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In an ultrasonic processor, the input electrical energy undergoes many transforma-
tions before getting converted into the cavitation energy, which is dissipated in the
medium to bring out the physical/chemical change. An investigation of the influence of
free and dissolved gas content of the system on the efficiency of this energy transforma-
tion chain is attempted. The results of the experiments reveal that the cavitation intensity
produced in the medium varies significantly with the gas content of the system. A uni-
fied physical model, which combines basic theories of acoustics and bubble dynamics,
has been used to explain the experimental results. An attempt has been made to estab-
lish the mechanism of the steps in the energy transformation chain, the involved physi-
cal parameters, and interrelations between them. It has been found that the influence of
free and dissolved gas content of the medium on the overall energy transformation
occurs through a complex inter-dependence of several parameters. Thus, simultaneous
optimization of individual steps in the energy transformation chain, with an integrated
approach, is necessary for the optimization of an ultrasonic processor. The present study
puts forth a simple methodology, with the gas content of the system as manipulation

parameter, for this purpose.

Introduction

Use of ultrasound for various homogeneous and heteroge-
neous chemical processes, popularly known as sonochemistry,
is well known. One of the most recent applications of ultra-
sound is in the intensification of wet-textile processes. The
current wet-textile processes suffer from two major draw-
backs: low water and energy efficiency, and longer process
times. Both of these drawbacks can be overcome by applica-
tion of ultrasound. In the past few years several articles [for
example, McCall et al. (1998); Rathi et al. (1997); Thakore
(1990); Yachmenev et al. (1999)] have reported enhancement
in the efficiencies of several wet-textile processes, such as
washing, rinsing, bleaching, mercerization, with application of
ultrasound. Despite the encouraging results of these studies,
to date, ultrasound-based wet-textile processes have re-
mained in the laboratory, with little industrial activity, even
on a pilot scale. The two major factors that have contributed
to this effect are the lack of precise knowledge of the physi-
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cal mechanism of the ultrasound-enhanced wet-textile pro-
cesses, and the drawbacks of the ultrasonic reactors, namely,
directional sensitivity of the ultrasound effects, the erosion of
the sonicator surface, and the nonuniform volumetric energy
density at optimum cavitation conditions. It was recently
shown by us (Moholkar and Warmoeskerken, 2002; Mo-
holkar, 2002) that transient cavitation in the medium (that is,
water) in the close vicinity of the textile surface is the basic
physical mechanism of ultrasonic mass-transfer intensifica-
tion in textiles. However, before the ultrasonic textile pro-
cesses could be implemented on an industrial scale, it is also
necessary to understand the energy mechanism of sonic pro-
CESSOrs.

In a sonic processor, the electrical energy input is trans-
formed into the cavitation energy, which is dissipated in the
system to bring about the physical or chemical change through
various steps, as shown in Figure 1. First, the electrical en-
ergy is converted to mechanical energy in the form of shape
oscillations of the piezoelectric crystal. This mechanical en-
ergy is converted into the acoustical energy in the form of
ultrasound waves, once the shape oscillations of the piezo-
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ELECTRICAL ENERGY

(voltage and current supplied to the transducer)

l Step 1

MECHANICAL ENERGY

(the shape oscillations of the transducer)

l Step 2

ACOUSTICAL ENERGY

(amplitude of the acoustic waves radiated by the
transducer)

l Step 3

CAVITATION ENERGY

(magnitude of the pressure and temperature
pulses generated by the bubble)

Figure 1. The energy transformation chain in an ultra-
sonic processor.

electric transducer are coupled to the medium, such as water.
The ultrasound energy is then transformed into the cavita-
tion energy through the radial motion of bubbles driven by
ultrasound. The high-temperature and -pressure pulses pro-
duced during the transient collapse of the bubbles are re-
sponsible for bringing out the desired physical or chemical
change. As a consequence, the overall energy efficiency of
the ultrasonic processor is the product of the individual effi-
ciencies of the discrete steps in the energy transformation
chain depicted in Figure 1. Therefore, the optimization of an
ultrasonic processor would basically mean simultaneous opti-
mization of all the discrete steps in the energy transformation
chain. This necessitates an integrated approach for the opti-
mization of an ultrasonic processor. The present study at-
tempts to present a simple methodology for this purpose us-
ing the gas content of the system as a manipulation parame-
ter. We deal with the air—water system in this study and,
hence, the word liquid refers to water and the word gas refers
to air. The effect of the gas content of the system on a sono-
chemical process is well known. However, in this article, we
have made an attempt to identify the exact mechanism of this
influence and the involved physical parameters as the input
electrical energy undergoes several transformations before
ending up as cavitation energy in the medium. We have
demonstrated the effect of variation in both the free and dis-
solved gas in the medium on the energy transformation chain
experimentally using the analysis of the spectral characteris-
tics of the acoustic emission and the power consumption of
the ultrasound horn. The results of the experiments have been
explained using a unified mathematical model developed on
the basis of the equivalent circuit of a piezoelectric trans-
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ducer. This model includes theory of the impedance tube, the
theory of the acoustic-wave propagation in the bubbly liquid,
and the theory of rectified diffusion in the oscillating bub-
bles.

Experimental
Experimental system

Experiments were carried out in a glass cell (Dimensions:
ID = 60 mm; OD = 70 mm; height = 80 mm). The cell had a
3-mm-
thick cork rubber lining on the inside wall that acts as an
acoustic absorber [reflection coefficient = 0.02; Ensminger
(1988)]. This lining helps achieve a unidirectional sound field
in the cell by preventing random reflections from the walls of
the cell. The cell was mounted on a stainless steel bottom
(thickness = 51 mm) that acts as a rigid reflector for the ul-
trasound waves [reflection coefficient = 0.99; Ensminger
(1988)]. For the positioning of the hydrophone at a particular
location between the ultrasound horn tip and the rigid reflec-
tor, the cell had two screw caps at a distance of 15 mm and
30 mm from the bottom. The ultrasound horn was mounted
on the shaft of a laboratory jack and the cell was placed on
the base. The jack could be raised or lowered to adjust the
distance between the rigid bottom of the cell and the ultra-
sound horn tip.

The ultrasound unit was composed of a custom-built ultra-
sound horn with a central resonance frequency of 25 kHz,
when vibrating in air. The horn is shown in Figure 2 along
with its dimensions. The horn tip has a small circular groove
on it, the significance of which is explained in the next sec-
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Figure 2. The design of the ultrasound transducer.

2919



tion. The horn also had the facility of cooling the piezoelec-
tric element in order to keep the temperature of the horn
constant. The horn was driven by a signal generator
(Hewlett-Packard Ltd., Model 3324A) and a radio-frequency
amplifier (ENT Inc., Model 2100L). The amplifier had a max-
imum power output of 200 W for an input impedance of 50
Q. The power consumption of the ultrasound horn was moni-
tored by measuring the voltage and current supplied to the
horn and the phase angle between them. For this purpose, a
voltage probe (Tektronics Ltd., Model 6138A) and a current
clamp (Farnell Inc., Model PR-20) were used. The measure-
ments of voltage, current, and the phase angle were done on
a digital oscilloscope (Tektronics Ltd., Model 430A). For the
measurements of the pressure-signals, a small (4-mm) hy-
drophone supplied by TNO-TPD (Delft, The Netherlands)
was used along with a charge amplifier (Nexus Range, Type
2690). This hydrophone was not calibrated, and therefore only
relative variation in the cavitation intensity in the medium for
different process conditions could be discerned with the pres-
sure-signal measurements made with this hydrophone. The
output of this amplifier was fed to the digital oscilloscope.
The pressure signals measured on the oscilloscope were
transferred to a computer via a GPIB card. The record length
of the oscilloscope was set at 30,000 points in 12 divisions
with a time scale of 1 ms/div. Thus, the sampling frequency
of the pressure signal was 2.5 MHz.

Experimental procedure

The experiments were performed in three sets using water
with different saturations of dissolved air as the medium. We
used the dissolved oxygen content of the medium as a mea-
sure of the dissolved air concentration. The experiments were
conducted at 20°C. The saturation concentration of oxygen
corresponding to this temperature is 9 ppm. In the first set,
demineralized water saturated with the dissolved air was used.
In the second set, undersaturated demineralized water was
used with dissolved oxygen content reduced to 2 ppm. The
method used for degassing water is described in the next sub-
section. In the third set the same degassed water as in set 2
was used, but in this case the water was left standing undis-
turbed for about 30 min after degassing. In addition the cir-
cular groove in the tip of the horn was filled with silicon rub-
ber. The reasons behind these features of experiment set 3
are explained in the next section. In each set, the cell was
filled with 125-mL water. The ultrasound horn was driven at
a frequency of 25 kHz with an input of 90 mV,  from the
signal generator to the radio-frequency amplifier. It must,
however, be noted that the actual power absorbed by the ul-
trasound horn depends on the impedance of the medium in
which the horn is oscillating. The distance between the tip of
the horn and the rigid bottom was fixed at 60 mm and the
hydrophone was placed at a distance of 30 mm from the bot-
tom of the cell. The rationale behind these distances is ex-
plained in the next section. We would like to point out that,
since the cell is driven below its cutoff frequency (approxi-
mately equal to 40 kHz) the acoustic waves generated in the
medium have planar nature. The ultrasound horn was oper-
ated intermittently to avoid any significant rise in the temper-
ature of the medium. Since the cavitation is a random phe-
nomenon, 50 pressure signals were collected at one location.
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The peak-to-peak voltage (V,_,) and peak-to-peak current
(1,_,) supplied to the ultrasound horn and the phase angle
between them (¢) was written down every 30 s. The FFT of
the pressure signals measured with the hydrophone was ob-
tained using the MathCad software (version 8.0). The power
consumption of the ultrasound horn can be calculated using
a simple formula: Power =(V,_, X I,_, X cos¢)/4. The
acoustic-pressure amplitude generated by the ultrasound horn
can be calculated using the formula: I =(nP2/pc), where I is
the power input to the horn per unit area in a different set of
experiments, and 7 is the transducer efficiency [typically
~ 40%; Shah et al. (1999)].

Method for degassing water

A conventional method for degassing water is to pull vac-
uum over it. However, by this method it takes a very long
time to reach low concentrations of dissolved gas content, as
required in this study (2 ppm of dissolved oxygen). Van der
Vlist et al. (1994) have reported a chemical method for de-
gassing water that overcomes this shortcoming. Due to this
advantage, we have used this method for degassing water de-
scribed as follows.

Air in 20-L of demineralized water was stripped out using
CO,, bubbling from four circular porous glass slabs mounted
at the bottom of the vessel. After 12 min of bubbling the
water was transferred to the ultrasound bath. Thereafter, the
dissolved CO, was converted to carbonate by increasing the
pH to a value between 9 and 10 by adding 6 to 7 g of NaOH.

Analysis of Experimental Methodology

In this section we provide justifications for certain method-
ologies adopted in the experimental section and the choice of
certain experimental parameters.

Standing-wave formation in cell

The acoustic waves emitted by the ultrasound horn get re-
flected from the rigid bottom of the cell. The interference
between incident and reflected waves gives rise to a standing
wave. In order to determine the pressure amplitude variation
between the ultrasound horn tip and the rigid bottom of the
cell, we use the theory of standing waves (Pierce, 1989). The
properties of standing wave are:

(1) In a standing wave, the velocity and pressure are out of
phase by 90°, except at the source of sound. At the sound
source, the pressure and velocity are always in phase.

(2) The distance between two consecutive pressure antin-
odes (or pressure maxima) or two consecutive pressure nodes
(or pressure minima) is A/2, where A is the wavelength of
ultrasound. The distance between a pressure node and pres-
sure antinode is A/4.

(3) For a standing-wave formation due to reflection at a
rigid boundary, a pressure antinode (or pressure maxima) ex-
ists at the boundary, since velocity at the boundary is zero.
On the other hand, for a standing-wave formation due to re-
flection at a pressure release boundary, a pressure node (or
pressure minima) exists at the boundary, since velocity is
maximum at the boundary.

Using these standing-wave properties, we can easily iden-
tify the locations of pressure node and pressure antinodes in
the cell. As mentioned earlier, the distance between the ul-
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Figure 3. (A) Acoustic pressure signal measured at
pressure node; (B) acoustic pressure signal
measured at pressure antinode.

Since the hydrophone was not calibrated, it gives only the
relative variation in the acoustic pressure signal at pressure
node and antinode.

trasound horn tip and the rigid bottom was fixed as 60 mm,
which is the wavelength of 25-kHz ultrasound. The bottom of
the cell, being rigid, is a pressure antinode, while at the ultra-
sound horn tip, pressure and velocity are always in phase. In
the distance between the rigid bottom and the ultrasound
horn tip, the first and second pressure nodes are located at a
distance of A/4 (15 mm) and 3A/4 (45 mm) from the bottom.
The pressure antinode is located at a distance of A/2 from
the bottom (or halfway between the ultrasound horn tip and
the bottom). In order to confirm the locations of pressure
node and antinode, pressure signal measurements were made
by placing the hydrophone in the two screw caps of the cell
(located at 15 mm and 30 mm from the bottom, as mentioned
earlier). The distance between the ultrasound horn tip and
the rigid bottom of the cell was adjusted to 60 mm and the
horn was driven at 25 kHz with power input of 20 W. Figure
3 shows the pressure signal at the two locations. It could be
seen that the amplitude of the pressure signal measured at a
distance 30 mm from bottom is far higher than the amplitude
of the pressure signal collected at 15 mm. This means that
pressure maxima exist at a distance of 30 mm (or A/2), while
pressure minima exist at a distance of 15 mm (or A/4) from
the bottom. At the pressure antinode the local pressure am-
plitude is doubled due to constructive interference between
the incident and reflected waves, while at the pressure node,
the pressure amplitude is very low due to destructive inter-
ference. Due to the large acoustic-pressure amplitude, cavita-
tion activity (which is basically the motion of bubbles driven
by the acoustic wave) will be prominent at the location of the
pressure antinode. Since the principal aim of this study was
to deduce the variation in the cavitation intensity with the
gas content of the medium, we have placed the hydrophone
for acoustic-pressure signal measurement at the pressure
antinode, that is, at a distance of 30 mm from the bottom of
the cell.
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Figure 4. Twenty frames (arranged sequentially left to
right in consecutive rows) from a high-speed
movie of bubble activity at the tip of the ultra-
sound horn.

The upper edge of the frames is the tip of the horn. Frame
size: 25X 12.5 mm. Frame rate: 2,000 f/s. Time interval be-
tween frames: 500 us.

Variation in the gas content of the medium

In the present study, gas existed in two forms in the
medium: (1) dissolved gas, and (2) free gas, in the form of
free-floating bubbles or in the form of microbubbles trapped
in the crevices of the experimental system (that is, the cell
and ultrasound horn). These two forms of gases are relatively
independent of each other. The free-floating bubbles easily
dissolve away in the medium, and hence, the free gas in the
medium is mainly contributed by stabilized gas pockets in the
crevices of the solid boundaries in the medium. These gas
pockets provide nuclei for cavitation in the medium. One of
the possible locations for these gas pockets is the circular
groove in the tip of the ultrasound horn. As the horn is intro-
duced in the cell, with its tip held parallel to the water sur-
face, all the air in the groove is not replaced by water, thus
causing entrapment of some air pockets. In order to confirm
air entrapment in the groove in the tip of the horn, a high-
speed video recording was done to monitor the nucleation at
the tip of the horn. A high-speed camera (Kodak Imager CR
1000; frame rate: 2000 fps) was used for imaging using a
dark-field illumination technique for observation of bubble
motion. A selection from the series of consecutive frames
sampled from the movie is shown in Figure 4. Information
about the other parameters is given in the figure caption. The
tip of the horn forms the upper edge of the photographic
frames. It can be seen that due to nucleation, clouds of bub-
bles originate and grow at the tip of the horn. Later, they are
periodically expelled in water, probably due to Bjerknes
forces. Thus, the high-speed photographic record shown in
Figure 4 confirms air entrapment in the circular groove in
the tip of the horn that provides nuclei for cavitation in the
medium.

In experiment set 3, water was left standing for about 30
min. after degassing to 2 ppm of dissolved oxygen. In addi-
tion, the circular groove in the tip of the horn was filled with
silicon rubber, thus making the horn tip as smooth as possi-
ble. High under-saturation of the medium causes dissolution
of most of the free-floating bubbles. The smooth horn tip
does not entrap any air pockets, and, hence, there is no source
of cavitation nuclei in the third set of experiments. Thus, in
the third set of experiments, the medium was not only de-
gassed but also denucleated. On the other hand, in experi-
ment set 2, the medium was only degassed. The groove in the
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Piezoelectric Transtormer . Load

Source

Figure 5. Equivalent circuit of a piezoelectric trans-
ducer.

The piezoelectric element is an electrical condenser of ca-
pacitance C, due to the dielectric nature of the transducer
material. Therefore it does not affect the mechanical
impedances, namely, R,, L,, and C,. R, is the source
impedance or internal impedance of the electrical power
source.

ultrasound horn tip was left unfilled, and, thus, it provided
nuclei for cavitation in the medium due to air entrapment.

The Physical Model

Before proceeding to the development of the physical
model, we discuss the equivalent circuit of a piezoelectric
transducer, which converts electrical energy into ultrasound
energy. The electrical characteristics of the transducers are
affected by the type of mechanical loading to which they are
subjected. Since the influence of the mechanical load has
characteristics of the electrical parameters of the transducer,
it is useful for the design of a transducer that the mechanical
loading parameters are represented by a circuit diagram,
which also includes the electrical parameters of the transduc-
ers. Such a circuit diagram is called an equivalent circuit of a
transducer, and is shown in Figure 5. It can be seen that the
converted mechanical impedance in the equivalent circuits
has four components:

(1) The inductance, L,, due to the mass of the transducer.

(2) The capacitance, C,, due to the compliance of the
transducer.

(3) The resistance, R,,, due to the losses in the transducer
(usually negligible).

(4) The load resistance or radiation impedance (R, ), which
is the product of the specific acoustic impedance of the
medium in which the transducer vibrates (Z5) and the area
of the transducer.

Out of these, R,,, L,, and C, depend upon the material of
construction and dimensions of the transducer and, hence,
cannot be altered once the transducer is fabricated. How-
ever, the fourth component, R, , is subject to variation ac-
cording to the conditions of the medium for ultrasound wave
propagation. The physical significance of R, can be de-
scribed as the resistance to the oscillations of the piezoelec-
tric transducer. According to an analysis of the efficiency of
the piezoelectric transducer (Ensminger, 1988), maximum
power transfer between the electrical power source and the
piezoelectric transducer occurs at resonance conditions, at
which the frequency-dependent component of the impedance
(that is, the reactance) is zero. At resonance, the internal
impedance of the electrical power source (R,) matches the
value (R,, + R;), which is the total load impedance. For
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most piezoelectric transducers, which are good conductors,
the value of R,, is quite small. For the transducer used in the
present study, R, is 4 (1, while the internal impedance of
the amplifier is 50 ). It should be noted, however, that when
(R,, + R;)> R,, the power transfer to the ultrasound horn
drops. For the development of the physical model, we take
the specific acoustic impedance of the medium as the basis.

Theory of the impedance tube

Sound radiation within a fluid-filled tube by a snuggly fit-
ting piston on one end and a rigid reflector on the other end
is one of the basic models in acoustics research, which is used
for the explanations of the basic concepts. The experimental
setup used in this study resembles this model to some extent:
the circular glass cell with a rigid bottom corresponds to the
impedance tube with the ultrasound horn acting as the pis-
ton, although the diameters of horn and the cell are not same.
The oscillatory motion of the piston, assumed to be driven by
an external source, creates sound waves that travel in the
positive and negative x-direction in the tube (with the origin,
x = 0, taken to be the mean position of piston face). Inside
the tube, the acoustic field variables, that is, the pressure and
the velocity of the waves are written as

%:U([—x/c)+W(t+x/c) (1)
0=U(1 - x/c)— W(t + x/c) @)

where the functions U and W need to specified. We assume
that the motion of the piston with velocity ¥, cos(wt) creates
a steady-state acoustic field in the tube. The functions U and
W can be written as U(t)= Re[ X exp(—iwt)] and W(t)=
RelY exp(—iwt)] (Pierce, 1989). Equations 1 and 2 are now
transformed as

L Re[emiot(Xettr + Yo iko)] 3)
pc

U=Re[e_i‘“’(Xeik"—Ye_ik")] )

The constants X and Y are determined by the boundary con-
ditions at both ends of the tube. These conditions are: at x
= 0,0=V,,and at x = L, p/0= Z. Substituting X and Y
in Egs. 3 and 4, and rearranging, we get the relation between
the amplitudes of pressure and velocity in the tube as a func-
tion of x

Zcosk(L—x)—ipcsink(L—x)
pccos kL. — iZsin kL

€))

p=pcV,

where k = 2m/A is the wave number. The ratio p/V, is
called the specific acoustic impedance, and is basically an
analog of Ohm’s law, that is, ratio of driving force (acoustic-
pressure amplitude) to the velocity of particles or fluid ele-
ments in the medium. The specific acoustic impedance at the
face of the piston can be determined by substituting x = 0
in Eq. 5. The expression for Z gets further simplified due to
the fact that Z = 4.5 X 107 kg/m? —s; pc =1.5X10° kg/m>
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—s; and, hence, [Z/pc|>1 as

2wL
Zr=1ip ccot —

(6)

It can be seen that Zj is singular, when L = A (that is, the
formation of the standing waves). Nonetheless, in reality for
L = A the values of Zj are very high, but not singular due to
various losses (such as viscous losses) or nonidealities in the
medium.

The velocity of sound in pure (gas-free) water is 1,500 m/s.
If water contains dilute dispersions of gas bubbles, the veloc-
ity of sound in the liquid (and hence, the wavelength) grows
slower. In this case, Z; can be calculated by substituting the
velocity and wavelength of sound in the bubbly mixture esti-
mated using the theory of acoustic-wave propagation in bub-
bly liquids.

Acoustic-wave propagation in the bubbly liquids

Acoustic-wave propagation in bubbly liquids has been a
subject of both experimental and theoretical investigations in
a large amount of the published literature during the past
several decades (for example, Foldy, 1945; Carstensen and
Foldy, 1947; Silberman, 1952; Fox et al., 1955; Macpharson,
1957; van Wijngaarden, 1968, 1972; Caflisch et al. (1985). The
most rigorous model for the linear acoustic-pressure-wave
propagation in bubbly liquids was given by Prosperetti and
Commander (1989), which was a combination of the averaged
equations for the bubbly mixtures given by Caflisch et al.
(1985) and the nonlinear formulation for the internal dynam-
ics of the bubble that includes the viscous and thermal damp-
ing of the bubbles (Prosperetti et al., 1986).

Here we give only the main results of the analysis of
Prosperetti and Commander (1989); for the complete deriva-
tion of the equations and their solutions the reader is re-
ferred to the original article. The complex sound speed in the
mixture is

w C (7)
cm = ——=
km * Rof(Ro)dRo
1+477sz S 2 A
0 w,— o +2ibw

where k,, is the complex wave number. The general mathe-
matical expression for a sound wave is P, expli( wt — kx)]. In
order to find the phase velocity of the sound wave and its
attenuation, we substitute (c/c,,) = u —iv in this expression.
Substitution and simplification gives

exp[i(wt —k,x)]= exp(— wTUx) exp [iw(t - zx)] (8)

C

From this expression the phase velocity (V) and the attenua-
tion coefficient (A) for the wave in the gas-liquid mixture
are deduced

c U
V=— and A=—
u c

®v
or in decibels = 8.686( —)} )
c
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Assuming that the number density of the bubbles is 7n,, and
all the bubbles in the gas—liquid mixture have uniform initial
or mean radius, R, we can simplify Eq. 7 as

Cn = < (10)

" 4mc’n,R,
I+ ——>—F—
, w” +2ibw

. —

For the bubbles with size smaller than the resonant bubble
size corresponding to the ultrasound frequency (in other
words, for the case o < w,), the natural oscillation fre-
quency (w,) and the damping coefficient (b) are written as

5 P, 3 20 1
“ "R\ BR, an
vy—1 P, 2
p=t e B (12)
10y pD  pR;

It can be seen that the VV and A for the bubbly mixtures
are a function of n, and R,. Together n, and R, decide the
total bubble volume fraction in the liquid denoted as B8 =4/3
TN sz-

Cavitation nucleation and bubble dynamics

For cavitation to occur, the medium through which the ul-
trasound passes must have preexisting seed nuclei from which
the bubbles grow. Free-floating bubbles may not always form
suitable nuclei for two reasons: first, these bubbles may rise
due to buoyancy and escape out of the liquid and, second, if
the surrounding liquid is undersaturated, they may dissolve
away (Epstein and Plesset, 1950)). The potential candidates
for cavitation nuclei will be the gas pockets trapped in the
crevices of the solid surface. It is well known that for any gas
bubble to be stable, the pressure inside the bubble should be
greater than the pressure in the bulk by an amount equal to
20 /R, which is the surface tension pressure that acts toward
the center of the bubble. In case a gas pocket is trapped in
the crevice, it may be possible that the radius of the curva-
ture of the bubble is concave, as seen from the liquid, which
causes the surface tension to pressure act in the liquid, thus
reducing the gas pressure inside the bubble. In this case gas
may enter the bubble, thus stabilizing it.

Once exposed to ultrasound, the type of radial motion that
the nuclei undergo depends on the characteristics of the
acoustic pressure field, such as its frequency and the pressure
amplitude. The bubbles can undergo either a stable and
small-amplitude nonlinear motion for several acoustic cycles
called stable cavitation, or it can undergo an explosive growth
and a transient collapse called transient cavitation, which is a
high-energy event. The minimum pressure amplitude re-
quired to generate transient cavitation (P;) is the Blake
threshold, and is a function of the initial bubble radius as
(Leighton, 1994)

(13)

2923



Extending this analysis, Apfel (1981) defined the transient
cavitation threshold as a function of both the initial bubble
radius and the frequency of the acoustic wave:

0.82 3

1 2(PT_P0)
R, = (Pr —
@ PT/PO

14—
3 P

o

—F) (14

For a typical bubble size distribution of 2-10 um and fre-
quency range of 20-100 kHz, the minimum value of Pj is
approximately 1 bar.

The radial motion of a bubble under the influence of ultra-
sound can be described by the bubble dynamics equation.
Several researchers have proposed different equations to de-
scribe the radial motion of a bubble (for example, Rayleigh,
1917; Plesset, 1949; Gilmore, 1952; Keller and Miksis, 1980;
Prosperetti et al., 1986; Lofstedt et al., 1993). For simula-
tions, we choose the Gilmore equation based on the
Kirkwood-Bethe hypothesis (1942), which states that the
shock waves due to a bubble motion are propagated with a
velocity equal to the sum of the fluid velocity and sound ve-
locity (Akulichev, 1971). The equation of the radial motion is
written as

UJd*R 3 UT({dR\? U
Rll-—|—+Z|1-—||—| =l1+—|H
c|d® 2 3¢ (dt) c

U
+ —
Cc

dH
—=> (15)

1+—
dR’

C

where H is the free enthalpy on the surface of the bubble,
and can be derived using equation of state for water

P=A(p%)n—B. (16)

Here H is expressed as

no AV 20\ (R N\ 20 "
H (Pﬁ—)(—”) -—+B

Tn—1 p, R

o

—-[P.+ B]‘”‘”/"} (17)

where P, is the pressure in the bulk liquid away from the
bubble boundary that drives the bubble motion and is ex-
pressed as

P.=P,— P, sin(2wft), (18)

and A, B, and n are constants (for water, 4 = 3001 atm, B
= 3000 atm, and n = 7). Based on the hypothesis of Hilgen-
feldt et al. (1996), the bubble motion has been assumed to be
isothermal by setting y (polytropic constant of the bubble
contents) as 1.
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In Eq. 15, ¢ is the velocity of sound, and is a function of
the enthalpy

c=[c;‘;-i-(n—1)H]l/2 (19)

where ¢, (=4/4n/p,) is the velocity of sound at STP condi-
tions. The amplitude of the acoustic wave radiated by the
bubbles at a distance r > R (far field) is written as

dR\* d°R
2[— | +R—
( dt ) dr?

p d*V, R
= o—

B g e =P

(20)

The higher the intensity of the collapse of the bubble, the
higher is the magnitude of the acoustic wave radiated by the
bubble. Therefore, we use the magnitude of P, as a measure
of the cavitation intensity resulting out of the bubble motion.
A representative value of r is taken as 10 mm.

Rectified diffusion

The transport of gas and vapor across the bubble wall dur-
ing the radial motion is an interesting and well-studied phe-
nomenon in acoustic cavitation. As far as the transport of the
vapor is concerned, it is usually assumed that in a relatively
cold liquid, evaporation and condensation processes are much
faster than the bubble dynamics, and hence the bubble inte-
rior is always saturated with water vapor. The transport of
the gas in and out of the bubble, however, has interesting
features. A gas bubble in the liquid will dissolve in the ab-
sence of the sound field or any stabilization mechanisms.
However, if the bubble is undergoing radial motion under the
influence of an acoustic wave, the situation is different. In
this case, if the amplitude of the acoustic wave driving the
bubble motion exceeds a certain threshold value, the bubble
may grow due to the process of slow accumulation of gas.
This process is termed as rectified diffusion.

The general mathematical formulation of the gas diffusion
is given as follows: Consider a gas bubble undergoing radial
motion in a liquid with dissolved gas concentration C,. The
dissolved gas transport within a liquid in a spherically sym-
metric system is described by the diffusion equation

d’C 2 9C

_+__
ar? r dr

DC dC aC

—=—+0—=D
Dt at " or 8

L@

In order to calculate the mass transfer of gas between the
liquid and the oscillating bubble, one needs to solve Eq. 21
simultaneously with the bubble dynamics equation. The bub-
ble dynamics equation and the diffusion equation are cou-
pled through the term v,, and the boundary condition at the
bubble wall, which is function of the gas pressure inside the
bubble that changes during the radial motion. For an oscillat-
ing bubble, the velocity at a distance r > R(¢) is:
R2(dR/dt)/r?.
The boundary conditions for Eq. 21 are
C(R,t)=C,P(R,t)/P, and C(»,t)=C, (22)
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The mass transported across the bubble wall is

dmg 47 R2D ¢ 23
d m 89r |r=re (23)

Several researchers during the past few decades have given
approximate solutions for mass transport across the bubble
for small-amplitude oscillations of the bubble or stable cavi-
tation (Hsieh and Plesset, 1961; Eller and Flynn, 1965; Safar,
1968; Crum, 1984). A general formulation of the rectified dif-
fusion equation is given by Lofstedt et al. (1995) and Fyrillas
and Szeri (1996) that can be applied to both small- as well as
large-amplitude motion of the bubbles. In our physical model,
we have used this formulation to assess the effect of the dis-
solved gas in the medium on the bubble growth or shrinkage
during radial motion. Here we briefly describe the formula-
tion of Fyrillas and Szeri (1996). For more details, the reader
should see the original article.

Fyrillas and Szeri (1996) have proposed the idea of treating
the problem of rectified diffusion on the basis of separation
of time scales. The concentration field in the liquid is split in
two parts: first, the oscillatory part C,,(r, t) that changes on
a fast time scale T (the period of the acoustic wave), and
secondly, a smooth part C,,, (r, ¢) that changes on a slow
diffusive time scale (= nr,) > T, where 7, is the diffusive
time scale and is defined as Rg/Dg. Thus, the total gas con-
centration in space and time is the sum of the smooth and
the oscillatory parts

C(r, 1) = Cose(r, 1) + Cyno(75 1) 24

After solving the smooth and oscillatory parts of the diffusive
problem using singular perturbation analysis, Fyrillas and
Szeri show that the oscillatory part’s contribution to the mass
transport across the bubble wall is negligible. However, the
smooth part contributes to the change in the gas content of
the bubble. In the asymptotic limit, the smooth profile C,,,,(r,
1) converges as

asmo(h) = CO +

P(1)):
RGO _CU}

S PO
[ di’
0 (30 + R¥(1))")
x {1- w( dh(, D ol o)

fo (3l + R3(1)) o

The growth or shrinkage of the bubble, that is, the change in
the mean radius of the bubble (R,), is calculated from Eq. 23
as

dm aC, dR,(1)
g ) smo 2 o

—=47wR:D, =4mp, R 26

dt o8 gr Pt ™ 4t (26)

r=
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(27)

Using Eqs. 26 and 27 the rate of change in the mean radius
of the bubble is

c,—-C

o s

<Pi(t)>l»4(2)}
Dets — (28)
Py RG(1) [°° dh

0 <(3h’+R3(t))4/3>,,0

dR R
E o(t)_

The time averages (denoted by { ),;) in Egs. 25, 27, and 28
are defined as:

[rorma

<f(t)>t,i= T
fo Ri(t)dt

(29

The time average of P; (internal pressure of the bubble) is
calculated using the bubble-dynamics equation. The space in-
tegral in the denominator of Eq. 28 can be taken =1/R,,,,,
as a saddle-point approximation (Lohse and Hilgenfeldt, 1997,
Lofstedt et al., 1995), where R,,,, is the maximum radius of
the bubble during oscillations over one acoustic period. The
initial conditions for Eqgs. 15 and 17 along with Eq. 28 are ¢
=0,R =R, dR/t = 0,C(r,t = 0) = C,, with the C;
= 0.022 kg'm > and D, =10~° m>-s~'. The values other
parameters are p=1,000 kg-m~>, p,=12 kg-m~, o=
0.072Nm, u=10cP, y=14, c=1,500 m-s~!, =25 kHz,
P,=101,325 Pa, and L =60 mm. Equations 15, 17, and 28
are solved together using the Runge-Kutta fourth-order
method with adaptive step-size control (Press et al., 1992).

Results
Experimental results

Three representative acoustic emission spectra (that is, the
FFT of the pressure signal measured at pressure antinode) in
the first, second, and third sets of experiments are shown in
Figure 6A, 6B, and 6C, respectively. The power consumption
of the ultrasound horn in different sets of experiments is
shown in Figure 6D. The acoustic-emission spectra in differ-
ent sets of experiments reveal interesting features. In the
acoustic-emission spectrum of the first set, in which gassy wa-
ter was used as the medium, only the peak corresponding to
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Figure 6. The experimental results: (A) acoustic emis-
sion spectrum in experiment set 1; (B) acous-
tic emission spectra in experiment set 2; (C)
acoustic emission spectra in experiment set
3; (D) power consumption of ultrasound horn
in different sets of experiments.

the fundamental frequency is prominent, with a weak first
harmonic (2f) peak. A sharp rise in subharmonic (f/2), ul-
traharmonics (nf/2, where n = 3,5,7, ...) and harmonics (nf,
where n = 234,..) is seen in the acoustic-emission spec-
trum of the second set of experiments. All other frequency
components except the fundamental frequency disappear in
the acoustic emission spectrum of set 3. We specifically men-
tion that these features of the acoustic-emission spectra were
reproducible in the analysis of all the 50 pressure signals
measured in each set of experiments. It can be inferred, by
comparison of power-consumption values in sets 1 and 2 that
the power consumption of the ultrasound horn shows a sig-
nificant rise with degassing of the medium. However, in addi-
tion to degassing, denucleation of the medium does not af-
fect power consumption much, as is evident from power con-
sumption value in set 3, which is almost equal to that in set 2.
The pressure amplitudes of the ultrasound wave generated
by the medium in three sets of experiment are: set 1 = 0.5
bar, set 2 = 0.8 bar, set 3 = 0.8 bar. It must be pointed out
that the pressure amplitude at pressure antinode (where
pressure-signal measurements were carried out), in the ab-
sence of any attenuating mechanism, is twice the values just
mentioned.
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Interpretation of acoustic-emission spectrum

The spectral characteristics of the acoustic emission (that
is, frequency components present in the spectrum) help de-
tect the kind of radial motion (whether stable or transient)
from which the acoustic emission originates. Thus, spectral
characteristics of the acoustic-emission are indicative of the
cavitation intensity in the medium (Moholkar et al., 2000;
Frohly et al., 2000). A detailed analysis of the acoustic-emis-
sion spectrum is given by Leighton (1994) and Young (1989).
It is generally known that the acoustic cavitation noise spec-
trum comprises various frequencies related to the fundamen-
tal or the driving frequency. These frequencies are either the
subharmonic, the ultraharmonic, or the harmonic of the fun-
damental frequency. The subharmonic component of the
acoustic-emission spectrum is of particular interest, because
it originates from high-energy transient bubble motion, and
thus is a representative of the cavitation intensity in the
medium.

Simulation results

For the numerical simulations, we have used representa-
tive, yet realistic, values of different physical parameters. An
important parameter in the simulations is the initial or mean
radius of the bubbles in the medium, which does not have a
unique value. Therefore, we make an assumption that the
bubble population in the medium is uniform in size, with 10
pm as the mean radius prior to exposure to ultrasound. We
have presented the results of numerical simulations in three
parts, as described below:

(1) Trends in specific acoustic impedance (Z) and attenua-
tion coefficient (A) as a function of total bubble volume fraction
(B) and initial bubble radius (R ,): Variations in Z, and A
for different values of B and R, are shown in Figure 7. As
written earlier, the relation between 8 and R, is B=4/3
wn,R3. It can be inferred from Figure 6 that Z is a major
function of B and is insensitive to R, for a given value of B.
On the contrary, A4 is a strong function of R, for a given
value of B. It can be inferred from Figure 7A that a smaller
bubble-volume fraction in the medium will result in a large
value of specific acoustic impedance. On the basis of the dis-
cussion on the equivalent circuit of the piezoelectric trans-
ducer presented earlier, one can easily perceive that since
R,, > R, arise in Z, also increases the power consumption
of the ultrasound horn. As mentioned earlier, the amplitude
of the ultrasound wave generated by the horn is proportional
to the power consumption of the ultrasound horn. Thus, re-
duction in the bubble-volume fraction in the medium causes
an increase in the amplitude of the acoustic wave generated
by the ultrasound horn. Low bubble-volume fraction in the
medium (for a certain value of R,) also causes lesser attenu-
ation of the ultrasound wave as it passes through the medium,
as indicated by Figure 7B. Thus, overall result of a low bub-
ble-volume fraction is the increase in the acoustic pressure
amplitude throughout the medium.

(2) Growth and shrinkage of the bubbles due to rectified dif-
fusion: The results of the simulation of the growth and
shrinkage of the bubble due to rectified diffusion are shown
in Figure 8. It can be inferred from Figure 8A that, for an
acoustic pressure amplitude greater than the transient cavita-
tion threshold, the bubbles oscillating in a nearly saturated
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Figure 7. (A) Variation in the specific acoustic
impedance of the tube as a function of the
bubble volume fraction and the mean radius
of the bubbles; (B) variation in the attenuation
coefficient of the tube as a function of the
bubble volume fraction and the mean radius
of the bubbles.

medium (C,/C, = 0.8) grow, while the bubbles in a highly
unsaturated medium (C,/C, = 0.2) shrink. On the other
hand, Figure 8B shows that, for acoustic-pressure amplitudes
less than the transient cavitation threshold, the bubbles shrink
during oscillations, irrespective of the saturation of the
medium. At this point, we must mention that although the
percentage change in the mean bubble radius over 100 acous-
tic cycles is quite small, as shown in Figure 8, the bubble
undergoes significant growth or shrinkage in an irradiation
period as short as 1 s, which is equivalent to 25,000 acoustic
cycles for 25 kHz ultrasound. Growth or shrinkage of the
bubbles also causes the bubble-volume fraction in the medium
to change (which is basically the product of the volume of a
bubble and the total number of bubbles, as mentioned ear-
lier). Thus, the process of rectified diffusion indirectly affects
Zr and A (which, as mentioned in the preceding subsection,
are a major function of 8 and R,), hence the acoustic-pres-
sure amplitude in the medium.

(3) Radial motion of the bubbles: The simulations of the
radial motion of the bubbles of different mean radii driven by
ultrasound waves with pressure amplitudes (P,) above and
below the transient cavitation threshold (P;) are shown in
Figures 9 and 10, respectively. As mentioned earlier, we have
taken an initial mean bubble radius of 10 wm as the basis for
simulations. Figure 9 depicts the radial dynamics of the bub-
bles of sizes 5, 10, and 15 wm. These sizes are selected by
taking the growth or shrinkage of a 10-um bubble into con-
sideration, when oscillating in a medium with a different sat-
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Figure 8. (A) Growth and dissolution of the air bubbles
due to rectified diffusion during radial motion
driven by acoustic wave with P, > P; in water
with different saturations of dissolved air;
main parameters for simulations: R, =10 um,
P, = 1.3 bar, f = 25 kHz; (B) dissolution of
the air bubbles due to rectified diffusion dur-
ing radial motion driven by acoustic wave with
P, < P; in water with different saturations of
dissolved air; main parameters for simula-
tions: R,=10 um, P, = 0.8 bar, f = 25 kHz.

uration of dissolved gas. Again, these sizes are selected to
represent the shrinkage of the bubble during oscillations.
Figure 9 indicates that the pressure amplitude of the acoustic
wave radiated by the bubbles reduces after growth (from 10
um to 15 uwm) or shrinkage (from 10 um to 5 wum) of the
bubble. Thus, for the case P,> P,, P, has an optimum with
the mean radius of the bubble. As far as the other case is
concerned, that is, P, < P, the pressure amplitude of the
acoustic wave radiated by the bubble decreases with the
shrinkage of the bubble, as shown in Figure 10. In addition,
the pressure amplitudes of radiated acoustic waves are quite
small in this case. We can conclude from simulations shown
in Figures 9 and 10 that P, is an increasing function of P,.

s
However, P, is an indicator of the cavitation intensity in the
medium, as stated earlier. Thus, the cavitation intensity in
the medium is also an increasing function of P,.
We now mention that the bubble motions shown in Figures
9 and 10 are of a different kind. As stated earlier, in tran-
sient cavitation the bubble undergoes an explosive growth to

several times its initial size, followed by a violent collapse.

November 2003 Vol. 49, No. 11 2927



Pressure (bar) Ratio (R/Ro) Mach No. (dR/dt)/c Pressure (bar) Ratio (R/Ro) Mach No. (dR/dt)/c Pressure (bar) Ratio (R/Ro)

Mach No. (dR/dt)/c

(9A.1)
Time (No. of Acoustic Cycles)
40 T T T T
201 - (9A.2)
0 1 1 ' 1 | 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
25 T T T T
125 - (9A.3)
0 1 l " 1 al J i 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
4 T T T T
2k - (9B.1)
0 1 1 1 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
40 T T T T
201 . (9B.2)
0 1 1 1 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
2 T T T T
1 - (9B.3)
0 1o ) L L
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
3 T T T T
15 (9C.1)
0 1 1 1 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
40 T T T T
20 4 (9C.2)
0 1 ‘ 1 J 1 l 1
0 1 2 3 4 5
Time (No. of Acoustic Cycles)
2 T T T T
s ’ . (9c.3)
0 Y 1 l 1 l 1 e
0 1 2 3 4 5

Time (No. of Acoustic Cycles)

Figure 9. Simulations of the radial motion and sound

emission from the bubble of different mean
radii driven by acoustic wave with P, > P.

Parameters for simulations: (9A) R, = 5 um, (9B) R, = 10
pm, (9C) R, = 15 pm. Other simulations parameters: P,
= 1.3 bar, f = 25 kHz. In each of Figures 9A, 9B, and 9C,
the first part shows radial motion of the bubble, the second
part shows the sound emission during the radial motion, and
the third part depicts the variation in bubble wall Mach
number during radial motion.

Irregularities can develop in the shape of the bubble toward
the end of the violent collapse. The source of these irregular-
ities could be proximity of a solid surface, or of other bub-
bles. Due to these irregularities, the bubble may undergo
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Figure 10. Simulations of the radial motion and sound

emission from the bubble of different mean
radii driven by acoustic wave with P, < P;.

Parameters for simulations: (10A) R, = 5 um, (10B) R,
= 7.5 um, (10C) R, = 10 wm. Other simulations parame-
ters: P, = 0.8 bar, f = 25 kHz. In each of the figures
10A, 10B, and 10C, the first part shows radial motion of
the bubble, the second part shows the sound emission dur-
ing the radial motion, and the third part depicts the varia-
tion in bubble wall Mach number during radial motion.

fragmentation, which is also termed bubble collapse. How-
ever, if the bubble is isolated, it rebounds after the first com-
pression, retaining its spherical geometry, and repeats the
same kind of motion in each acoustic cycle. This kind of mo-
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tion is called repetitive transient cavitation or high-energy stable
cavitation. It is a high-energy event because during each tran-
sient collapse, the bubble generates extremes of temperature
and pressure. An example of this kind of bubble motion is
the well-known single-bubble sonoluminescence (Gaitan et
al., 1992). The bubble-dynamics equation used in the present
study assumes that the bubble is isolated, and remains spher-
ical at all times, in an infinite liquid. Thus, this equation does
not take into consideration the previously-mentioned effects
that influence the bubble motion. Thus, Figures 9 and 10 show
a steady-state solution of the bubble-dynamics equation,
where the bubble repeats its motion in each acoustic cycle.
Whether the bubble motion is stable or transient can be found
by two means: first, the expansion ratio of the bubble during
growth, and second, the bubble-wall Mach number during
collapse. Flynn (1975a, 1975b) has calculated that if a bubble
expands to more than twice its initial size during growth, the
subsequent collapse is dominated by inertial forces. In this
case, the spherical convergence of the surrounding liquid
during the compression phase transfers an increasing amount
of kinetic energy to the bubble, which results in energy focus-
ing. Alternatively, if the bubble-wall velocity exceeds the ve-
locity of sound in the medium during compression, the bub-
ble motion is considered to be transient. Several researchers
have used the latter criterion for designating bubble motion
as transient (for example, Naidu et al., 1993). On the basis of
these criteria, one can easily perceive that the radial motion
of bubbles depicted in Figure 10 is a case of stable cavitation,
while the bubble motion shown in Figure 9 is a case of repeti-
tive transient cavitation.

The extent of interaction between bubbles during radial
motion depends on the bubble population in the medium.
Cavitation phenomena can also be modeled by considering a
cluster of bubbles, instead of a single, isolated bubble. Mgrch
and coworkers (Hansson and Mgrch, 1980; Hansson et al.,
1982; Mgrch, 1982) have presented equations for the motion
of spherical and hemispherical bubble clusters using the con-
tinuum mixture model of van Wijngaarden (1968, 1972) as
the basis. However, the major shortcoming of this approach
is in terms of the shape of the bubble cluster. In reality the
bubble cluster can have any shape. Therefore, even with the
bubble-cluster equation, one can predict only the trends in
the results, which is the case in the single-bubble approach
that we have adopted in the present study. In addition, in
this work we wanted to demonstrate the effect of the gas
content on the energy transformation chain on a broader ba-
sis, and hence, we have not incorporated such complications
in our analysis.

Discussion

The simulations results presented in the previous section
help analyze the experimental results in different sets of ex-
periments.

Analysis of Experimental Results in Set 1. In set 1, satu-
rated (or nondegassed) water was used as the medium. In
this case, the nuclei for cavitation are contributed by both the
medium and the air pockets trapped in the groove in the ul-
trasound horn tip. Therefore, the total bubble volume frac-
tion in the medium is high. This results in low specific acous-
tic impedance, and hence, low power consumption by the ul-
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trasound horn. Thus, the pressure amplitude of the ultra-
sound wave emitted by the ultrasound horn is small. Another
effect of a large bubble population in the medium is the large
attenuation of ultrasound waves as they pass through the
medium. One can easily perceive that due to the attenuation
of ultrasound waves, the acoustic pressure amplitude that a
bubble, located away from the ultrasound horn, experiences
(P,,) is smaller than the pressure amplitude at the ultra-
sound horn tip (P,). However, experimental techniques used
in this study do not have the capacity of distinguishing be-
tween P, and P,,. Due to the large attenuation of ultra-
sound waves, it is very likely that the overall acoustic pres-
sure amplitude throughout the medium is lesser than the
transient cavitation threshold. Therefore, bubbles in the
medium undergo little amplitude oscillatory motion, that is,
have stable cavitation. In addition, since the medium is satu-
rated, these bubbles will shrink during oscillations and will
dissolve away (as shown in Figure 8B). As a result, the cavita-
tion intensity in the medium is quite low, which is indicated
by the absence of a subharmonic peak in the acoustic emis-
sion spectrum of set 1. Thus, one can reach the broad conclu-
sion that the efficiency of energy transformation in set 1 is
low.

Analysis of Experimental Results in Set 2. In set 2, highly
undersaturated water was used as the medium. Degassing of
the medium causes reduction in both the free and dissolved
gas content of the medium, and as a result, there was a dras-
tic reduction in the bubble population in the medium. The
nuclei for cavitation were contributed only by the air pockets
trapped in the groove in the ultrasound horn tip. Small bub-
ble-volume fraction in the medium increases the specific
acoustic impedance, which, in turn, results in a rise in the
power consumed by the horn. Thus, the pressure amplitude
of the ultrasound wave generated by the ultrasound horn in-
creases. In addition, due to the low bubble population in the
medium, the attenuation of ultrasound waves during their
passage through the medium is small. Consequently, the
overall acoustic pressure amplitude in the medium is high;
conceivably greater than the transient cavitation threshold.
Therefore, the bubbles in the medium undergo large-ampli-
tude transient motion that gives rise to strong subharmonic,
ultraharmonic and harmonic emission, as seen in the acoustic
emission spectrum of set 2. However, during radial motion
the bubble would tend to dissolve due to the rectified diffu-
sion (as a result of low saturation of the medium and an
acoustic-pressure amplitude that is greater than the transient
cavitation threshold, as shown in Figure 8A). For this reason,
the cavitation intensity in set 2 is theoretically expected to
decrease over a longer period of ultrasound irradiation. Since
the experiments in the present study were conducted only for
a short duration, this effect was not observed. From this dis-
cussion, one can broadly conclude that the total energy trans-
formation efficiency in set 2 is quite high.

Analysis of Experimental Results in set 3. In set 3, the
medium was not only degassed, but also denucleated. This
means that the bubble-volume fraction in the medium is
practically zero. In this case, as written earlier, the specific
acoustic impedance of the medium tends to infinity (as indi-
cated by Eq. 6, for condition L = A). However, the nonlin-
earity of the medium and losses in the medium (such as vis-
cous dissipation) cause Zy to be large, yet finite. Due to high
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specific acoustic impedance, the power consumption of the
ultrasound horn is high, and thus, the acoustic wave emitted
by the ultrasound horn has a large pressure amplitude. The
attenuation of the ultrasound waves is also negligible, due to
zero bubble-volume fraction in the medium, and, hence, the
overall acoustic-pressure amplitude in the medium is greater
than the transient cavitation threshold. Despite conditions fa-
voring transient cavitation, no cavitation occurs in the medium
due to the lack of proper nuclei for cavitation. Therefore the
acoustic-emission spectrum of set 3 shows only one peak, cor-
responding to the fundamental or the ultrasound frequency.
All other peaks indicative of cavitation phenomena in the
medium are absent. Thus, one can conclude that the energy
transformation efficiency in set 3 is zero, because the acousti-
cal energy introduced in the medium does not get trans-
formed to cavitation energy due to lack of nuclei for cavita-
tion.

We can draw an interesting conclusion from a comparison
of the power consumption of the ultrasound horn in set 2 and
that in set 3. As shown in Figure 6D, the power consumption
of the ultrasound horn in sets 2 and 3 is almost same. In the
case of set 2, where the medium was degassed but not denu-
cleated, the value of the bubble volume fraction in the
medium is quite small (<1073 or so), while in set 3 the bub-
ble volume fraction in the medium was zero. Despite this dif-
ference, identical values of power consumption in sets 2 and
3 indicate that for low values of bubble-volume fraction the
specific acoustic impedance is almost independent of the
bubble-volume fraction. Justification for this can be made in
terms of the effect of gas content on the velocity (¢) and
wavelength of sound (A) in water on which the specific acous-
tic impedance depends, as indicated by Eq. 6. For the bub-
ble-volume fraction of 107% ¢ = 1,491 m/s and A = 59.6
mm, while for gas-free water, ¢ = 1,500 m/s and A = 60
mm. Thus, the values of ¢ and A for gas-free water change
only slightly when there are bubbles present in the medium,
provided that the bubble-volume fraction is small. Thus, the
values of the specific acoustic impedance, and hence, the
power consumption in sets 2 and 3, was almost the same.

Overview. Analysis of the experimental results in the dif-
ferent sets of experiments reveals that the energy transforma-
tion efficiency is highest in set 2 and lowest in set 3. An anal-
ysis of the experimental results reveals that the bubble-volume
fraction in the medium (or free gas of the medium) and the
saturation of the medium (or gas dissolved in the medium)
influence the efficiency of the discrete steps in the energy
transformation chain, and thus the resultant cavitation inten-
sity in the medium through three parameters:

(1) Specific acoustic impedance (Zy);

(2) Attenuation coefficient (A);

(3) Acoustic pressure amplitude (P,).

However, the following interesting conclusion can be drawn
from the experimental and simulations results: The effect of
free and dissolved gas content on these three parameters is
counterproductive. For example, for a given value of dis-
solved gas content of the medium, P, affects R, through the
process of rectified diffusion, while R, affects P, through
the process of attenuation. Additionally, for a given value of
the bubble number density, R, also affects P, through a spe-
cific acoustic impedance, which is a function of the bubble-
volume fraction (8 =4/3mn,R3, as written earlier). The
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Figure 11. Inter-relations between various parameters
that affect the energy transformation in an
ultrasonic processor, and thus, the cavita-
tion intensity produced in it.

complete nature of the interaction between parameters 7,
R,, P,, C,, A, and Z, and the resultant cavitation intensity
in the medium, which can be worked out from the results and
analysis presented earlier, is shown in Figure 11.

Conclusion

The results of this study not only shed light on the influ-
ence of free and dissolved gas content of the medium on the
energy transformation in an ultrasonic processor, but also
demonstrate the complex interdependence of various param-
eters as the input electrical energy passes through a series of
transformations, finally ending up as cavitation energy. The
set of process parameters values in set 2 (undersaturated
medium, C,/C, = 0.2, with a very small number density of
nuclei) is the best possible combination for achieving the
highest efficiency of energy transformation. On the basis of
the simulation and experimental results, the nature of the
influence of free and dissolved gas content of the medium on
the discrete steps in energy transformation can be described
as follows:

Step 1. Through the change in specific acoustic
impedance, which affects the power consumption of the ul-
trasound horn and the pressure amplitude of the acoustic
wave generated by the ultrasound horn.

Step 2. Via change in the attenuation coefficient, which
affects the local acoustic-pressure amplitude in the medium,
away from the horn.

Step 3. Through the radial motion of the bubble and en-
ergy focusing arising out of it.

An important conclusion of this study is that, since the
conversion process of electrical energy to cavitation energy
has an overall effect of several highly interdependent param-
eters, an “integrated” approach is necessary for the optimiza-
tion of the ultrasonic processor. This approach should take
into consideration the primary and secondary influences of
different parameters on each other. Basically, this article gives
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a qualitative picture of the energy transformation in an ultra-
sonic processor, which strongly depends on the total bubble-
volume fraction in the medium and the dissolved gas concen-
tration. The efficiency of each step, and hence the overall
efficiency, can be quantified if the precise values of these
parameters are known. As far as the latter parameter (that is,
dissolved gas concentration) is concerned, the experimenter
can adjust it to its precise value. However, the former param-
eter (that is, the bubble volume fraction in the medium, which
depends on the number of bubbles and their size distribu-
tion), is neither easily controllable nor measurable. In addi-
tion, this parameter also changes continuously during ultra-
sound irradiation as a result of bubble fragmentation and the
growth /shrinkage of the bubbles due to rectified diffusion.
This inherent difficulty keeps us from quantifying the effi-
ciency in each step in the energy transformation chain. In-
deed, the lack of knowledge of the number and size distribu-
tion of the bubbles is a major problem in the sonochemistry
rescarch, and all of the models for sonochemical reactions
are based on a single bubble, and so predict the trends in
sonochemical yields but do not quantify them.

One of the major shortcomings of the ultrasound processor
is the lack of precise knowledge of the mechanism of energy
transformation, and this article attempts to deal with this de-
ficiency. We expect that this study will provide basic mecha-
nistic guidelines for optimizing a large-scale ultrasonic pro-
cessor for any physical or chemical application.
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Notation

A =attenuation coefficient of the bubble cloud, dB-s™
b =damping constant, s~ !
¢ =velocity of sound in liquid free of gas, m-s~
¢,, =complex velocity of the sound in gas—liquid mixture, m+s™
C, =dissolved gas concentration in the liquid, kg-m >
¢, =the velocity of sound at the STP conditions, m-s~
C, =saturation gas concentration in the liquid, kg-m 3
D =thermal gas diffusivity, m?-s~!
D, =diffusion coefficient of gas, m?-s
H =ethalpy at the bubble surface, J kg~
k =wave number of liquid, m~!
k,, =complex wave number of gas—liquid mixture, m~
L =length of the tube, m
m, =mass of gas in the bubble, kg
n, =number density of the bubbles, m~
P =complex pressure amplitude of the acoustic wave, Pa
p =pressure in the acoustic wave, Pa
P =pressure, Pa
P, =the pressure in the liquid away from the bubble surface, Pa
P, =pressure amplitude of the acoustic wave, Pa
P,. =amplitude of the acoustic wave “experienced” by the bubble,
Pa
P, =internal bubble pressure, Pa
P, =ambient pressure, Pa
P, =amplitude of the sound radiated by the bubble, Pa
P, =transient cavitation threshold, Pa
r =distance from the bubble center, m
R =radius of the bubble, m
ax =Mmaximum bubble radius during oscillation in one acoustic
period, m

1

1

1
1

-1

1

3

R

mq
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R,, =the “new” mean bubble radius (after growth or shrinkage
from mean radius, R,), m~!
R, =initial or mean radius of the bubbles, m
R; =the rladiation impedance for the piezoeletric transducer, N-s
‘m
T =period of the acoustic wave driving bubble motion, s
U =the bubble wall velocity (dR/dt), m-s™!
V' =phase speed of sound in gas-liquid mixture, m-s~
D =complex velocity amplitude of the acoustic wave, m-s~
v =velocity in the acoustic wave, m+s™"
V, =volume of the bubble, m?
V,, = amplitude of the oscillatory velocity of the piston, m-s™
Z =specific acoustic impedance of the rigid reflector, Pa-s-m
Z =specific acoustic impedance at the piston (or ultrasound
horn) tip, Pa-s-m ™!

1
1

1
-1

Greek letters

B =bubble volume fraction in the liquid
A=wavelength of sound, m
o =surface tension of the liquid, N-m
p =density of the liquid, kg-m ™3
p, =density of the liquid in undisturbed state, kg-m™
p, =density of the gas, kg-m™?
o =angular frequency of sound, s~ !
w, =natural oscillation frequency of the bubble, s~
vy =ratio of specific heats of gas
w =viscosity of the liquid, kg-m~!-s71
7, =diffusive time scale, s

3

1
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