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A radially vibrating horn is studied as a possible system for scaling up sonochemical
reactors. The anisotropic behavior of this horn was demonstrated, as were strong corre-
lations among the acoustic field, the acoustic streaming, and the sonochemical reactiv-
ity. A comparison with the classic laboratory horn exhibits the benefits of the larger
emitting surface of the radially vibrating horn for homogeneous reactions, but not for
polymer degradation reactions or for heterogeneous liquid - liquid reactions. The experi-
mental techniques used proved to be very useful in characterizing the sonochemical

reqactors.

Introduction

Sonochemistry can be defined as chemistry induced by in-
tense pressure waves in a liquid medium. Sonochemistry is
observed only in cavitating liquids; each collapsing bubble can
be described as a microreactor. The interest in sonochemistry
is due to the spectacular reaction-rate increases frequently
observed when chemical reactions are performed in the pres-
ence of ultrasound. Even though the chemical effects of ul-
trasound have been known for a long time (Richards and
Loomis, 1927), intensive study in this area only began at the
beginning of the 1980s.

Chemical effects

When a pressure wave with an intensity higher than what
is called the acoustic cavitation threshold passes through a
liquid, the microbubbles stabilized inside the microcrevices in
the solid microdust particles that were initially present in the
liquid expand (Harvey et al., 1944; Apfel, 1970) and oscillate
with an increasing amplitude before imploding violently.
During this collapse, molecular fragmentation occurs, pro-
ducing the highly reactive radical species that are responsible
for the chemical effects of ultrasound.

The reasons for this specific reactivity are not yet fully un-
derstood, even if theoretical and experimental arguments
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strongly favor the so-called hot-spot theory (Rayleigh, 1917,
Noiltingk and Neppiras, 1950; Neppiras and Noltingk, 1951),
which suggests that the collapse is so rapid that the compres-
sion of the gas and vapor inside the bubble can be considered
adiabatic. Consequently, the temperature and pressure can
reach values as high as 4,200 K and 1,000 atm, respectively,
just before bubble fragmentation occurs.

These conditions are so extreme that H- and HO- free
radicals are produced when water is submitted to ultrasonic
irradiation. Hydrogen and hydrogen peroxide are then pro-
duced thanks to the recombination of these H- and HO-
radicals after the homolytic splitting of the oxygen—hydrogen
bond in the water molecule (Makino et al., 1982). A free rad-
ical chemistry is therefore possible using ultrasound, but it
must be noted that, as the current production of radicals by
ultrasound is not very efficient in terms of quantities of radi-
cals produced per unit of electrical energy consumed, indus-
trial utilization of the chemical effects of ultrasound is still
restricted. Typical rates obtained at the laboratory scale
(10-100 mL) of primary sonochemical reactions, that is, reac-
tions that occur in the intrabubble gas phase, are of the order
of 1077=10"* mol/min.

Mechanical effects

Taking advantage of the mechanical effects associated with
the cavitation phenomenon is a very promising road for het-
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erogeneous liquid-liquid and liquid—solid reactions (Lindley
and Mason. 1987; Abdulla, 1988; Pandit and Moholkar, 1996),
but also for various physical treatments such as emulsifica-
tion (Walstra, 1983), cleaning (Hunicke, 1990), biological cell
disruption (Hugues and Nyborg, 1962), or depolymerization
(Szent-Gydrgyl, 1933; Price et al., 1994). For a review, see for
example Suslick (1988).

Three different phenomena are responsible for the me-
chanical effects:

Shock Wave. A shock wave as large as 300 MPa is pro-
duced in the surrounding liquid during the bubble collapse
(Vogel and Lauterborn, 1988). This shock wave is, according
to Doktycz and Suslick (1990), responsible for the effects of
ultrasound on particles in suspension. For example, the activ-
ity of Ni as a hydrogenation catalyst increases by > 10> when
the Ni powder is submitted to ultrasonic irradiation because
of remarkable changes in particle aggregation, surface mor-
phology, and the thickness of the surface oxide coating (Sus-
lick and Casadonte, 1987).

Liquid Jet. During the collapse of a bubble near an inter-
face, a liquid jet is formed, whose velocity is around 100 m/s
(Kornfeld and Suvorov, 1944; Benjamin and Ellis, 1966; Vo-
gel et al., 1989). In the case of heterogeneous liquid-solid
reactions, this high-speed liquid jet erodes the solid surface,
the mechanism of erosion being equivalent to liquid impact
erosion (Preece and Brunton, 1980), which justifies using ul-
trasound for cleaning. This effect can also activate solid cata-
lysts, as well as increase mass and heat transfer to the surface
by disruption of the interfacial boundary layers (Sukanta
Banerjec et al., 1995; Ratoarinoro et al., 1995).

Acoustic Streaming.  Absorption of the ultrasonic wave
during its propagation in the cavitating liquid is responsible
for an energy gradient that induces a macroscopic liquid flow
called acoustic streaming (Nyborg, 1965). In the case of cavi-
tating water, this absorption consists of both the attenuation
by the liquid itself and the absorption of the sound wave by
heterogeneities such as cavitating bubbles. Whatever the ab-
sorption phenomenon responsible, acoustic streaming is in-
duced (Nyborg, 1953).

Scale-Up Problems

The results observed in sonochemistry were, until now,
mostly obtained in the laboratory, with little application in
production. This has to a large extent been due to a lack of
scale-up strategies, which has essentially resulted from an in-
sufficient understanding of the basic physical phenomena, and
therefore an insufficient control of the parameters affecting
cavitation. It has also been due to the politics of secrecy within
the few industries that have solved the scale-up problems for
their own specific applications.

‘However, a few high-power sonochemical reactors have
been produced, such as, for example, the ARC system (ARC
Sonics Inc., P.O. Box 24, Suite 722, 601 West Broadway,
Vancouver, British Columbia, Canada V5Z 4C2), which con-
sists of a cylindrical steel beam, supported at its nodal points,
with resonant oscillation caused by a series of electromag-
nets, to which the reaction chambers (351 each) are attached.
This unit operates at 104 Hz (low-frequency audible sound)
with a 75-kW power supply, and is proposed mainly as a
sonochemical reactor, with cavitation introduced into it.
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Parameters

Even if, until now, it has been impossible when designing a
sonochemical reactor to ensure the control of all the parame-
ters likely to have an effect on the sonochemical yield, an
incomplete list of these parameters can be compiled: the fre-
quency and the intensity of the pressure wave; the physical
properties of the solvent, that is, the cavitating medium
(viscosity, surface tension, vapor pressure); the temperature;
the hydrostatic pressure; the presence and the nature of the
dissolved gas; and the way in which ultrasonic energy is dis-
tributed within the system, which depends on the size and
shape of the reactor as well as on the design of the ultrasonic
transducer (Reisse et al,, 1992). Implementing a large-scale
sonochemical process is a rather complicated task, not only
because of the number of parameters involved, but also be-
cause of the strong relationships existing between all these
parameters.

Sonochemical efficiency and reactor equipment

When it comes to the scaling up of a specific sonochemical
process, in practice the problem is twofold: estimating the
acoustic energy required to perform the application; and de-
signing a high-power ultrasonic transducer in a convenient
vessel in such a way that an appropriate distribution and in-
tensity of ultrasonic energy inside the large volume of reac-
tants will reliably generate conditions resulting in the highest
yield and selectivity of the desired products. An extensive de-
scription of the various types of sonochemical equipment cur-
rently available on the market can be found in Mason and
Lorimer (1991) and Pandit and Moholkar (1996). One of the
most common techniques uses the so-called immersion horn
system, which seems to allow the best coupling between the
transducers (generally piezoelectric ceramics) and the liquid
medium.

The present study focuses on identifying and investigating
several typical scale-up problems in connection with reactors
equipped with this type of direct sonication system.

Experimental Devices

In this article, the characteristics and performances of a
commercial radially vibrating horn (Telsonic SG1000), identi-
fied as a possible design for large-scale applications, are stud-
ied and compared to those of a currently used laboratory
horn. These horns and the reactors in which they are verti-
cally immersed from the top are shown in Figures 1 and 2,
while major characteristics of both devices are listed in Table
1.

Both horns are made of titanium and both use piezoelec-
trical elements to transform electrical energy into mechanical
energy. The difference in the vibration mode is due to the
differences in design, the Telsonic horn being constructed in
order to produce radial vibrations, while the laboratory horn
is designed to produce essentially longitudinal vibrations.

Both reactors are equipped with external temperature-con-
trolled envelopes, and both are made of transparent material
(glass) to facilitate optical measurements. They were both op-
erated under batch conditions. The second reactor was made
large enough to endure the typical scale-up problems.
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Figure 1. Laboratory horn and its associated reactor.

Experimental Techniques

Two major goals were considered in the present article:
first, a thorough study of the characteristics of the Telsonic
radial horn, and second, a comparison between the widely
used laboratory horn and the radial one. Attention was fo-
cused on the following factors: acoustic field, acoustic
streaming, sonochemical yield, and the mechanical effects of
ultrasounds for homogeneous liquid-phase and heteroge-
neous liquid-liquid reactions. The measurement techniques
discussed in the following subsections were used to reach
these goals.

Hydrophone

It is essential to study the acoustic spectrum (ie., the
Fourier transform of the signal recorded by the hydrophone)
in order to confirm that the operating acoustic energy level is
sufficient to induce cavitation in the reactor. Nonlinear bub-
ble oscillation is associated with the presence in the spectrum
of an intense subharmonic at half the driving frequency as
well as with the detection of an important white noise (Leigh-
ton, 1994). A hydrophone probe (Britel & Kjaer 8104) con-
nected to a fast Fourier transform (FFT) spectrum analyzer
was used to map the acoustic field. Moreover, the hy-
drophone can also be used to study the spatial distribution of
the acoustic field in order to reveal the possible existence of
noncavitating and therefore nonreactive zones within the re-
actor. In our operating conditions, the hydrophone is en-
closed inside a glass tube, thus reducing the local energy and
preventing its destruction by cavitation. This operation im-
plies that the hydrophone needs recalibrating.
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Figure 2. Telsonic horn and its associated reactor.

Particle image velocimetry

To acquire information on acoustic streaming, the particle
image velocimetry (PIV) technique (Merzkirch, 1987) was
used. This technique consists of taking a photograph of the
trajectories of small tracer particles (including, in our case,
the cavitation bubbles) in suspension in a thin illuminated
plane of fluid. The two components of the velocity vector in
the illuminated plane are given by the traces left on the pho-
tographs during the exposure time. This technique has al-
ready been used to study acoustic streaming under the acous-
tic cavitation threshold (Liebermann, 1949; Murata et al,,
1997).

Weissler reaction

The Weissler reaction (Weissler et al., 1950) was used to
study the sonochemical reactivity in the homogeneous liquid
phase. This so-called reaction refers to the oxidation of io-
dide into iodine in the presence of carbon tetrachioride. In
this case, the Cl- radicals or chlorine molecules resulting from
the recombination of two such radicals act as the oxidizing
agent, while the oxidation due to HO- and hydrogen perox-

Table 1. Characteristics of Experimental Devices

Laboratory Device  Telsonic Device

Electrical power (W) 300 1000
Principal vibration mode Longitudinal Radial
Emitting surface (cm?®) 0.8 365
Frequency (kHz) 20 20
Reactor volume (L) 0.3 35
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ide can be neglected. The accelerating effect comes from the
lower bond energy and the higher vapor pressure of CCl,
compared to H,O, leading to a higher concentration of oxi-
dizing species. In our experiments, the reaction was per-
formed during 10 minutes in a solution containing 80% 0.1-M
KI solution and 20% CCl, saturated water. The final concen-
tration in iodine was measured using a light absorption tech-
nique at 352 nm. The Weissler reaction was carried out within
the whole volume of the reactor and within a closed glass
tube set at various locations in the reactor, in order to mea-
sure local reactivity and to separate the chemical effects of
ultrasound from their stirring effects (Contamine et al., 1994).

Degradation of polymers

Since the mechanical stresses induced by a cavitating bub-
ble on a polymer solution submitted to ultrasound can induce
breakage in the vicinity of the bubble, a study of the mechan-
ical effects of ultrasound in homogeneous liquid-phase can
be made by measuring the degradation rate of polymers in
solution. We chose to study the initial degradation kinetic of
dextran in water (Szent-Gyorgyl, 1933), the progress of the
reaction being determined by using a Couette viscosimeter to
measure the viscosity of the solution. In our experimental
conditions, we used a solution of 15 g/L of dextran of molec-
ular weight 5 10°-40x 10° (Sigma). In our case, because of
the length of the macromolecule, and because we were work-
ing at low ultrasonic frequency (20 kHz), it was supposed that
the chemical effects of ultrasound, that is, radical-like attack
of the polymer, are negligible (Portenldnger and Heusinger,
1997).

Hydrolysis of carboxylic acid esters

For information on the effects of ultrasound in liquid-
liquid heterogeneous reactions, the basic hydrolysis of methyl
benzoate was studied (Moon et al., 1979). In this case, the
ultrasounds are known to be responsible for an acceleration
of the reaction rate because of the very fine emulsions pro-
duced (Suslick, 1988). This can be attributed to the turbu-
lence prompted by the acoustic streaming and the cavitation
itself, which generates a large spectrum of turbulence eddies
of different sizes. The size of the stable droplets is thus linked
to the smallest eddies, which is called the Kolmogorov scale
(Walstra, 1983).

In our experimental conditions, a 20% (v/v) solution of
methyl benzoate in toluene was added to a 100-g/L aqueous
solution of NaOH in, respectively, 10/90 proportions. The re-
action rate was measured using gas chromatography to track
the methyl benzoate disparities in the organic phase. Naph-
thalene was used as an internal reference.

Characterization of the Telsonic Radial Horn

All the results presented below were obtained using the
Telsonic radial horn immersed in the 3.5-L reactor operated
under batch conditions.

Acoustic streaming

Acoustic streaming causes the mixing effects of ultra-
sounds and is therefore important in the design of sonochem-
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Figure 3. Acoustic streaming and the bubbie fields in-
duced by the Telsonic horn.

ical reactors. An efficient mixing is indeed necessary, be-
cause, until now, there has been no tranducer design that
ensures a homogeneous distribution of the cavitation field
within the reactor.

The velocity field associated with the acoustic streaming
was studied using the PIV technique in the batch reactor. A
typical photograph taken in the vertical plane for 1-kW elec-
trical power and a 20-kHz working frequency is presented on
Figure 3. Three streams of bubbles can be observed perpen-
dicular to the radial surface and regularly distributed along
the height of the cylindrical horn. Since the active length of
the sonotrode is equal to the sound wavelength in titanium at
20 kHz, and since the distance between the three emitting
zones corresponds to the half-wavelength of sound in tita-
nium at that working frequency, this phenomenon is ascribed
to the presence in the horn of a standing wave that acts as a
resonator. The resulting motion of the fluid is also radial,
away from the sonotrode at the levels of the bubble streams
and toward the sonotrode between them. Under these spe-
cific experimental conditions, the average velocity of this
acoustic streaming was measured to be around 5 cm/s.

A stream of bubbles is also located just below the horn.
The velocity of the fluid there reaches 30 ¢cm/s and is about
one order of magnitude higher than along the horn. Figure 3
shows clearly that the horn does not act as a pure radial
emitter. Indeed, a rather large amount of energy is transmit-
ted to the fluid at the bottom of the horn, while the rest of
the energy is distributed inhomogeneously at three specific
positions along the horn.

Acoustic field

An axial profile of the pressure intensity was measured 2
cm from the horn by using a hydrophone probe enclosed in
an immersed glass tube to detect at each vertical position the
white noise and the harmonic at half the driving frequency,
both of which are known to be characteristic of nonlinear
bubble oscillation. The profile of the white noise is similar to
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Figure 4. Profiles along the Telsonic horn.

The first curve (m) represents the iodine formation rate fol-
lowing the Weissler reaction; the second curve (@) repre-
sents the pressure amplitude at half the driving frequency.

the one at half the driving frequency presented in Figure 4.
They both exhibit three maxima equally distant by a half-
wavelength at the working frequency (20 kHz) in titanium.

Chemical effects of ultrasound

Similarly, in order to separate the chemical effects of ultra-
sound from the mechanical ones responsible for mixing dur-
ing homogeneous liquid-phase reactions, an axial profile of
local sonochemical reactivity was measured equidistantly from
the horn by performing the Weissler reaction in a glass tube
used as a microreactor.

Again, three maxima are observed (Figure 4), at axial posi-
tions corresponding to those of the bubble streams and of the
maxima in pressure intensity. Moreover, the reaction rate be-
low the horn, where a fourth stream of bubbles was previ-
ously observed, was found to be 50% higher than the highest
rate measured along the horn.

Conclusions

According to the different types of measurements per-
formed, the so-called Telsonic radial horn was seen to be far
from a perfect radial transducer, as a rather large amount of
energy is transmitted longitudinally into the solution, while
only three maxima of energy corresponding to the presence
of bubble streams are visible along the horn, equally distant
of a half-wavelength in titanium at the working frequency (20
kHz). The location of the bubble streams corresponds to the
location of the maxima in acoustic pressure and in sonochem-
ical reactivity, which displays the strong coupling that exists
between mass transfer and energy transfer in sonochemistry.

Comparison Between a Typical Laboratory Horn
and the Telsonic Radial Horn

Most of the published results on sonochemistry are related
to experiments performed using a stepped laboratory horn.
In order to compare the efficiency of such a standard device
to that of the radial horn, and to display in each case the
problems associated with scale-up, it was decided to first
compare the acoustic streaming in both configurations, and
second use these three test reactions, ensuring in each case
that the same rate of electrical power was delivered by the
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generator upon the reactor volume. The Weissler reaction
and the degradation reaction of a polymer in solution were
used as test reactions to study, respectively, the chemical ef-
fects and the mechanical effects of ultrasound in homoge-
neous sonochemistry, while the basic hydrolysis of an ester
was chosen as the test reaction to study the mechanical ef-
fects of ultrasound in heterogeneous liquid-liquid reactions,
that is, the emulsification effect.

Acoustic streaming

The average acoustic-streaming velocity induced when the
radial horn was used was determined to be about one order
of magnitude lower than when working with a classic labora-
tory horn (Figure 5), for the usual range of power of each
device. The higher velocity reached in this last case (about 50
cm/s) comes from the concentration of all the energy on a
much smaller emitting surface, thus generating these high
acoustic intensities. Therefore, since most of the published
results on sonochemistry are related to experiments per-
formed using this type of laboratory horn, we can assume
that from a chemical engineering point of view, all these re-
sults are obtained in perfectly mixed reactors. If the radial
horn is to be used for larger-scale applications, we should
first check the degree of mixing produced in the reactor by
acoustic streaming.

Figure 5. Acoustic streaming induced by the laboratory
horn.

The tip of the horn is visible on the top right part of the
photograph. The white zoune visible under the tip is the cavi-
tation zone. The velocity pattern, consisting of two contraro-
tating vortices, is visible using the P1V technique.
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Weissler reaction

As can be seen in Figure 6, where conversions obtained
after 10 min are plotted as a function of the electric power of
the ultrasonic source per unit of reacting volume, the effect
of the Weissler reaction is completely different in each of the
two devices. The radial horn proved to be more efficient in
performing free-radical sonochemical reactions and to be
more sensitive to an increase in the emitting power. These
positive effects result from a better distribution of the acous-
tic energy that is due to the larger emitting surface. Indeed,
considering the case of the stepped horn characterized by a
much smaller emitting surface, and therefore a much higher
delivered intensity in W/cm?, the increasing power caused an
increasing quantity of bubbles very close to the emitting sur-
face. The screening effect of the bubble field therefore be-
comes more important (Berlan and Mason, 1992), and the
phenomenon of bubble coalescence intensifies, generating
large bubbles that cannot violently cavitate anymore and are
therefore useless for homogeneous sonochemical reactions
(Henglein and Gutierrez, 1990).

Degradation of polymers

The initial kinetics of degradation of dextran solutions are
plotted as a function of the electrical power upon the reactor
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Figure 7. Dextran degradation rate as a function of the
electric power delivered by the generator per
volume unit.
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Figure 8. Ester consumption rate as a function of the
electric power delivered by the generator per
volume unit.

volume in each device (Figure 7). The conclusions are oppo-
site to the ones drawn after performing the Weissler reac-
tion, as there is no evidence in the present case of any differ-
ence between the two devices. An increase in the emitting
surface does therefore not seem worthwhile, as in the case of
free radical reactions, for the two following possible reasons.
First, since the acoustic streaming induced by the stepped-
horn is important, it could be partly responsible for the me-
chanical degradation of the polymer. The second and more
probable reason is that the chemical effects are considerably
affected by the coalescence of bubbles, while the mechanical
ones remain unchanged (Heinglen and Gutierrez, 1990). This
is due to the fact that, while too large a bubble cannot cavi-
tate violently anymore, and therefore cannot produce free
radicals efficiently, its oscillations remain sufficient to induce
hydrodynamic stresses capable of breaking macromolecules.

Hydrolysis of carboxylic acid

Figure 8 gives the reaction rates of the hydrolysis reaction
as a function of the power per volume unit. In this case, the
reaction rate is much higher when the laboratory horn is used.
This can be explained by the fact that the acoustic streaming
induced by the Telsonic horn is essentially parallel to the in-
terface between the two phases. There is therefore no mass
transport of the organic superior phase to the cavitation
zones. Moreover, the velocities of the streaming induced by
the laboratory horn are large enough to generate turbulence,
which helps produce emulsions (Walstra, 1983).

Conclusions

Designing sonochemical reactors for large-scale applica-
tions is a difficult task, but a wide range of techniques are
available to study this problem. Those presented here are very
useful in the study and correlation of the acoustic field, the
acoustic streaming, and the local sonochemical reactivity. The
radially vibrating horn that we chose for a first scale-up at-
tempt exhibits strong anisotropic behavior. Its active surface
is therefore much smaller than one would expect (about 25
em? instead of 365 cm?).

However, the rate of a homogeneous reaction test related
to the electrical power consumed per unit of volume treated
is higher using the Telsonic radially vibrating horn than with
a classic laboratory one. The lower acoustic intensity when
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the Telsonic horn is used is probably responsible for this dif-
ference. On the other hand, the mechanical polymer degra-
dation reaction is not improved by the better ultrasonic en-
ergy distribution. Finally, the mechanical effects of ultra-
sound involved in the case of liquid-liquid reactions seems to
be more efficient when the laboratory horn is used. This very
surprising result, even if not directly transferable to other sys-
tems or reactions, is a clear-cut demonstration of the need
for designing a sonochemical reactor dedicated to a specified
reaction. We strongly believe that significant progress can only
be made through the development of coupled acoustic and
hydrodynamic models of sonochemical reactors.
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