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Abstract

This paper investigates the effect of high-intensity ultrasound on the breakage characteristics of particles suspended in water. A con-
tinuous sonicated flow experimental apparatus is used involving a 24 kHz horn type transducer and continuous in-line particle chord
length measurement. The effects of sonication power (150–350 W) and temperature (10–50 �C) on the breakage characteristics are inves-
tigated. Higher breakage is favored at higher sonication power. An optimum temperature in the range tested is observed to exist between
25 �C and 37 �C. The acoustic cavitation field is influenced by temperature through a complex interplay of vapor pressure, surface ten-
sion and viscosity leading to the optimum observed in particle breakage. The efficiency of ultrasound energy conversion to particle break-
age is calculated using calorimetry and found along with the net breakage efficiency to initially increase with temperature followed by a
decrease after the optimum. It is found to be independent of input ultrasonic power. The effects of contact time is also investigated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ultrasonic cavitation is the phenomenon by which a
time-varying acoustic wave when induced into a liquid
medium ruptures the liquid apart during the rarefaction
cycle, creating transient or stable acoustic cavities (bub-
bles). The transient cavitations end up in collapse, within
a short span of time, resulting in shock waves, while stable
cavitations resonate in the applied sound field, surviving
the local pressure variations for a number of acoustic
cycles. The cavitation forces induced during transient col-
lapse of cavitating bubbles are of great importance and
are known to cause many chemical and physical effects,
e.g., lysis of solvent molecules resulting in formation of free
radicals, augmentation of chemical reaction rates [1],
mechanical effects like erosion of solid surfaces or pitting

[1–4], dispersion of agglomerated powders in solution [5]
and particle breakage [6] which is the focus of the present
study.

The beneficial effects of high-intensity ultrasound (HIU)
on particle breakage have been exploited in the field of
catalysis where the ultrasonic collision test has evolved as
a standard test to characterize the breakage resistance of
catalyst particles [7,8]. The effect of HIU on inorganic sol-
ids was previously studied, where a dramatic rise in reactiv-
ity was attributed to particle breakage [6]. It has been
generally recognized that HIU is effective for comminution
(i.e., size reduction) of particles. It is further reported that,
unlike grinding comminution operations that yield new
particle properties such as those related to surface charge
modifications, sonication does not alter the crystalline
structure [9]. The production of sub-micron talc particles
by HIU was previously reported and resulted in the attain-
ment of a narrow size distribution [10]. It is of significance
to elucidate the effect of operational conditions if one is to
arrive at optimal HIU particle breakage. Towards this
goal, a recent study examining the energy requirements
for particle size reduction by HIU was performed [11],
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while in [12], the effects of sonication power, sonication
time and loading on particle breakage were discussed.

It is expected that operational conditions namely, soni-
cation power, contact time and temperature play important
roles in the particle breakage. The sonication power influ-
ences the level of cavitation in the fluid. At higher power
levels, the number of cavitation events increases because
larger numbers of transient cavitation bubbles are formed,
hence influencing the magnitude of breakage. Contact time
is the duration of exposure of the particles to the ultra-
sound. Particles exposed to longer durations of sonication
are expected to observe increased levels of breakage. Tem-
perature has a significant effect on the ultrasonic field; it
alters the viscosity, density and vapor pressure of the med-
ium, thereby affecting a change in the cavitation threshold
[1,4]. If transient cavitation collapse is sought as one of the
main affectors of particle breakage, then temperature
would be expected to have a strong impact. There have
been contradictory reports on the effect of temperature
on power transfer capability of the ultrasonic system. Some
claim, constancy of specific input power with temperature
of operation [13,14] while others, claim a decrease in spe-
cific input power with increase in temperature [15]. An
independent study is made in this paper to verify the effect
of temperature on ultrasonic power transfer.

Ultrasound energy conversion into specific desirable
effects is very important from the industrial viewpoint
[16,17]. There are very few reports in the literature which
discuss this issue. Kuijpers et al. have studied the effect of
characteristic parameters of ultrasonic system viz., ampli-
tude ratio (input power) and temperature on the efficiency
of ultrasound energy conversion to radical formation [14].

Studies that discuss either the effect of temperature on
particle breakage kinetics or the efficiency of ultrasound
energy conversion to ultrasonic mediated particle break-
age, seem to be absent from the literature. We thus take
up these issues for discussion in this paper via rigorous
experimental parametric investigations using aluminium
oxide (Al2O3) particles as the primary model particle sys-
tem. Such a study would be very relevant to industrial
scale-up strategies as well as being useful in elucidating par-
ticle breakage at the phenomenological level.

2. Experimental

2.1. Materials

Aluminium oxide particles were used for this study, con-
sisting of finely hand ground and sieved particles with
mean nominal size of 150 lm. Samples were prepared by
firstly grinding in a mortar standard grade Al2O3 pellets
before sieving using standard sieves (Advantec, Sonic Sif-
ter). The roundness index of the particles was determined
by image analysis and was found to be 0.72.

2.2. Ultrasonic equipment

Sonication was performed using a 24 kHz horn type
transducer (Sartorius, Labsonic, Germany) capable of
delivering a maximum of 450 W of power. A continuous
flow apparatus was setup as shown in Fig. 1 consisting of
a variable speed peristaltic pump (Watson Marlow,
USA), ultrasonic transducer fitted inside a jacketed glass
reactor, focused beam reflectance measurement (FBRM)

Fig. 1. Experimental Setup: (A) sonication vessel, (B) ultrasonic transducer, (C) ultrasonic probe, (D) temperature control system, (E) peristaltic pump,

(F) FBRM beaker, (G) FBRM probe, (H) Pt100, (I) agitator, and (J) computer (data acquisition).
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probe (Mettler–Toledo Lasentec Products, USA), tempera-
ture control system (Lauda, Germany), and a computer for
data acquisition. The peristaltic pump, capable of creating
pressure head to maintain volumetric flow rate up to a
maximum of 3.5 l/min, was calibrated before use. The
ultrasonic transducer had a probe tip diameter of 22 mm.
The horn was immersed to a fixed depth of 3 cm below
the air–water interface inside the jacketed glass flow reactor
(sonication vessel) which had approximate internal dimen-
sions of 4 cm internal diameter and 10 cm height. Temper-
ature was measured using a Pt100 probe.

2.3. Methods

A summary of the experimental conditions is shown in
Table 1. In a typical run, two grams of alumina particles
were suspended in the vessel containing deionized water
to which ultrasound was applied for the duration of
10 min. The total volume of the suspension in the system
was 750 ml. The particle size in the form of mean chord
length (‘m) was monitored in-line using the FBRM probe
for the full duration of the experiment. The particle suspen-
sion was pumped from the sonication vessel (A) to the
FBRM beaker (F) and circulated back to the sonication
vessel (A). Agitation in the FBRM beaker was kept fixed
at 400 rpm. The agitator in the FBRM beaker had negligi-
ble effect on the particle breakage as verified by monitoring
the particle size change under agitation over a long period
of time. A similar test was performed confirming the negli-
gible effect of the peristaltic pump on particle breakage.
The sonication and hence the run was started after a period
of pumping that allowed the particles to suspend through-
out the flow homogenously. FBRM particle size data and

ultrasound transducer data were collected using two sepa-
rate computers. The temperature probe was also connected
to the computer recording temperature continuously. At
the end of the run, a sample was withdrawn iso-kinetically
for microscopic analysis which was carried out using a field
emission scanning electron microscope (JOEL, JSM6700F,
Japan).

2.4. Particle size measurement

Focused beam reflectance method is an in-situ method
for determining the chord length (CLD) distribution of a
suspension with low to high solids concentration [18]. A
focused monochromatic infrared laser beam rotates at a
fixed high speed and the backscattered/reflected light sig-
nals from the surfaces of thousands of particles intersected
by the laser light are captured. The time interval (Dt)
between signals from the two edges of a particle is con-
verted to chord length (s) by:

s ¼ vb � Dt ð1Þ

Where vb is beam velocity. Because tens of thousands of
such chord lengths are measured each second, a statistically
representative CLD of the particle system under investiga-
tion is generated. Fig. 2 illustrates the measurement
procedure.

The FBRM is a well established technique that has been
used to monitor size distributions [19–21] in crystallization
as well as in biotechnology [22,23], amongst other applica-
tions. Recently, Kovalsky et al. used this technique for on-
line characterization of floc size and structure [24]. They
used Fourier transform of the unprocessed signal (i.e.,
the reflected signal) to arrive at the mass fractal dimensions
of the flocs. It is also claimed that apart from size and
shape, the unprocessed reflected signals could also yield
information on particle texture. The CLD can be converted
to particle size distribution by an ill-posed inverse problem

Table 1

Details of experimental runs

Experiment

no.

Amplitude

ratio

Rated input

power (W)

Volumetric flow

rate (ml.min�1)

Temperature

(C)

1 0.3 150 1600 10 ± 3

2 0.3 150 1600 17 ± 2

3 0.3 150 1600 25 ± 2

4 0.3 150 1600 37 ± 1

5 0.3 150 1600 50 ± 1

6 0.5 250 1600 10 ± 2

7 0.5 250 1600 17 ± 1

8 0.5 250 1600 25 ± 2

9 0.5 250 1600 37 ± 1

10 0.5 250 1600 50 ± 1

11 0.7 350 1600 10 ± 3

12 0.7 350 1600 17 ± 2

13 0.7 350 1600 25 ± 1

14 0.7 350 1600 37 ± 1

15 0.7 350 1600 50 ± 1

16 0.7 350 1000 25 ± 1

17 0.7 350 2200 25 ± 1

18 0.9 450 1600 10 ± 3

19 0.9 450 1600 17 ± 2

20 0.9 450 1600 37 ± 1

21 0.9 450 1600 50 ± 1

Fig. 2. Particle size measurement using FBRM. (a) laser diode, (b)

detector, (c) beam splitter, (d) laser beam, (e) optics rotating at fixed high

velocity, (f) sapphire window, (g) particles, and (h) typical chord length

distribution.
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which can be tackled by constrained least squares minimi-
zation procedure or by method of projection onto convex
sets [18]. Throughout this work, we characterize particle
size and hence breakage by HIU in terms of chord lengths
rather than typical particle size. The motivation for this lies
in the reliability of the measurement technique as well as in
the fact that decreasing chord length is a direct indication
of fragmentation. Further, we are interested in identifying
the number counts, a measure readily generated by the
FBRM.

The probe was inserted in the FBRM beaker that has
flow from and to the sonication vessel. Such monitoring
in the in-line mode was necessary firstly because the sonica-
tion vessel cannot accommodate the FBRM probe and sec-
ondly, because it was necessary to keep the FBRM probe
at a safe distance from the intense ultrasound field.

3. Results and discussion

As described above, the variation of mean chord length
(‘m) of the breaking particles was continuously monitored
with sonication time. There was a steady decrease in ‘m
with increase in sonication time. This is true for all input
power levels and temperatures.

3.1. Effect of input ultrasonic power

The experiments were conducted at three different rated
input power levels of 150 W, 250 W and 350 W (amplitude
ratios of 0.3, 0.5 and 0.7, respectively). The CLD was mon-
itored in-line while the sonication was performed. The
cumulative undersize distributions at the start and end of
each experiment are summarized in Fig. 3. A decrease in
‘m was observed for all input power levels. A higher per-
centage decrease was observed for higher input power with

350 W of input power showing the highest decrease in ‘m
for the constant sonication time of 10 min. We also report
the temporal variation of ‘m under different input power
and at the constant temperature and volumetric flow of
25 �C and 1.6 l/min, respectively. The following time-vary-
ing dimensionless number, mean chord length ratio
(MCLR) is used here and is expressed as:

MCLRðtÞ ¼
‘mðtÞ

‘0
ð2Þ

where ‘0 is the mean chord length in (lm) at the start
(t = 0) of the experiment.

It is clearly evident from the cumulative distributions
and MCLR data that there is breakage of particles occur-
ring during sonication. Furthermore, it can be observed
from the cumulative distribution plots that the gap between
the t = 0 and t = 10 min distributions is the highest for
350 W of rated input power and lowest for 150 W. These
results indicate higher breakage of particles with increase
in input ultrasonic power.

Fig. 4 shows the variation of MCLR under the three
amplitude ratios studied. It is evident that an amplitude
ratio of 0.7 corresponding to a rated input power of
350 W leads to the highest level of breakage, whereas,
amplitude ratio of 0.3 corresponding to rated input power
of 150 W results in the lowest breakage. However, one
should take care when interpreting this graph, as it could
be misleading. This is because, higher total input power
does not necessarily mean that the operation is at the opti-
mum as far as efficiency is concerned. It is clear from Fig. 4
that if more power is input into the system, more particle
breakage occurs. However, this alone does not indicate
optimum input power. Here one needs to quantify the effi-
ciency of conversion of ultrasound energy into breakage
(gb) to arrive at a meaningful optimum. This efficiency
determination is discussed in Section 3.4. From Fig. 4, it
is also evident that, if time is the optimizing variable, then,
operating at higher input power represents the best viable
option because it breaks and thus reduces the particle size
faster (see Fig. 14 and related discussion in Section 3.4.4
below). In situations where time is not the constraint but

Fig. 4. Variation of MCLR at amplitude ratios of 0.3, 0.5, 0.7,

temperature = 25 �C, volumetric flow rate = 1.6 l/min.

Fig. 3. The cumulative undersize distributions at the start and end of

10 min of sonication for amplitude ratios of 0.3, 0.5 and 0.7, tempera-

ture = 25 �C, volumetric flow rate = 1.6 l/min.
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energy is the one to be optimized, then it is immaterial as to
which input power one operates at, since to achieve the
same level of size reduction the higher input power requires
the same energy as that of a lower input power operation.
The only difference being in the time taken to reach the
reduced size.

We further determine the variation of the rate of change
of MCLR to gain some insights into breakage kinetics of
particles subjected to HIU fields. The breakage rate (Kb)
is defined as,

Kbdt ¼ 1�MCLR ð3Þ

Fig. 5 shows the change of Kb with sonication time for
amplitude ratio of 0.7 and at a temperature of 25 �C. Sim-
ilar results were obtained for other power levels and
temperatures.

Fig. 5 shows a general decrease in Kb. This suggests that
Kb is a function of the particle size. The breakage rate
decreases as the experiment progresses proportionally cor-
relating to particle size decrease which is also true for any
grinding process. Furthermore, this implies that the break-
age distribution functions would have strong dependance
on particle size. Similar results were obtained for other
amplitude ratios as well.

3.2. Effect of contact time

The experimental setup in its continuous flow arrange-
ment allowed the variation of the mean residence time
(contact time) of the particles by varying the pump flow
rate. Three different flow rates were studied; 1.0 l/min,
1.6 l/min and 2.2 l/min. Breakage was more prominent at
lower flow rates corresponding to larger values in residence
time. Fig. 6 shows that as residence time increases, particle
breakage is enhanced. This is explained as follows: as the
residence time increases, the particles spend more time in
contact with the breakage forces of the HIU field. It is
interesting to observe from Fig. 6 that by changing resi-
dence times, it was possible to achieve significant improve-
ment in the breakage. We observed a decrease in particle

size by 10% within the first 5 minutes of comminution for
2.2 l/min whereas for 1.0 l/min, we observed a decrease of
about 17% for the same time period. This is significant
because this was not similarly achievable by changing the
input power to the system as shown in Fig. 4. It can be said
that from an operational design point of view, changing the
flow rate would be a better option for achieving optimum
performance. This is the case where comminution time is
not constrained. If comminution time is to be optimized,
then input power needs to be taken into account as dis-
cussed previously in Section 3.1. We also analyzed the
breakage rate under different flow rates and obtained
results similar to those shown in Fig. 5. We do not show
these here to avoid repetition.

3.3. Effect of temperature

Five different experiments were conducted each at one
temperature in the range 10–50 �C, at a constant flow rate
of 1.6 l/min and each was repeated at all the three ampli-
tude ratios of 0.3, 0.5 and 0.7. Fig. 7 shows the clear trend
of the influence of temperature on breakage. Breakage con-
tinues to occur as the experiment progresses, but a higher
breakage value is shown to exist at an optimum in the tem-
perature range. The breakage (in terms of percentage
decrease in ‘m) as measured at the end of 10 min of contin-
uous sonication is shown in Fig. 8. This identifies the opti-
mum temperature to be between 25 �C and 37 �C
corresponding to the highest percentage decrease of about
15%. The influence of input power on the percentage
decrease in ‘m is also shown in Fig. 8 and it corroborates
with the discussion in 3.1.

Temperature has a significant effect on the cavitation
phenomenon. The cavitation phenomenon in a liquid med-
ium is affected by its surface tension, viscosity and vapor

Fig. 5. Breakage rate vs. time, amplitude ratio = 0.7, tempera-

ture = 25 �C, volumetric flow rate = 1.6 l/min.

Fig. 6. Percentage decrease in MCLR at different volumetric flow rates,

for amplitude ratios, temperature = 25 �C. Data points joined to indicate

trends.
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pressure [1,4]. Increasing temperature results in reduction
in acoustic cavitation threshold, meaning, the liquids cavi-
tate at lower intensities [4]. This can be attributed to the
increase in vapor pressure of the liquid when temperature
is raised. The increase in temperature results in decrease
in surface tension, again aiding in the reduction of the cav-
itation threshold. Moreover, increasing the temperature
reduces the viscosity of the liquid medium. The decrease
in viscosity decreases the magnitude of the natural cohesive
forces acting on the liquid, and thus, decreases the magni-
tude of the cavitation threshold. Lower cavitation thresh-
olds translate into ease of cavity formation, thereby
making higher temperatures more favorable for particle
breakage. Thus, the effect of temperature constitutes three
mechanisms that all lead to enhanced cavitation inception,
which in turn enhance the breakage. This discussion
assumes that it is the high speed micro-jets emanating from
the asymmetric transient cavitation collapse that cause the
breakage [6]. This is the reason, why we observe an increase
in breakage of particles as temperature is varied from 10 �C
to 25 �C. As temperature is increased beyond 25 �C, we

observe a decrease, contradicting the current discussion
on the temperature effect. This can be explained as being
primarily caused by the cushioning effect of increased cav-
ity internal vapor pressure at higher temperatures [4]. Due
to this cushioning effect, the intensity of the collapse and
subsequently the breakage decreases after 25 �C. There
are thus, two opposing factors that are at play during the
particle breakage; the first is the increase in the number
of cavitation events with increase in temperature and due
to which particle breakage increases; the second is the cush-
ioning effect of the cavity internal vapor pressure which has
a suppression effect on the cavitation intensity and subse-
quently on particle breakage. It is the relative magnitude
of these two opposing effects which dictates the variation
of breakage characteristics with temperature as seen in
Fig. 8. The former factor is dominant in regions of temper-
ature near and below 25 �C, while the latter becomes more
dominant as temperature moves above 25 �C.

This is consistent with the variation of cavitation ero-
sion with temperature observed elsewhere [25–28]. This
suggests that two factors are important as far as the parti-
cle breakage is considered viz., the size of active cavitation
zone and the effect of vapor pressure. The former increases
with increase in temperature while the latter decreases,
resulting in a negative effect.

3.4. Efficiency of ultrasound energy conversion

It is well known that the amount of energy or power that
is input to the system is never completely transferred to the
liquid medium and that losses are inherent in the system.
Here we analyze efficiency to understand this and attempt
to determine optimal operational conditions for particle
breakage.

3.4.1. Efficiency of power transfer

We first study the transfer of power or energy into the
liquid medium from the ultrasonic transducer at various
amplitude ratios and temperatures using calorimetry where
the specific calorimetric power is given by,

P cal ¼ mL � CP �
@T

@t

� �

t¼0

ð4Þ

where Pcal is the calorimetrically determined power (W), CP

is the specific heat capacity of liquid (kJ kg�1
�C�1) and

ð@T
@t
Þ
t¼0 is the rate of change of the uncontrolled system tem-

perature at the start of sonication. Specific input power can
be determined by knowing the volume V (m3) of the soni-
cated liquid,

P
sp
cal ¼

P cal

V
ð5Þ

Thompson and Doraiswamy [1] modified this expression to
account for the heat transferred to the jacket or the vessel.
The calorimetric power (Pcal) was calculated for different
amplitude ratios and at different bulk fluid temperatures.
The energy transferred from the frequency generator to

Fig. 8. Percentage decrease in MCLR at different temperatures and

amplitude ratios. Data points joined to indicate trends.

Fig. 7. Variation of MCLR at different temperatures, amplitude

ratio = 0.7, volumetric flow rate = 1.6 l/min.
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the ultrasonic transducer, termed here Ph, was measured by
the in-built watt-meter which gave the amount of energy
transferred in watts. The efficiency of power transfer gPT
was calculated for the different tested input powers and
temperatures and is here defined after Loning et al. [15] as

gPT ¼
P cal

P h

ð6Þ

It is evident from the results shown in Fig. 9 that P sp
cal is

dependent on the temperature of the system. There is a
marginal decrease in P

sp
cal with increase in temperature con-

sistent with the findings of Loning et al. [15].
Furthermore, there is a linear variation of P

sp
cal with

amplitude ratio (Fig. 10), contradictory to previous work
[29] where a quadratic variation was reported while being
in agreement with others [14] who reported similar linear
findings. Our experimental results add more weight to the
claim that a linear variation of Pcal with amplitude ratio
is more realistic for the cavitations under the horn tip.

Fig. 11 shows the variation of gPT with amplitude ratio
and temperature. A marginal decrease of gPT is observed

with increase in temperature and gPT is found to be inde-
pendent of the amplitude ratio. This suggests that the prop-
erties of the medium influence the amount of energy
transferred to it [15] and that the amount of power trans-
ferred has no influence on the gPT. It is to be noted, how-
ever, that this efficiency does not include the energy
losses that occur during transfer of power from the electri-
cal supply to the frequency generator.

3.4.2. Efficiency of ultrasound energy conversion to particle

breakage

In the previous section, we calculated the efficiency of
the power transfer from the ultrasonic transducer to the
thermal energy of the liquid. Now, the efficiency of ultra-
sound energy conversion to particle breakage (gb) is calcu-
lated. The energy that is input to the suspension by means
of ultrasound horn vibrations (Ph) is transferred to energy
for breakage (Pb), heat energy (Pheat) and other losses (to
the ambient air, acoustic streaming, sonoluminescence,
etc) (Plosses). The ultrasonic energy flow path [15] can be
mapped in the following way

P h ! P cal ð7Þ

P cal ¼ P b þ P heat þ P losses; ð8Þ

where Pheat (W) is given by the expression

P heat ¼ mL � CP �
@T

@t

� �

breakage;t¼0

ð9Þ

Pheat is obtained by monitoring the uncontrolled tempera-
ture rise continuously in the presence of breakage activity
(i.e., when particles are being sonicated). If the Plosses is
negligible to the energy expended in particle breakage, then
without the loss of generality, the efficiency of conversion
of energy input to the desired mechanical effect (in this
case, particle breakage) is conveniently given by

gb ¼ 1�
P heat

P cal

ð10Þ

It is important however, to realize that the acoustic nature
of the ultrasonic field is altered when particles are sus-
pended in the medium. Further, higher particle loading lev-
els influence the efficiency of gPT due to the change in the
viscosity of the medium. We use a low particle loading

Fig. 10. Variation of P
sp
cal (kW m�3) with amplitude ratio,

temperature = 37 �C.

Fig. 9. Variation of P
sp
cal (kW m�3) with temperatures at different

amplitude ratio. Data points joined to indicate trends.

Fig. 11. Variation of gPT from horn to liquid medium with temperature

and amplitude ratio.
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(two grams in 750 ml of water), such that the ultrasonic
field is not attenuated to any significant extent. This infor-
mation of variation of gb with amplitude ratios and tem-
perature will be helpful for scale-up and design purposes.

Finally, the net efficiency (gnet) of ultrasound energy
conversion to particle breakage can be obtained by

gnet ¼ gPT � gb ð11Þ

3.4.3. Variation of gb and gnet with temperature

Fig. 12 shows that gb increases with increase in temper-
ature up to 25 �C and thereafter decreases. The main rea-
son for the increase in gb with increase in temperature is
the increase in number of cavitation events as discussed
previously. The increase observed initially is followed by
decrease in collapse intensity above 25 �C due to the
increase in the vapor pressure. This causes gb to decrease
at higher temperatures. Similar results are obtained for
all amplitude ratios tested. It is interesting to observe that
the same trend in efficiency change due to temperature
change is not observed for chemical effects like radical for-
mation. In such processes, a decrease in energy yield is
obtained with increase in temperature [14]. It is suggested
that for optimal operations, where both mechanical and
chemical effects take place, a trade-off is necessitated which
makes intermediate temperatures the most viable option.
Such a scenario includes solid–liquid reactions where reac-
tion rate is augmented by the breakage of solid particles
increasing the surface area that enhances dissolution [30].
The net efficiency (gnet) is shown, in Fig. 12, to behave in
the same way as gb.

3.4.4. Variation of gb with amplitude ratio

Fig. 13 shows that gb is almost constant with increase in
amplitude ratio. This indicates that, even though there is an
increase in cavitation events with increase in the amplitude
ratio, the increase is at the expense of greater energy input

to the system. In effect, no change in efficiency is obtained
by merely increasing the magnitude of input power. This is
corroborated by data in Fig. 14 which shows the MCLR,
for the different amplitude ratios, against Em which is the
total energy input (ETot) to the system (from the frequency
generator) per unit mass of particles mp to be comminuted,
given by

Em ¼
ETot

mp

ð12Þ

It is evident from Fig. 14, that as the Em is increased, more
breakage is obtained. For amplitude ratio of 0.7, more en-
ergy is input to the system at a constant sonication time, so
naturally higher breakage is expected and observed. Con-
versely, at the lower amplitude ratio of 0.3, less energy is
input for the same sonication time and so less breakage is
observed. If at all, there had been variation in gb with
amplitude ratio, then for the same amount of input energy
and for a same sonication time interval, different breakage
would have been observed for different amplitude ratios,

Fig. 12. Variation with temperature of breakage efficiencies, amplitude

ratio = 0.7, volumetric flow rate = 1.6 l/min. Data points joined to

indicate trends.

Fig. 13. Variation with amplitude ratio of gb at different temperatures.

Data points joined to indicate trends.

Fig. 14. Variation of MCLR vs. Em, at various amplitude ratios for a time

interval of 400 s, temperature = 25 �C, volumetric flow rate = 1.6 l/min.
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resulting in the three curves of Fig. 14 being dispersed
apart. The almost superposition here of the data concludes
that gb is independent of the amplitude ratio.

3.5. Surface morphology of the sonicated particles

Figs. 15 and 16 compare the SEM images of Al2O3 par-
ticles before and after sonication. Fig. 16 clearly shows the
effect of HIU fields which has transmuted the whole surface
morphology of the particles. Under the effect of all input
power levels, samples showed similar surface morphologies,
with varying relative magnitudes for different power levels.

There are many crater-like surface irregularities formed.
The whole surface of the particle has ‘‘battered sponge’’
like irregularities. Creation of such surface morphology
by HIU could be exploited in catalysis. As far as catalysis
is concerned, there are two main features of catalytically

active surfaces that are imperative viz., (a) irregularities
and (b) additives. The steps and kinks that appear on metal
surfaces seem to have an enhancing effect, especially for
transition metal surfaces [31]. However, creation of regular
step and kink pattern on metal surface by HIU would be a
formidable task, nevertheless, if mesoporous catalysts need
to be designed with increased pore volume and higher sur-
face area, then, ultrasound would indeed be a viable
option. The past efforts of utilizing the cavitation erosion
phenomenon in catalysis were mostly directed at character-
izing the wear resistance of a particular material. It has
been reported that sonication and subsequent processing
techniques can be used to create nano-sized alumina cata-
lyst particles with a controlled mesoporous distribution
[32].

4. Conclusions

The ultrasound mediated particle breakage was investi-
gated experimentally using a continuous flow sonication
apparatus equipped with in-line FBRM particle size mon-
itoring. The effects of sonication power, contact time and
temperature of the bulk liquid on the particle breakage
were discussed. Higher sonication power and higher con-
tact time result in higher breakage. Breakage rate was
quantified and was found to be highest in the initial period
of sonication. An optimum temperature corresponding to
higher breakage was found to exist in the range 25–
37 �C. Temperature affects the particle breakage by increas-
ing the size of the cavitation zone as well as increasing the
vapor pressure, both of which have opposing influences,
where the former was found to enhance breakage. There
is a marginal decrease in efficiency of power transfer from
horn to liquid with increase in temperature. The efficiency
of ultrasound energy conversion to particle breakage was
calculated using calorimetry and found along with the net
efficiency to initially increase with temperature and then
decrease after reaching a maximum at about 25 �C. Preli-
minary scanning by electron microscopy was performed
yielding invaluable information on the ‘‘battered sponge’’
like surface irregularities caused due to HIU fields. How-
ever, further methodological study is warranted to estab-
lish the breakage mechanisms.
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