cally oscillating bubbles evolve into transient cavities. Tran-
sient cavitation is more efficient and results in a relatively
more violent collapse of cavities compared to stable cavita-
tion, resulting in higher local pressure as well as iodine liber-
ation at these locations.

Experiments were also performed at different radial loca-
tions to check for the radial homogeneity of the ultrasonic
activity. The results are shown in Figure 7. It easily can be
seen from the figure that the ultrasonic intensity measured in
terms of local pressure decreases with an increase in the dis-
tance from the axis passing through the center of the irradiat-
ing surface. The observed results are in agreement with the
results obtained by Romdhane et al. (1995a), who have shown
that the ultrasonic activity diminishes at a distance of 3 cm
from the center axis.

At all these locations, experiments were repeated using KI
decomposition as the model reaction. A one-to-one corre-
spondence was observed between the measured pressure am-
plitudes using the hydrophone and the rates of iodine libera-
tion. The trends obtained with both sensors were similar, in-
dicating that the type of method used for the mapping of
ultrasonic reactors does not play a major role in the results.
Faid et al. (1998) have also obtained the same results using
different sensors. Details of the dependency of KI decompo-
sition rates on the driving measured pressure fields are dis-
cussed later.

The observed results once again conclusively establish that
the ultrasonic activity is maximum at the zone very close to
the irradiating surface and decreases as one moves away from
the source both in the axial and radial direction.

Ultrasonic Bath. For the ultrasonic bath-type reactor, the
experimental measurements were carried out at different lo-
cations with variations in the radial as well as axial directions
in the reactor. The test tube was placed in the bath at three
different heights, as shown in Figure 1. The FFT response
for the three different heights for the same radial location 1
in the bath is shown in the Figure 8. The trend of the peaks
at the harmonics (Frequency = multiples of driving fre-
quency, 20 kHz) and subharmonics (driving frequency/2) is
similar to that obtained for the ultrasonic horn, which con-
firms the presence of cavitating bubbles in the reactor, as
discussed earlier. The figure also shows that for position 1A
the pressure amplitude (given in terms of the measured val-
ues in mV) at the driving frequency is maximum, and the
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Figure 8. Frequency Fourier transform (FFT) curves for
different positions in the case of the ultra-
sonic bath.

amplitude decreases as we move from the bottom of the bath
to position 1B and 1C. It should be noted that position 1 is
located on the side of a single transducer and at the extreme
radial position, and hence will be under the maximum influ-
ence of only that particular transducer. Contamine et al.
(1994) have also reported a decreasing mass-transfer coeffi-
cient at a distance from the bottom of the tank, indicating
decreased ultrasonic activity. Soudagar and Samant (1995),
with the help of experimental measurements using a PPIMP
transducer, and Dahnke et al. (1999a,b), with the help of the-
oretical modeling of pressure fields, have obtained similar
trends.

At the center of the bath, that is, at position 5 (see Figure
1), the exact opposite trend is observed. The pressure ampli-
tude for the position 5B is higher as compared to that at
position 5A and 5C, which contradicts the results obtained
from the other positions. The observed result can be at-
tributed to the transducer arrangement at the bottom of the
bath (triangular pitch), and hence the maximum-intensity
acoustic field is formed at the center position compared to
the other locations in the bath. Soudagar and Samant (1995)
have also found that for three transducers, arranged to form
an equilateral triangle at the base of the bath, the pressure
amplitude is maximum at the center of the triangle at the
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Figure 9. Variation in the iodine yield with location for
various positions in the ultrasonic bath.

A-plane (the axial distance of the horizontal plane from the
bottom of the tank is equal to the wavelength of the driving
sound source) and minimum exactly above the transducers at
the same horizontal plane. This opens up a new field for fur-
ther research. The locations of the multiple transducers can
be adjusted so as to get multiple locations where the intensity
would be high, thereby increasing the global cavitational yields
from the sonochemical reactors.

The extent of iodine liberation at the various locations in
the ultrasonic bath are depicted in Figure 9. The variation in
the iodine liberation rates at these positions for the ultra-
sonic bath was again similar to the variation in the measure-
ments in the local pressure amplitudes, confirming the one-
to-one correspondence between the two, except for location
3C, which is in the zone of influence of the two transducers.
Again, details of the relationship between the two are dis-
cussed later in the article.
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Thus, it can be said that for the ultrasonic bath, the ultra-
sonic activity is uniform in neither the horizontal plane nor
the vertical plane. The formation of standing-wave patterns
resulting from the reflections of the ultrasound from the re-
actor wall and also from the air—-water interface may be one
of the reasons for the observed nonuniformity. Standing waves
are two waves acting in the opposite direction, such that the
particle’s net displacement from its mean position is zero at
the node and maximum at the antinode, due to the influence
of the second wave.

The bubble behavior in the standing waves can be ex-
plained with the help of Bjerknes forces. Small bubbles or
cavities are driven into the antinodes of the pressure and large
bubbles are driven into the pressure nodes (Eller and Flynn,
1969). This can be verified in the present case by analyzing
the FFT curve for position C (Figure 8). Antinodes are formed
at position C, as it is 3A/2 from the bottom of the bath. The
presence of the higher frequency peaks confirms the exis-
tence of smaller bubbles (with higher resonant frequency) at
this position. The smaller cavities result in transient cavita-
tion, whereas larger cavities result in stable cavitation. These
smaller cavities, which are driven into the pressure antinodes,
grow larger, as the pressure amplitude is higher in these
zones, resulting in higher cavitational activity. Thus, even
though the pressure amplitude at the driving frequency is
lower compared to that at positions nearer to the bottom of
the tank, the contribution of the peaks observed at harmonics
and the effect of standing waves results in higher cavitational
yields at these locations (Figure 9).

Quantification of iodine yield in terms of measured pressure
amplitude

Ultrasonic Horn. Figure 10 shows the variation in the
amount of iodine freed with the measured pressure ampli-
tude in the ultrasonic-horn reactor. It easily can be seen that
a linear relationship exists between the two given by the fol-
lowing equation, which is obtained by a curve-fitting exercise
with an R? value of 0.933 indicating good fit

Iodine yield = (9.816 X 10~%) pressure amplitude
—3.235%107°% (6)

It should be noted that the points that show an increase in
iodine liberation at distances of A/2 in the axial direction
due to the contributions of subharmonic and harmonic pres-
sure amplitudes have not been considered in the curve-fitting
exercise. A quick analysis of the equation reveals that the
threshold pressure required for the start of iodine liberation,
that is, the positive effects of cavitation phenomena, is equal
to 0.33 atm. The existence of threshold pressure for iodine
liberation can be explained on the basis of the mechanism of
the decomposition of KI.

Naidu et al. (1994) have explained the mechanism of the
decomposition of KI. Upon sonication, water molecules are
pyrolyzed to form hydrogen and hydroxyl radicals. These rad-
icals then oxidize potassium iodide to give iodine. Hence, the
liberation of iodine is directly proportional to the formation
of hydroxyl radicals. The radicals are generated only when
the conditions are favorable for the pyrolysis of water. This
can occur only above a specific threshold pressure inside the
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Figure 10. Variation of iodine yield with measured pres-
sure pulse for the ultrasonic horn.

collapsing cavities, which indicates the existence of a thresh-
old pressure for the decomposition of KI. Beyond this thresh-
old, the amount of iodine liberated increases linearly with an
increase in the driving pressure, which will also influence the
cavity collapse pressure once the threshold pressure is ex-
ceeded.

Ultrasonic Bath. Figure 11 shows the variation in the
amount of iodine liberated with the measured pressure am-
plitude in the ultrasonic-bath reactor. The trend of the varia-
tion is similar to that obtained for the ultrasonic-horn reac-
tor, with linear variation between the two and the existence
of a threshold value for pressure amplitude. The curve-fitting
exercise gives the following equation for the variation with an
R? value of 0.89 and threshold pressure for the onset of the
liberation of iodine of 2.57 atm

Iodine yield = (4.053x 10™*) pressure amplitude
—1.048x 1073 (7)

It can be seen that the constants for the linear variation of
the pressure amplitude are higher for an ultrasonic bath re-
actor, indicating that the same driving-pressure amplitude is
better transformed into secondary effects, that is, liberation
of iodine. Thus, ultrasonic-bath reactors are more efficient
for cavitational applications as analyzed by experiments with
the model reaction. In some earlier works (Gogate et al.,
2001a,b), similar results were obtained; these were also dis-
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Figure 11. Variation of iodine yield with measured pres-
sure pulse for the ultrasonic bath.
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cussed in detail in the earlier sections of this article. It also
can be seen that the threshold pressure required for the on-
set of cavitational effects in the case of an ultrasonic bath
reactor is greater compared to an ultrasonic horn reactor, a
fact that needs to be considered for the selection of particu-
lar equipment, but is still far from understood. The observed
experimental result may be attributed to the diffused energy
effect in the case of the ultrasonic bath, whereas greater con-
centrated energy will be available in the ultrasonic horn (al-
most 15 times lower power dissipation per unit volume in the
case of the ultrasonic bath compared to the horn).

The quantification exercise explains the correspondence
between the measured pressure amplitudes and the iodine
liberation rates, and also conclusively proves the enhanced
efficacy of the ultrasonic-bath-type reactors. It also should be
noted that these measured pressure values do not give a cor-
rect picture, as they are extremely low compared to the ac-
tual values, and hence the equations given earlier should be
considered only for establishing the trends. More realistic
equations can be developed in terms of either the collapse
pressure or the maximum radius reached during the expan-
sion phase of the cavitation phenomena, as explained in the
following subsection.

Variation of iodine yield with maximum bubble size

As explained earlier, the values of measured pressure
pulses at the driving frequency were used in the bubble-
dynamics simulations for estimating the maximum bubble size
reached during the cavitation, and also for quantification of
the pressure pulse that will be generated at the end of the
cavitation event. The value of the estimated pressure pulse
corresponds to the collapse of the single cavity, whereas the
maximum radius gives us an indication of the number of free
radicals released in the solution due to the collapse of the
cavities. The estimation of these quantities is necessary, as
the measured pressure pulses do not correspond to the ac-
tual values; in fact, they are lower, and the maximum radius
confirms the type of cavitation taking place, that is, whether
transient or stable.

The pressure pulses arising from the transient collapse of
an individual bubble undergo large attenuation due to ab-
sorption by the bubble cloud surrounding the collapsing bub-
ble and the nonlinearities of the medium. Matula et al. (1998),
using a generalized form of Burger’s equation, have esti-
mated the attenuation of the pressure pulse for bubbles to be
greater than 5 um. If we assume that the pressure pulses
resulting from the transient collapse of the bubbles are af-
fected by spherical spreading, calculations show that the
measured amplitude of the pressure pulse is almost 1,000
times lower than its actual value at a distance as low as 1 mm
from the center of the bubble generating the pressure pulse.
Therefore, there is a large difference between the magnitude
of the pressure pulses theoretically estimated at the collaps-
ing cavity wall and those actually measured using any dy-
namic pressure transducer. Also, in the present case, a simi-
lar trend has been observed. While the measured pressure
pulses are on the order of a few atmospheres, the ones calcu-
lated using numerical simulations were on the order of 10°
atmospheres for an assumed initial cavity size of 2 pm.
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The simulated values of maximum bubble size give an indi-
cation of the type of cavitation taking place at the different
locations. Cavitation bubbles are classified as stable or tran-
sient, according to their radial motion as influenced by the
acoustic field. Flynn (1975) has characterized the stable and
transient cavities as follows: if the ratio of R, /R, during
the radial motion exceeds the minimum value given by (7.48
PgO/Po)l/", the resulting cavitation will be transient. For air
bubbles in water, this ratio is found to be equal to 2. In this
work, numerical simulations result in an R, /R, ratio of
greater than 2 for all the measured pressure amplitudes, indi-
cating the occurrence of transient cavitation at all the consid-
ered locations, which is also confirmed by the release of a
measurable amount of iodine. It also should be noted that in
the case of stable cavitation, the cavities just oscillate without
releasing a significant amount of energy, and hence the
chemical reactions do not occur.

The variation in the amount of iodine liberated with the
maximum radius [(R,,,./R,)F is considered, as the volume of
the collapsing bubble is relative to the amount of the free
radicals released into the reactor] is shown in Figure 12. It is
easily seen that iodine liberation varies linearly with the ratio
corresponding to the volume of the bubble, indicating that
the generation of the free radicals is the rate-controlling step,
and the presence of the X intercept indicates that a certain
minimum concentration of free radicals is always required for
the chemical reaction to occur. The mathematical equation
relating the two as obtained by the curve-fitting exercise with
an R? value of 0.94, is given below

Amount of iodine liberated = 8.562X 1076 (R,,../R,)’

—3.847x107* (8)

The preceding equation also can be modified by using a
specific gas constant, that is, using term (R, /R,)*? instead
of (R,../R,)?, as the magnitude of the collapse pressure
pulses can be directly estimated as a function of (R, /R,)*"
(Young, 1989). The new equation with an R? value of 0.94 is
given below

Amount of iodine liberated = 1.14x10~° (R,,,./R,)””

—23x107* (9)

Thus, the rate of iodine liberation will be higher at higher
R, values, which in turn depend on the measured pressure
amplitude (direct variation has been observed). Thus, for
higher local power dissipation, that is, higher ultrasound dis-
sipation intensities, the amount of iodine liberated will be
higher. Entezari and Kruus (1996) have investigated the ef-
fect of the increase in intensity (and hence, the pressure am-
plitude) on the reaction rates of decomposition of KI and
reported an increase in these rates when there is an increase
in the power dissipated. Although, the observations of En-
tezari and Kruus (1996) are based on the global rates, the
comparison is just to indicate the correctness of the trend
observed in our measurements. However, the increased power
dissipation results in an increase in the iodine liberation only
until a certain power dissipation rate corresponding to the
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Figure 12. Variation of the iodine yield with maximum
bubble size as obtained from numerical sim-
ulations.

optimum intensity, which was mentioned earlier and was also
discussed in details in an earlier work (Gogate et al., 2001a).
The reason for this can be attributed to the decrease in the
collapse pressures as obtained by the numerical simulations
when the intensity of irradiation is increased (Gogate and
Pandit, 2000). In the present work, (R ,,./R,)* has been used
as the correlating parameter for the iodine yield, as the num-
ber of free radicals generated is the rate-controlling step once
the operating pressure exceeds the threshold pressure. In an
earlier work (Gogate et al., 2001a), the correlating parameter
used was the overall pressure pulse generated at the collapse
of the cavities, as the data were based on the wide range of
operating parameters, which included variations in both op-
erating frequency and intensity of irradiation. Nevertheless,
maximum size also gives an indication of the maximum col-
lapse pressure likely to be generated, though not the absolute
value, and hence can be used as a correlating parameter.

The constants obtained in the equation depend on both
the type of the equipment and the operating parameters. This
is because (R,,,./R,)’ gives an indication of the extent of the
free radicals generated theoretically, whereas the iodine lib-
erated was calculated from the experimental measurements.
All the free radicals generated in the bubble may not be
available for the chemical reaction; it depends on the type of
the mechanism that destroys the bubble. In the case of multi-
bubble situations, if the bubbles are unstable on collapse and
break apart, in some way dispersing their total OH- content
into the liquid (Colussi et al., 1998), a peak number of radi-
cals will be available for the sonochemical reactions. How-
ever, if the breakup bubbles are stable and the OH- radicals
enter the liquid by uptake across the interface, the number of
radicals available will be substantially lower. Storey and Szeri
(2001) have indicated an uptake coefficient of 0.001, which
means that only 0.1% radicals are available for the chemical
reactions to occur. The type of bubble collapse will necessar-
ily depend on the equipment used for generating the cavita-
tion and the operating conditions. Takami et al. (1998) have
also focused on the concept of the uptake coefficient for the
free radicals on an aqueous surface.

It should be noted that the developed correlation, unique
of its kind, along with the earlier correlation of cavitational
yield in terms of developed collapse pressure (Gogate et al.,
2001a) are only trend setting and are by no means a general
one. There is ample scope for further work, which could in-
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clude establishing the validity of the equations over a wider
range of operating parameters, exactly quantifying the num-
ber of free radicals generated during the collapse (more im-
portantly estimating the actual number taking part in the re-
action, by considering the number of free radicals generated,
time of collapse of the cavities, and the lifetime of the free
radical), estimating the size of the nuclei/cavity that will be
strongly dependent on the type of equipment used for the
generation of cavitation, combining the effects of collapse
pressure generated, and the maximum bubble size reached.
Studies in this direction are also being carried out in this
department. Some recent works (Rajan et al., 1998a,b;
Sochard et al., 1998; Storey and Szeri, 1999, 2000; Moss et
al., 1999; and Tsochatzidis et al., 2001), can also serve as use-
ful guidelines for establishing the generalized correlation
considering the preceding facts.

Conclusions

The nature of the sound/avitational field existing in any
ultrasonic reactor is substantially nonuniform, with spatial
variations in the axial as well as radial directions. In general
the activity shows a decreasing trend away from the trans-
ducer and is maximum in the vertical plane of the emitting
area. The type of the sensor used (hydrophone for pressure
measurements and chemical source for measuring rates of
chemical reaction) for mapping the local field does not affect
the trends observed, and one-to-one correspondence is ob-
served between the two.

Reactors with a higher area of irradiation are better; in the
present case, the ultrasonic-bath reactor results in larger
amounts of iodine liberated as compared with the
ultrasonic-horn reactor, on the basis of unit energy consump-
tion. Higher proportionality with respect to the measured
pressure pulses also conclusively establishes that the same
pressure pulse will be better utilized for the desired effects in
the case of the ultrasonic bath reactor.

The existence of a threshold pressure pulse or limiting value
of the number of the free radicals [indicated by a limiting
value of (R,,,./R,)’] is established conclusively by the quan-
tification of iodine liberation in terms of measured pressure
pulse and the maximum cavity growth predicted by the nu-
merical simulations.

Detailed analysis of the existing literature points toward
the need for developing new sonochemical reactor designs by
using multiple transducers, located in different positions (such
as parallel to each other, in a triangular pitch at the bottom,
and a hexagonal design with transducers on each face of the
hexagon) in order to achieve the uniform distribution of en-
ergy. In addition to multiple transducers, multiple frequency
operation also facilitates the uniform distribution of energy,
and may lead to minimal erosion rates in the transducers.
Multiple-frequency operations offer more flexibility com-
pared to conventional single-frequency reactors. The radially
vibrating horn is also a new concept, as to a large extent, it
eliminates nonuniformity in the radial direction and also has
some activity in the longitudinal direction. New designs facili-
tating the continuous operation of the acoustic-cavitation-
based reactors is also a daunting future task for researchers.

The simultaneous effects of the flow regimes on the cases
of the recirculating type of reactor, speed of agitation, and

1558

July 2002 Vol. 48, No. 7

the presence of solids (size of each solid and its concentra-
tion) in terms of enhancing the reaction rates, on the one
hand, and disturbing the sound field resulting in lower ultra-
sonic activity, on the other hand, is another major factor that
needs to be considered in the rational design procedure. The
standing waves have been reported to enhance the global
sonochemical yields, but the exact role of standing waves is
still not understood.

More studies are also required to conclusively link the val-
ues of the pressure pulse at different locations, obtained us-
ing numerical simulations [the work of Keil and coworkers is
recommended for this, as discussed earlier (please refer to
Table 1 for the details)], with the observed chemical effects
using different chemical reactions. The correlation developed
in the present work is only a first step, so more work is re-
quired in the areas of predicting the number of free radicals
generated, the exact quantification of the collapsed tempera-
tures and pressures as a function of distance in the cavity, the
lifetime of the cavity, and estimation of cavity size, and relat-
ing these important parameters to the cavitational yield be-
fore a generalized correlation for the prediction of cavita-
tional yield as a direct function of the operating parameters
can be developed. Such generalized correlations will be very
helpful in the effective design and scale-up of the sonochemi-
cal reactors.
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Notation

C =velocity of sound in the medium, m/s
f =frequency of ultrasound, kHz
I =intensity of irradiation, W/m?
P, =initial pressure inside the bubble, N/m>
Dgo = initial gas pressure in the bubble, N/m?
P, =driving pressure amplitude, N/m?
P« =maximum electric power supplied to the equipment, W
p, =vapor pressure, N/m
P, =pressure in the surrounding liquid, N/m?
P, P, =initial and final pressures during each simulation step, re-
spectively, N/m?
P =(dP/dt), rate of change of pressure with time, N/m?-s
r =radial distance from the bubble wall, m
R =radius of cavity/bubble, m
R ax =maximum radius of the bubble/cavity, m
R, =initial radius of the bubble/cavity, m
R =(dR/dt), bubble wall velocity, m/s
R =(d?R/dt*), bubble wall acceleration, m/s>
t =time

Greek letters

vy =specific gas constant
A=wavelength of the ultrasound, m
p, p; =density of the liquid medium, kg/m?
w =viscosity of liquid, Ns/m?
o =surface tension of liquid, N/m
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