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High-intensity ultrasound, is sought as a means to break particles. A horn-type
ultrasonic transducer is used to apply HIU into a suspension of alumina particles
causing breakage to occur. The rate of particle breakage is monitored continuously
via in-line laser-based particle chord length measurement. Kapur function analysis is
used to arrive at the grinding kinetics under variations of ultrasonic power, particle
loading, temperature of the suspension and particle size. The first Kapur function
increases monotonically with increase in input ultrasonic power. Increasing tempera-
ture also increases the first Kapur function but an optimum in the range investigated
(10–50�C) is observed near 25�C. An exponential relation is found for the variation of
first Kapur function with particle size, this being unique to ultrasound-mediated parti-
cle breakage. The breakage mechanism is attributed mainly to particle abrasion. Dif-
ferent breakage mechanisms are observed at different temperatures. VVC 2010 American
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Introduction

Particle size reduction is a critical industrial operation rel-
evant to a large sector of the chemical process industries. As
far as the pharmaceutical, ceramic, minerals, and other
industries are concerned, particles of specific size ranges are
almost always targeted. In chemical reaction engineering, it
is of great importance to prepare catalyst particles of suitable

size with appropriate surface modifications. It has been a
constant endeavor for many researchers to find new means
for particle size reduction toward better efficiency, repeat-
ability, and enhanced powder quality. The use of high-inten-
sity ultrasound (HIU) for particle comminution is an attrac-
tive method that has many advantages, it is ideally suited for
comminution of energetic materials,1 it does not affect the
thermal behavior of the sonicated materials,2 and moreover,
the introduction of impurities experienced in other size
reduction methods (e.g., ball milling) is minimized in HIU
operations, this being an advantage particularly for the phar-
maceutical industry where purity of drugs is of major
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concern. Furthermore, ultrasonically irradiated particles ex-
hibit interesting surface modifications making them ideal for
use as catalyst particles.

Particle breakage by HIU is caused by the erosion of
particle surfaces because of the microjets emanating from
asymmetric collapse of the transient cavitation bubbles.3

Detailed studies addressing the effects of HIU variables
on particle breakage characteristics are warranted. Such
studies aid in the development of dynamic models that
subsequently facilitate scale-up and process development.
Breakage rate equations can be derived from experimental
data and used to characterize the macroscopic perform-
ance of this system. This has been shown in previous
studies, of traditional comminution methods, that estab-
lished breakage kinetic functions.4–6 Other workers more
recently applied this technique to new grinding equipment
successfully.7

In this study, we calculate the breakage and selection
functions of the ultrasound-mediated particle breakage based
on the simplified model used in previous works.8–11 We also
discuss the effect of sonication power, particle size, and tem-
perature of the bulk fluid on the breakage parameters. This
would be helpful industrially for scale-up purposes. Further-
more, the breakage mechanism is established based on the
cumulative breakage distribution function. Two mechanisms
of grinding are identified.12 One is abrasion, which is the
mechanism of size reduction, by which significantly smaller
particles are chipped away from the edges and surfaces of
the original particle resulting in bimodal size distributions.
Another mechanism of fracture is the mechanism where the
original particle is broken into variably sized smaller ones
resulting in a broad distribution of sizes. Breakage and
grinding are interchangeably used in this article synony-
mously referring to the collective effect of both fracture and
abrasion mechanisms.

Calculation of Breakage Parameters

Breakage and selection functions are the characteristic
descriptors of any grinding process and are used here to
characterize ultrasound-mediated grinding. This is, as far as
the authors are aware, the first such treatment using these
functions in ultrasound-mediated particle grinding. The
breakage function (bij) gives the distribution of fragments
resulting from breakage of fraction of size xj, whereas the
selection function Si is the rate constant for breakage of par-
ticles of size xi. The change in particle size with time is
governed by the differential equation

dmi

dt
¼ �SimiðtÞ þ

Xi�1

j¼1

SjbijmjðtÞ; (1)

where mi is the mass fraction of size class xi at any time t.
Converting Eq. 1 into cumulative form, we have

dRi

dt
¼ �SiRiðtÞ þ

Xi�1

j¼1

RjðtÞ Sjþ1Bijþ1 � SjBij

� �
; (2)

where Ri is the cumulative oversize fraction for size xi,
whereas Bij ¼

P
n
k¼iþ1 bkj is the cumulative breakage function.

This represents the probability of fragments from breakage of
size xj to have a size less than xi.

The breakage rate parameters (Si and Bij) are calculated
after8–10 which is valid for short grinding times, whereas the
variation of cumulative oversize fraction with time for batch
grinding is written after Kapur11 as

Rðx; tÞ ¼ Rðx; 0Þexp
Xp
k¼1

KðkÞðxÞ t
k

k!

" #
; (3)

where R(x,t) is the cumulative oversize fraction above size x at
any instant of time t, and R(x,0) is the corresponding
cumulative oversize fraction at the start of breakage. The
terms in brackets comprise what is known as the Kapur
functions from which the approximate specific breakage rate
function or selection function and the breakage distribution
functions can be derived. At any time t, a residual ratio is
defined as

f ðx; tÞ ¼ Rðx; tÞ
Rðx; 0Þ ; (4)

which represents the fraction of particles that have not been
broken yet, and this is used to characterize the breakage
process similar to chemical reactions, where conversion or
extent of reaction is used as the characteristic parameter.

For short grinding times, Eq. 3 can be reduced8 to give

f ðx; tÞ ¼ exp Kð1Þt
� �

: (5)

Now, by plotting log
Rðx;tÞ
Rðx;0Þ

� �
vs. t, the first Kapur function

K(1) is obtained. From the first Kapur function, the approxi-
mate specific breakage rate and cumulative breakage func-
tion are calculated as

Si ¼ �K
ð1Þ
i (6)

Bi;j ¼ K
ð1Þ
i

K
ð1Þ
j

: (7)

The coarsest size class is numbered 1, and the class num-
bering ascends toward the finest size class.

Once Bij is determined, the curve Bij ¼ f xi
xj

� �
can be used

to determine the mechanism of breakage. In principle, the
curve is expected to lie between the two extreme curves
shown in Figure 1, suggesting that the actual mechanism in
most situations is a combination of abrasion and fracture.

As seen in Figure 1, if the experimental curve of Bij is
nearer to the abrasion curve, then it would suggest that the
dominant breakage mechanism is abrasion and vice versa.
Thus, the experimentally obtained Bij curves are used to estab-
lish the breakage mechanism. However, it is important to note
that this is only a qualitative analysis, because fracture mecha-
nisms can be identified accurately only by detailed mass-based
analyses8 unlike abrasion, which is primarily a surface mecha-
nism. Nevertheless, we can still get a good idea of the break-
age mechanisms from this study. Moreover, this analysis
allows identification of change in the breakage mechanisms, in
terms of relative importance of abrasion over fracture or vice
versa, as a function of the operational parameters.
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Experimental

Materials

Aluminum oxide (Al2O3) particles, insoluble in water, of
mean size 150 lm were prepared by first grinding in a mortar
standard-grade Al2O3 pellets before sieving using standard
sieves (Advantec, Sonic Sifter). Figure 2 shows the ground par-
ticles used in the experiments as observed by SEM analysis.

As evident from Figure 2, the particles are relatively round
(roundness index was found to be 0.72) with low aspect ratio.
The surface texture looks primarily smooth; there are no domi-
nant cleavage planes, suggesting that the breakage mechanism
would preferably be abrasion rather than cleavage or fracture.

Equipment

The equipment, described previously in,14 consists of a 24-
kHz horn-type ultrasound transducer (Sartorius, Labsonic, Ger-
many) capable of delivering a maximum of 450 W power. The
ultrasonic transducer had a probe tip diameter of 22 mm and
was operated at discrete amplitude ratios of 0.3, 0.5, and 0.7 cor-

responding to input powers of 150, 250, and 350 W, respec-
tively. The horn depth was kept fixed at 3 cm below the air–
water interface inside the jacketed glass flow reactor (sonication
vessel), which had approximate internal dimensions of 4 cm in-
ternal diameter and 10 cm height. Temperature was measured
using a Pt100 probe. The experimental setup shown in Figure 3
consisted of a variable speed peristaltic pump (Watson Marlow,
USA), ultrasonic transducer, FBRM probe (Mettler-Toledo
Lasentec Products, USA), temperature controller (Lauda, Ger-
many), and a computer for continuous automatic data acquisi-
tion. Monitoring of particle size distribution (PSD) was achieved
by drawing samples from the jacketed vessel and measuring, in-
line, the chord length distribution (CLD) in a beaker using a
FBRM probe. The peristaltic pump used for circulating the in-
line flow was calibrated before use, and its flow rate was kept
fixed at 1.6 l/min during all the experiments.

Methods

A summary of the experimental conditions is shown in
Table 1. In a typical run, 2g of alumina particles was sus-
pended in the vessel containing deionized water to which
ultrasound was applied continuously 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 probe was inserted in
the FBRM beaker that had flow from and to the sonication
vessel. Such monitoring in the in-line mode was necessary
first because the sonication vessel cannot accommodate the
FBRM probe and second because it was necessary to keep
the FBRM probe at a safe distance from the intense ultra-
sound field. The particle suspension was pumped from the
sonication vessel (A) to the FBRM beaker (F) and circulated
back to the sonication vessel (A) at a constant volumetric
flow rate 1.6 l/min. Agitation in the FBRM beaker was kept
fixed at 400 rpm. The agitator in the FBRM beaker had neg-
ligible effect on the particle breakage as tested by

Figure 1. Bij ¼ f xi
xj

� �
curves obtained for different mech-

anisms13.

Figure 2. SEM micrograph of Al2O3 particles (before
sonication) used in the batch experiment.

Figure 3. Experimental setup.

A: sonication vessel, B: frequency generator, C: ultrasonic
transducer, D: temperature control, E: peristaltic pump, F:
FBRM beaker, G: FBRM probe, H: temperature probe
Pt100, I: agitator, and J: computer (data acquisition).
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monitoring the mean size of the particles under agitation
over a long period of time. A similar test was performed
confirming the negligible 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 throughout the flow homogenously. FBRM parti-
cle size data and ultrasound transducer data were collected
using two separate computers. The temperature probe was
also connected to the computer recording temperature con-
tinuously. At the end of the run, a sample was withdrawn,
isokinetically from the FBRM beaker using a plastic pipette,
for microscopic analysis, which was carried out using field
emission scanning electron microscope (JOEL, JSM6700F,
Japan).

Particle size measurement

Focused beam reflectance method is an in situ method for
determining the CLD of a suspension with low to high solids
concentration.15 A focused monochromatic infrared laser
beam rotates at a fixed high speed, and the backscattered/
reflected light signals from the surfaces of thousands of par-
ticles intersected by the laser light are captured. The time
interval (Dt) between signals from the two edges of a parti-
cle is converted to chord length (s) by:

s ¼ vb � Dt; (8)

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 investigation
is generated. Figure 4 illustrates the measurement technique.

The FBRM is a well-established technique that has been
used to monitor size distributions in crystallization16–18 as
well as in biotechnology19,20 amongst other applications.
Kovalsky and Bushell21 used this technique for on-line char-
acterization of floc size and structure. 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 tex-
ture. Throughout this work, we characterized particle size

and hence breakage by HIU in terms of chord lengths.
Therefore, the use of the word ‘‘size’’ throughout this work
refers to sizing data obtained through chord length measure-
ments. 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. Several
studies developed mathematical relationships and correla-
tions between CLD and PSD and have shown restoration of
PSD from CLD data.22–25 FBRM generates number counts
of particles that are weighted by their chord lengths, because
the probability of detection of the particle by the probe is
directly proportional to its diameter or chord length. The
volume fraction for the different size classes of the particles
is obtained by square weighting the number counts with
chord lengths.26 It has been shown in Ref. 26 that there is a
very good agreement of the FBRM CLD data, for alumina
particles (size range 20–200 lm), with the PSD data from
other sizing methods like laser diffraction when square
weighting by chord length is performed for raw FBRM CLD
data. Hence, we adopted the methodology of Ref. 26 to

Table 1. Details of Experimental Conditions

Exp. No. Amplitude Ratio Rated Input Power (W) Temperature (�C) Particle Roundness Index

1 0.3 150 10 � 3 Al2O3 (ground) 0.72
2 0.3 150 17 � 2 Al2O3 (ground) 0.72
3 0.3 150 25 � 2 Al2O3 (ground) 0.72
4 0.3 150 37 � 1 Al2O3 (ground) 0.72
5 0.3 150 50 � 1 Al2O3 (ground) 0.72
6 0.5 250 10 � 2 Al2O3 (ground) 0.72
7 0.5 250 17 � 1 Al2O3 (ground) 0.72
8 0.5 250 25 � 2 Al2O3 (ground) 0.72
9 0.5 250 37 � 1 Al2O3 (ground) 0.72
10 0.5 250 50 � 1 Al2O3 (ground) 0.72
11 0.7 350 10 � 3 Al2O3 (ground) 0.72
12 0.7 350 17 � 2 Al2O3 (ground) 0.72
13 0.7 350 25 � 1 Al2O3 (ground) 0.72
14 0.7 350 37 � 1 Al2O3 (ground) 0.72
15 0.7 350 50 � 1 Al2O3 (ground) 0.72
16 0.7 350 25 � 2 Al2O3 (standard) 0.78
17 0.7 350 25 � 1 Al2O3 (standard) 0.87

Figure 4. 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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obtain the cumulative oversize fractions for various particle
size classes on which the Kapur function model is based.

Results and Discussion

A steady decrease in the square-weighted mean chord
length ‘m was observed with time after the induction of
ultrasound.14 The SEM micrographs revealed pitting and sur-
face erosion of the particles (Figures 5 and 6). Such modifi-
cation to the particle surface can lead to enhanced reaction
activity when such particles are used for catalysis.

Calculation of first Kapur function

The FBRM probe is configured to give the time-varying
data for the cumulative undersize fraction of sizes ranging
from 1 to 1000 lm in 90 log channels. From these channels,
10 particle size classes were chosen (Table 2) and extracted
for doing the calculations. The numbering of these classes,

as mentioned, is done in the reverse order, where 10 refers
to finest size 5.412 and 1 refers to coarsest size 171.133.
The cumulative undersize fraction curves were converted to
cumulative oversize fraction curves before calculating the re-
sidual ratios for the 10 sizes chosen. The residuals are calcu-
lated in this way for a time interval of 45 s. Figure 7 shows
the variation of the residual ratio with time for amplitude
ratio of 0.7 at a temperature of 25�C.

The sonication was started only after a stable signal from
the FBRM probe was sustained. This is evident from the first
400 s in Figure 7. The breakage occurs immediately once the
sonication starts and is reflected by the decrease of cumulative
oversize fraction for all sizes, consequently the residual ratio
decreases with sonication time. Similar variation was obtained
for other amplitude ratios and at other temperatures (Figure 8).

For every size class, a linear decrease in ln(f(x,t)) was
observed with time. We obtain the first Kapur function from
the slopes of the ln(f(x,t))-time plots at the first 45 s. A rep-
resentative plot is shown in Figure 9 for the size class
36.869–54.117 lm at amplitude ratio and temperature of 0.7
and 25�C respectively. Similar plots were obtained for all
the size classes for all the experiments conducted, and the
Kapur functions were calculated for different amplitude
ratios and temperatures. Good fits were obtained with all
correlation coefficients, R2, exceeding 0.95.

Dependence on ultrasonic power

Three different ultrasound power levels were used for the
experiment, namely, 150, 250, and 350 W corresponding to

Figure 5. Effect of ultrasound on the surface morphol-
ogy of the particles.

Figure 6. Effect of ultrasound on the surface morphol-
ogy of the particles.

Table 2. Definition of Particle Size Classes

Particle Class i,j Particle Size Range (lm)

1 [ 171.133
2 116.591–171.133
3 79.433–116.591
4 54.117–79.433
5 36.869–54.117
6 25.119–36.869
7 17.113–25.119
8 11.659–17.113
9 7.943–11.659
10 5.412–7.943

Figure 7. Variation of residual fraction with time for dif-
ferent sizes, amplitude ratio 5 0.7 and tem-
perature 5 25�C.
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the amplitude ratios of 0.3, 0.5, and 0.7, respectively. Figure
10 shows the variation of first Kapur function with size for
different amplitude ratios. The absolute magnitude of the
first Kapur function for all the sizes increased with increase
in input power. From the first Kapur function, the selection
functions for all the sizes were calculated using Eq. 6.

The increase in the magnitude of first Kapur function with
increasing input power suggests that higher breakage can be
achieved by increasing the ultrasound intensity or input ul-
trasonic power. Creating new surfaces is an energy-intensive
process. At higher input power, more energy is available for
breakage. This is well illustrated in Figure 11, which shows
the variation of mean chord length ratio (MCLR) of broken
particles with total input energy as measured by an in-built
watt meter in the ultrasound equipment. We define the
dimensionless number MCLR as

MCLRðtÞ ¼ ‘mðtÞ
‘o

; (9)

where ‘o is the initial mean chord length in micron. For a
constant sonication time of 10 min and by operating at a higher
amplitude ratio of 0.7, more energy is input to the system. This
is reflected in the percentage decrease in MCLR at the end of
10 min, which is higher for amplitude ratio of 0.7 than it is for

0.5 and 0.3. In other words, higher energy input to the system
results in higher breakage, which is true for any comminution
process and is here verified for ultrasound-mediated particle
breakage as well.

Furthermore, larger selection functions are obtained for
larger sizes, which is consistent with the fact that bigger par-
ticles are easier to break than smaller ones. This confirms
that particle breakage is dependent on particle size. Attain-
ment of larger selection functions at higher amplitude ratios
can be checked by the temporal variation of MCLR for dif-
ferent amplitude ratios shown in Figure 12.

It is evident from Figure 12 that higher amplitude ratios
result in higher breakage following the same trend of the
selection function change with amplitude ratio. Highest per-
centage decrease in MCLR is obtained for an amplitude ratio
of 0.7, which is about 15%.

Dependence on temperature

Five different experiments were conducted each at one
temperature in the range of 10–50�C, at a constant flow rate
of 1600 ml min, and each was repeated at all the three am-
plitude ratios of 0.3, 0.5, and 0.7. The first Kapur functions
were calculated for all the 10 selected sizes for all these
experiments. Figure 13 shows the variation of first Kapur
function with temperature for different size classes when the
system is operated at a constant amplitude ratio of 0.7.

Figure 8. Variation of residual ratio with time, ampli-
tude ratio 5 0.5 and temperature 5 25�C.

Figure 9. Calculation of first Kapur functions for the
selected chord length.

Figure 10. Variation of first Kapur function with size at
different amplitude ratios.

Figure 11. Variation of MCLR with total energy, sonica-
tion time 5 10 min and temperature 5 25�C.
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The magnitude of the first Kapur function initially shows
an increase with temperature and then decreases after some
optimum temperature. This trend was seen mainly for the
larger particles (size class 1, 2, and 3), whereas for the
smaller particles there was almost no variation. For the
larger size classes (1, 2, and 3), this optimum temperature
was found to be 25�C. This suggests that the breakage is the
highest at a temperature near 25�C when operating the sys-
tem at a constant amplitude ratio of 0.7. This is consistent
with the temporal variation of MCLR for different tempera-
tures as shown in Figure 14.

From Figure 14, we observe that for 10 min of sonication
at an amplitude ratio of 0.7, the highest breakage is obtained
when operated at a bulk fluid temperature of 25�C. Figure
15 shows the percentage decrease in MCLR of the particles
at the end of 10 min of sonication for different temperatures
of operation for three different amplitude ratios of 0.3, 0.5,
and 0.7. From this data, temperature is seen to have a signif-
icant effect on the cavitation phenomenon and is explained
as follows.

The cavitation phenomenon in a liquid medium is affected
by its surface tension, viscosity, and vapor pressure.27,28

Increasing temperature results in reduction in acoustic cavi-
tation threshold, meaning the liquids cavitate at lower inten-
sities.28 This can be attributed to the increase in vapor pres-
sure of the liquid when temperature is raised. The increase
in temperature results in decrease in surface tension, again
aiding in the reduction of the cavitation 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 magnitude of the cavitation threshold. Lower
cavitation thresholds translate into ease of cavity formation,
thereby making higher temperatures more favorable for par-
ticle breakage. Thus, the effect of temperature constitutes
three mechanisms that all lead to enhanced cavitation incep-
tion, which in turn enhance the breakage. This discussion
assumes that it is the high-speed microjets emanating from
the asymmetric transient cavitation collapse that cause the
breakage.3 This is the reason why we observe an increase in
breakage of particles as temperature is varied from 10 to
25� C. As temperature is increased beyond 25�C, we observe
a decrease contradicting the current discussion on the

Figure 12. Variation of MCLR vs. time for different am-
plitude ratios at 25�C.

Figure 13. Variation of first Kapur function with temper-
ature for different particle sizes.

Figure 14. Variation of MCLR vs. time at different tem-
peratures and at amplitude ratio of 0.7.

Figure 15. Percentage decrease in MCLR for different
temperatures and amplitude ratios.
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temperature effect. This can be explained as being primarily
caused by the cushioning effect of increased cavity internal
vapor pressure at higher temperatures.28 Because of this
cushioning effect, the intensity of the collapse and subse-
quently the breakage decreases after 25�C. There are thus
two opposing factors that are at play during the particle
breakage; first, the increase in the number of cavitation
events with increase in temperature and because of which
particle breakage increases, and second, the cushioning
effect of the cavity internal vapor pressure, which has a sup-
pression effect on the cavitation intensity and subsequently
on particle breakage. It is the relative magnitude of these
two opposing effects that dictates the variation of breakage
characteristics with temperature as seen in Figure 15. The
former factor is dominant in regions of temperature near and
below 25�C whereas the latter becomes more dominant as
temperature moves above 25�C.

This is consistent with the variation of cavitation erosion
with temperature observed elsewhere.29–32 This suggests that
two temperature-dependent factors are important as far as
the particle breakage is considered, namely, the size of
active cavitation zone and the effect of vapor pressure. The

former increases with increase in temperature and has a posi-
tive effect, whereas the latter has a negative effect. Thus, the
breakage shows a maximum at 25�C as observed in the tem-
perature variation of MCLR (Figure 15).

Dependence on particle loading

Figure 16 shows the variation of first Kapur function with
particle size for different particulate loading levels of 20, 40,
and 80 g. It is evident that higher breakage is observed at
higher particulate loading levels, which can be attributed to
higher rate of interparticle collisions. The probability of col-
lision becomes higher at higher loading levels.

Model for ultrasound-mediated particle breakage

We would like to be able to predict ultrasound-mediated
particle breakage. With this aim, we discuss here the devel-
opment of the breakage model stemming from the experi-
mental analysis discussed in the previous sections.

The variation of residual ratio with time for short grinding
times can be written as

f ðx; tÞ ¼ exp Kð1ÞðxÞt
� �

: (10)

In the previous sections, we learnt that the first Kapur
function is dependent on amplitude ratio, particle size,

Figure 16. Variation of first Kapur function with size at
different particulate loading levels, ampli-
tude ratio 5 0.7 and temperature 5 25�C.

Figure 17. Variation of input specific power with ampli-
tude ratio at 37�C.

Table 3. Correlation Coefficients for the First Kapur Function

Exp. No. Amplitude Ratio Rated Power (W) Temperature (�C) ao *10
3 (s�1) a1 *10

3 (s�1) b (s�1) R2 (lm�1)

1 0.3 150 10 0.5302 0.6711 0.0197 0.982
2 0.3 150 17 0.5057 0.6539 0.9635 0.985
3 0.3 150 25 1.9693 1.6785 0.01 0.992
4 0.3 150 37 0.8311 0.8817 0.0366 0.969
5 0.3 150 50 0.6087 0.7261 0.02168 0.97
6 0.5 250 10 0.5302 0.6711 0.0197 0.971
7 0.5 250 17 0.5057 0.6539 0.9635 0.991
8 0.5 250 25 1.9693 1.6785 0.01 0.979
9 0.5 250 37 0.8311 0.8817 0.0366 0.981
10 0.5 250 50 0.6087 0.7261 0.02168 0.976
11 0.7 350 10 0.5302 0.6711 0.0197 0.988
12 0.7 350 17 0.5057 0.6539 0.045 0.9845
13 0.7 350 25 1.9693 1.6785 0.01 0.995
14 0.7 350 17 0.8311 0.8818 0.0366 0.972
15 0.7 350 50 0.6088 0.7261 0.02168 0.971
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temperature, and particle load. Other researchers have mod-
eled the first Kapur function as a power law function of
size.7,9,10 We propose a new exponential-structured formula-
tion for the first Kapur function taking into account depend-
ence not only on particle size as previously presented7,9,10

but to also include other operational parameters, in this case
amplitude ratio (specific to ultrasound processes) and tem-
perature. This extension is unique to this work and to ultra-
sound-mediated particle breakage. Although it is possible to
extend the formulation to account for the dependence on par-
ticle loading, we refrain from doing so for the purpose of
model brevity. The proposed first Kapur function formula-
tion is written as

Kð1ÞðxÞ ¼ �a 1� e�bx
� �

: (11)

The coefficient a is identified to be a function of ampli-
tude ratio at a given temperature and is given by

a ¼ ao þ a1
n

nmax

; (12)

where n
nmax

is the amplitude ratio, which has direct and linear
relationship with the amount of input ultrasonic power. Such
relationship is shown in Figure 17, where the specific input
power refers to the calorimetrically measured power per unit
volume.33

The final model is thus written as

Kð1ÞðxÞ ¼ � ao þ a1
n

nmax

� �
1� e�bx
� Þ: (13)

The coefficients ao, a1, and b for the different experimen-
tal conditions were obtained by linear least square regres-
sion. Their values are listed in Table 3.

Breakage mechanism

The cumulative breakage distribution function (Bij) is cal-
culated from the first Kapur function for different conditions
of operation using Eq. 7. Bij is plotted against xi

xj
(Figure 18)

and a comparison is made against the abrasion and fracture
cases in relation to Figure 1.12,13

Figure 18 indicates that larger particles undergo abrasion,
whereas the smaller ones primarily undergo fracture. This
can primarily be attributed to increase in energy requirement
to fragment smaller particles. Because abrasion is caused by
low-intensity surface stresses that are localized, it is a less
effective breakage mechanism for smaller particles.

Figure 19 shows the fragments size distribution of larger
particles, Bi1 ¼ f xi

x1

� �
curves for different input amplitude

ratios at a constant temperature of 25�C. It is shown that at
25�C and in relation to Figure 1, abrasion is the major
breakage mechanism irrespective of the input ultrasonic
power. Moreover, there is a big shift in the curve toward the
abrasion region when the input ultrasonic power is changed
from 150 to 250 W. Further increase in input ultrasonic
power results in relatively less shift in the curve further to-
ward the abrasion region. This suggests that, with increase in
input ultrasonic power, abrasion becomes the more dominant
breakage mechanism. At this point it is not very clear as to
why abrasion is more favored at higher input ultrasonic
power, but we speculate that this is attributable to the pres-
ence of larger cavitation zones.

Figure 20 shows the Bi1 ¼ f xi
x1

� �
curves for different tem-

peratures at a constant amplitude ratio of 0.7. The breakage

Figure 18. Bi1 ¼ f xi
x1

� �
curves for different sizes, amplitude ratio 5 0.5 and temperature 5 25�C.

Figure 19. Bi1 ¼ f xi
x1

� �
curves for different amplitude

ratios at 25�C.
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mechanism is observed to change with temperature. It shifts
toward abrasion as temperature is increased. This can be
attributed to increase in cavitation zone with increase in tem-
perature as discussed in Section ‘‘Dependence on Tempera-
ture’’. An increased number of transient cavitation events
occurs at higher temperature, which are capable of causing
abrasion but not fracture because of lower intensity of
impact caused by cushioning effect of increased vapor pres-
sure at higher temperature. At low temperatures and even
though the cavitation zone is smaller, the intensity of col-
lapse of acoustic bubble is higher. The microjets created by
such highly intense collapsing bubble are capable of causing
particle breakage by fracture.

There is not much difference between the breakage mech-
anism at 10 and at 17�C while both being closer to the frac-
ture region and similarly, little difference exists between 37
and 50�C, though this time both the latter are closer to the
abrasion region. There is a relatively large shift in the break-
age mechanism from 17 to 25�C and another similar shift
from 25 up to 37�C. Optimal temperature for breakage was
determined to be near 25�C, which along with the data pre-
sented here in Figure 20 suggests that a combination of abra-
sion and fracture results in higher breakage rather than hav-
ing the breakage being dominated by any one mechanism.

The effect of loading on the breakage mechanism is
shown in Figure 21 at a constant temperature of 25�C and
an amplitude ratio of 0.7. A higher particulate load favors
fracture, which can be attributed to increased interparticle
impacts that are instrumental in particle breakage that is
dominated by the fracture mechanism.

Conclusions

The kinetics of ultrasound-mediated particle breakage was
modeled based on the Kapur function approach and via rig-
orous experimentation. We modeled the variation of first
Kapur function with mean particle size under varying magni-
tudes of manipulated variables of the ultrasonic system,
namely, amplitude ratio and temperature. The variation of
first Kapur function with amplitude ratio and with tempera-
ture was explained as the effect of the latter variables on the

cavitation erosion phenomenon responsible for the particle
breakage. The breakage mechanism was deduced from the
calculated cumulative breakage functions. Abrasion was
found to be the dominant breakage mechanism; however,
fracture was also found to occur for specific cases. The
breakage mechanism was found to be significantly affected
by amplitude ratio and temperature, a finding that is unique
to ultrasound-mediated particle breakage. As far as the
authors are aware, this is the first time that the mechanism
of ultrasound-mediated particle breakage is quantified in this
way and conferred. The nature of interparticle collisions is
yet to be determined to delineate the role such collisions
play. Further studies, involving temporal monitoring of
selection functions and breakage mechanisms, are warranted
to gather further understanding on ultrasound-mediated parti-
cle breakage. Such understanding will be of interest to indus-
trialists looking for design, scale-up, and operation of ultra-
sound grinding equipment. Further work looking at the
repeatable production of catalyst particles prepared in this
way is called for. The modeling approach, based on Kapur
functions, used in this study is valid only for short sonication
times and gives only a qualitative picture of the breakage
mechanisms involved. At longer sonication times, there
could be other phenomena at play like variation of cavitation
zones within the sonication vessel because of increase in the
number of particles with breakage, or internal classification
of the particles resulting in removal of fines from active cav-
itation zones to dead zones within the vessel, etc.
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