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The broad-band noise has been experimentally used to monitor the cavitation activity in a sonochemical reactor,
an ultrasonic cleaning bath, a biological tissue, etc. However, the origin of the broad-band noise is still under
debate. In the present review, two models for the mechanism of the broad-band noise are discussed. One is
acoustic emissions from chaotically (non-periodically) pulsating bubbles. The other is acoustic emissions from
bubbles with temporal fluctuation in the number of bubbles. It is suggested that the latter mechanism is
sometimes dominant. Further studies are required on the role for bubble cluster dynamics as well as the bub-

Numerical simulations

ble-bubble interaction in the broad-band noise especially at relatively low ultrasonic frequencies.

1. Introduction

Acoustic cavitation noise is experimentally observed by using a hy-
drophone or a special sensor which is resistant to cavitation damage
[1-36]. The frequency spectra of acoustic cavitation noise typically
consist of a peak at the frequency of the driving ultrasound (fy), those at

its harmonics (nf,, where n is integer larger than 1), subharmonics (fﬁ,

where n is integer larger than 1), and ultra-harmonics (%, wherenand m
are integers larger than 1 but n > mandn/m is not integer) as well as the
continuum component called the broad-band noise
[1,9,10,13,15,16,18-20,24,25,30,32-36]. The broad-band noise has
been used to monitor the cavitation activity in a sonochemical reactor,
an ultrasonic cleaning bath, a biological tissue, etc.
[2-9,11-13,15-20,22-24,26-31]. The broad-band noise is often
considered to be a result of inertial cavitation which is cavitation with
significant bubble growth and subsequent violent bubble collapse
caused by the inertia of the inflowing liquid [1-3,11-13,15-17,20-24].
However, detailed mechanism for the broad-band noise is still under
debate [32,34,37,38]. One model is the shock wave emissions from
cavitation bubbles into the surrounding liquid because the frequency
spectrum of the delta function (like an acoustic signal due to a shock
wave) is broadband [39]. However, as is shown in section 4, temporally
periodic emissions of shock waves without variation in shock wave
amplitude and emission timings result in the frequency spectra con-
sisting of driving frequency and its harmonics without broad-band noise.
Another model is variation in shock wave amplitudes as well as multi-
fronted shock waves produced by the collapses of bubble clusters
especially at relatively low ultrasonic frequencies [34]. Another one is
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acoustic emissions from chaotically (non-periodically) pulsating bubbles
[40]. Another one is nonlinear propagation of an acoustic wave in a
bubbly liquid with strong bubble-bubble interaction [41]. The other
model is acoustic emissions from cavitation bubbles with temporal
fluctuation in the number of bubbles [42]. In the present review, origin
of the broad-band noise is discussed both theoretically and
experimentally.

2. What is acoustic cavitation noise?

In acoustic cavitation, bubbles created by the irradiation of strong
ultrasound pulsate strongly [43]. During the rarefaction phase of the
driving ultrasound, bubbles expand. During the compression phase of
ultrasound, some bubbles collapse very violently, which is called the
Rayleigh collapse [43,44]. There are two reasons for the violent collapse
of a bubble [43,45]. One is the inertia of the inflowing liquid. The other
is the (nearly) spherical geometry of the bubble collapse because the
magnitude of the inflowing velocity of the liquid increases as the surface
area of a bubble decreases according to the equation of continuity of the
liquid. The violent collapse of a bubble stops when the internal gas
pressure of a bubble increases significantly as the internal gas density
nearly reaches that of the condensed phase. At the final moment of the
bubble collapse, temperature and pressure inside a bubble significantly
increase to thousands of Kelvin and hundreds of atmospheric pressure or
more, respectively [43-48]. As a result, a faint light is emitted and
chemical reactions occur inside a bubble, which are called sonolumi-
nescence and sonochemical reactions, respectively [48,49].

Like the sound radiation from a vibrating diaphragm of a loud-
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Fig. 1. Acoustic waves radiated from cavitation bubbles (acoustic cavitation
noise) [50]. Reprinted with permission from Handbook of Ultrasonics and
Sonochemistry, Springer, edited by M. Ashokkumar et al., vol. 1, K. Yasui,
Unsolved problems in acoustic cavitation, pp. 259-292, Copyright
(2016), Springer.

speaker, pulsating bubbles radiate acoustic waves into the surrounding
liquid, which is called the acoustic cavitation noise (Fig. 1) [50]. Typical
frequency spectra of acoustic cavitation noise are shown in Fig. 2 for
various acoustic intensities [1]. At a very low acoustic intensity, only a
peak at the frequency of the driving ultrasound is observed (0 and 1 of
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Fig. 2). At the threshold for sonoluminescence and sonochemical re-
actions (4 of Fig. 2), peaks at the harmonics of the driving frequency are
observed. At acoustic intensities considerably above the threshold (5-7
in Fig. 2), peaks at half-order subharmonic (fp/2) and ultra-harmonics
((2n—1)fy/2) as well as the broad-band noise are also observed.

Surprisingly, for low concentration surfactant solutions (0.5-2 mM
SDS solutions), only harmonics were observed and broad-band noise as
well as the subharmonic and ultra-harmonics disappeared even
considerably above the threshold for sonoluminescence and sono-
chemical reactions (Fig. 3) [1]. This experimental observation provides
useful information on the origin of the broad-band noise [42]. This is
discussed in section 4.

In acoustic cavitation, there are many cavitation bubbles and there is
strong bubble-bubble interaction which is the effect of acoustic waves
radiated from surrounding bubbles on the pulsation of a bubble
[42,43,50-55]. Furthermore, shielding of the driving ultrasonic wave
occurs by the surrounding bubbles. Such the complexities are eliminated
for a single-bubble system in which a single bubble is trapped near the
pressure antinode of a standing ultrasonic wave by the radiation force
and pulsates stably in a moderately degassed water [44,56,57]. Sono-
luminescence from a single-bubble system is called single-bubble
sonoluminescence (SBSL) [44,58,59]. Difference and similarity

0

Fig. 2. Experimentally observed spectra of
1 acoustic cavitation noise at different applied
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cm’z, 5 07 W cm’z, 6, 2.2 W cm’z, 7, 6.8 W
cm 2 Reprinted with permission from J. Am.
Chem. Soc., vol. 129, M. Ashokkumar, M. Hod-
nett, B. Zeqiri, F. Grieser, G.J. Price, Acoustic
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- - Fig. 3. Experimentally observed spectra of
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between SBSL and multibubble sonoluminescence (MBSL), which is
sonoluminescence from many bubbles in acoustic cavitation, with
respect to the light emission mechanism are still under debate [48].

Matula et al. [57] experimentally observed acoustic emissions from a
single-bubble system (Fig. 4). The acoustic signals were observed at the
end of each bubble collapse, especially at the end of the violent collapse
(the first collapse). At the end of the violent collapse, a spherical shock
wave is radiated from a bubble into the surrounding liquid (Fig. 5)
[60,61]. Thus, the acoustic signal at the end of the violent collapse is due
to the shock wave. In a multibubble system, Negishi [62] experimentally
observed strong acoustic signals at each violent collapse of bubbles.
These acoustic signals are also due to the shock waves radiated from
cavitation bubbles.

The reason for the shock wave emission from a bubble at the end of
the violent collapse is as follows. In Fig. 6, the numerically calculated
spatial variation of pressure in the liquid is shown at different instants in
time during the bubble collapse (left figure) and the rebound (right

figure) [63]. The dotted line shows the position of the bubble wall at
different instants in time. The time indicated in the figure is (t —7)10%/z,
where 7 is the time required for the bubble to collapse from the initial
radius to the final minimum radius and t is the time elapsed from the
start of the motion [63]. In other words, the time at the end of the violent
collapse is 0. During the bubble collapse (rebound), the time is negative
(positive). During the bubble collapse (left figure), there is no shock
wave emission into the liquid. During the rebound (right figure), a shock
wave is formed in the liquid because of the following reason. Pressure
disturbances propagate from the bubble wall into the surrounding liquid
with the sound speed plus the local fluid (liquid) velocity. The local fluid
(liquid) velocity is directed outward during the rebound, and its
magnitude decreases as the distance from the bubble wall increases.
Accordingly, the pressure disturbances emitted from the bubble wall
overtake the previously emitted ones. As a result, a sharp shock wave is
formed in the liquid. It should be noted that the Mach number of the
liquid velocity is less than 0.2 during the rebound, and the shock
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Fig. 4. Experimental results for a stably pulsating bubble under the condition
of single-bubble sonoluminescence (33.8 kHz) [57]. (a) The radius-time curve
measured by laser light scattering with the corresponding acoustic signals. (b) A
detailed view of the boxed area in (a). The acoustic data is shifted in time equal
to the time necessary for sound to travel from the bubble to the transducer,
about 16.77 ps. Reprinted with permission from J. Acoust. Soc. Am., vol. 103, T.
J. Matula, I.M. Hallaj, R.O. Cleveland, L.A. Crum, W.C. Moss, R.A. Roy, The
acoustic emissions from single-bubble sonoluminescence, pp. 1377-1382,
Copyright (1998), Acoustical Society of America.

formation from the rebounding bubble is not originated in a large Mach
number [63]. In general, shock waves can be formed under relatively
low Mach numbers although Mach number should be larger than 1 for a
shock wave propagation in a homogeneous medium under steady-state
conditions according to the Rankine-Hugoniot relations [64-66].

3. Chaotic (non-periodic) pulsation of bubbles

It has long been believed that the broad-band noise is originated in
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chaotic (non-periodic) pulsation of bubbles. Chaotically (non-periodi-
cally) pulsating bubbles radiate acoustic waves into the liquid with
temporally non-periodical variation in acoustic pressure (Fig. 7) [40].
Chaotic pulsation of a bubble originates in the nonlinear nature of
bubble pulsation. Indeed, bubble pulsation (radius-time curve) is
mathematically described by the nonlinear Rayleigh-Plesset equation or
Keller equation, etc. [43]. The nonlinearity is originated in asymmetric
nature of bubble expansion and contraction (collapse). As the
compression of liquid is harder than that of gas, bubble expansion is
more difficult than bubble contraction (collapse). In other words, bubble
expansion is much milder than bubble collapse.

Lauterborn et al. [25,67-69] have shown both experimentally and
theoretically that spectra of acoustic cavitation noise exhibited the
period-doubling bifurcation to chaos as the pressure amplitude of the
driving ultrasound increases due to the nonlinear nature of the bubble
pulsation. Period-doubling bifurcation is known in many nonlinear
systems and is characterized by the appearance of half-frequency
component (at lower subharmonic frequency) and its harmonics
(ultra-harmonics) [70]. In general, an infinite sequence of period-
doubling bifurcations is a route to chaos as a control parameter in-
creases [70]. Chaos occurs in strongly nonlinear systems, which exhibits
non-periodic motion and small difference in the initial condition results
in huge difference after some time [70]. Lauterborn and Cramer [25]
found experimentally that spectra of acoustic cavitation noise exhibited
the period-doubling bifurcation to chaos as the voltage applied to the
transducer, which radiates the driving ultrasound (22.6 kHz) into the
liquid, increased. Lauterborn and Suchla [67] showed by numerical
simulations that bubble pulsation under ultrasound of 23.6 kHz
exhibited the period-doubling bifurcation to chaos as the pressure
amplitude of the driving ultrasound increased to about 6 bar (Fig. 8). In
the numerical simulations, the pressure amplitude of the driving ultra-
sound was increased from O to 14.8 bar in 40 ms [67]. After about 20 ms
(7.4 bar), a second sequence of the period-doubling bifurcation to chaos
was observed (Fig. 8).

However, the problem of the numerical simulations shown in Fig. 8 is
the assumed ambient bubble-radius (Rg), which is the bubble radius in
the absence of ultrasound, of 100 pm. According to the numerical sim-
ulations of bubble shape oscillations [71], a bubble of Ry =100 pm
becomes shape unstable and disintegrates into daughter bubbles after a
few acoustic cycles above about 1 bar in pressure amplitude of the
driving ultrasound (Fig. 9). In the numerical simulations shown in Fig. 8,
the effect of bubble shape instability was completely neglected. In the
next section, it is shown that the effect of bubble shape instability plays a
crucial role in broad-band component of acoustic cavitation noise.

4. Temporal fluctuation in number of bubbles
In the present section, the experimental results in Fig. 3 are discussed

based on the numerical simulations of acoustic cavitation noise [42]. It
has been experimentally reported that in low concentration surfactant

Fig. 5. Collapse and rebound of a laser-produced
spherical bubble in water, experimentally observed
at 20.8 million frames per second (48-ns interframe
time) with shock wave emission [60]. The size of the

picture is 1.5 x 1.8 mm. Reprinted with permission
from Advances in Chemical Physics, John Wiley &
Sons, edited by I. Prigogine, S.A. Rice, vol. 110, W.
Lauterborn, T. Kurz, R. Mettin, C.D. Ohl, Experimental
and theoretical bubble dynamics, pp. 295-380,
Copyright (1999), John Wiley & Sons.
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Fig. 6. Results of numerical simulations for collapse (left) and rebound (right) of a spherical bubble in water on spatial distributions of pressure in the liquid for
different instants in time [63]. A shock wave is radiated from a bubble into the surrounding liquid during the rebound (right). Reprinted with permission from Physics
of Fluids, vol. 7, R. Hickling, M.S. Plesset, Collapse and rebound of a spherical bubble in water, pp. 7-14, Copyright (1964), AIP Publishing.
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Fig. 7. Results of numerical simulations for chaotic pulsation of a bubble on radius-time curve (left), radiated acoustic signal (center), and frequency spectrum of the
acoustic signal (right) at 31 kHz and 0.9929 atm in ultrasonic frequency and pressure amplitude, respectively, with the ambient bubble radius of 20 pm [40].
Reprinted with permission from Ultrasonics, vol. 27, V.I. Ilyichev, V.L. Koretz, and N.P. Melnikov, Spectral characteristics of acoustic cavitation, pp. 357-361,

Copyright (1989), Elsevier.
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Fig. 8. Results of numerical simulations for bubble pulsation at 23.56 kHz with
the ambient bubble radius of 100 pm [67]. The acoustic pressure amplitude is
raised from O to 14.8 bar in 40 ms. The frequency spectra of bubble pulsation
are shown as a function of acoustic pressure amplitude. Reprinted with
permission from Phys. Rev. Lett., vol. 53, W. Lauterborn, E. Suchla, Bifurcation
superstructure in a model of acoustic turbulence, pp. 2304-2307, Copyright
(1984), American Physical Society.

solutions (1.5 mM SDS) the typical ambient bubble-radius is consider-
ably smaller than that in pure water (Fig. 10) [72]. The reason is the
considerable retardation in coalescence of bubbles in the presence of low
concentration surfactant [73]. Typical range of ambient bubble radius in
low concentration surfactant solution (1.5 mM SDS) is from 0.9 pm to
1.7 pm, while that in pure water is from 2.8 pm to 3.7 pm (Fig. 10) [72].
The range of ambient bubble radius was experimentally determined by
the decrease of sonoluminescence intensity by increasing the pulse-off
time of pulsed ultrasound. Increasing the pulse-off time, larger bub-
bles completely dissolve into the liquid during the pulse-off time.
Accordingly, the sonoluminescence intensity during the pulse-on time
decreases because the total number of bubbles decreases. By changing
the pulse-off time, relative number of bubbles of the specific size is
obtained by calculating the time for complete dissolution of a bubble of a
specific size into the liquid [72].

Numerical simulations of acoustic cavitation noise were performed
under the conditions of the experiment in Fig. 3 (515 kHz and 2.6 bar in
ultrasonic frequency and pressure amplitude of the driving ultrasound,
respectively) [42]. For 1.5 mM SDS solution, the ambient bubble radius
is assumed as Ry = 1.5 pm according to the experimental results in
Fig. 10. Under the condition, shape oscillation of a bubble is gradually
damped due to the small ambient radius of a bubble (Fig. 11(a)) [42]. In
other words, a bubble is shape stable and does not disintegrate into
daughter bubbles. Accordingly, there is no temporal fluctuation in
number of bubbles. Under the condition, radius-time curve is accurately
periodic with the acoustic period (Fig. 11(b)) [42]. The pressure of
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Reprinted with permission from J. Acoust. Soc. Am., vol. 112, K. Yasui, Influ-
ence of ultrasonic frequency on multibubble sonoluminescence, pp. 1405-1413,
Copyright (2002), Acoustical Society of America.

acoustic wave radiated from bubbles is dominated by pressure pulses
due to shock waves emitted from bubbles (Fig. 11(c)) [42]. The pressure
pulses are emitted periodically with time because the radius-time curve
is accurately periodic. The hydrophone signal (U) is numerically simu-
lated as follows [42,74].

U+ 2ynf.U +4m*f2U = P(t) + py(t) (€]

where y is the coefficient for damping, f. is the characteristic frequency
of the hydrophone, P(t) is the instantaneous pressure of acoustic waves
radiated from bubbles, and p;(t) is the instantaneous pressure of the
driving ultrasound. In the numerical simulations, f, =5 MHz and y = 1

5

1.5mM SDS

kS

Water

N
-~

Bubble Population Density
(um™)

/
Mrrrerzerf(l [ (il LRI
09 12 15 18 3.0 33 3.6

Bubble Radius [um]

Fig. 10. Experimental results on size distribution of sonoluminescing bubbles
measured by changing the pulse-off time of pulsed ultrasound for water and 1.5
mM SDS (surfactant) solution [72]. Reprinted with permission from J. Am.
Chem. Soc., vol. 127, J. Lee, M. Ashokkumar, S. Kentish, F. Grieser, Determi-
nation of the size distribution of sonoluminescence bubbles in a pulsed acoustic
field, pp. 16810-16811, Copyright (2005), American Chemical Society.
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are assumed [42]. P(t) is given as follows.

P=Sp (RZR + 2RR2) 2

S=Y — ®)

iz i

where S is called the coupling strength because it is related to the
strength of the bubble-bubble interaction, p is the liquid density, R is the
instantaneous bubble radius, dot denotes the time derivative (d/dt), r; is
the distance from the bubble numbered i to the hydrophone, and N is the
total number of bubbles. In the derivation of Eq. (2), it is assumed that
bubbles are spatially uniformly distributed and the ambient bubble radii
of all the bubbles are the same. The coupling strength (S) is approxi-
mately given as follows [43,51-53].

max ‘max
r

4nr?
S= / TR ar = 220 (B, — 1,,) ~ 2anl 4

Lin

where I, is the radius of a bubble cloud, I, is the distance from a
nearest bubble, g >y, is assumed in the last equation, and n is the
number density of bubbles.

The numerically simulated hydrophone signal in Fig. 11(d) is also a
periodic function of time, which mainly consists of sharp signals due to
shock waves superimposed on nearly sinusoidal wave due to the driving
ultrasound [42]. Accordingly, the frequency spectrum of the hydro-
phone signal only consists of the peak at the driving frequency and those
at its harmonics without broad-band noise because any periodic func-
tion is expressed by a Fourier series consisting of fundamental frequency
and its harmonics [75]. It should be noted that periodic shock-wave
emissions without variation in shock wave amplitude and emission
timings result in harmonics without broad-band noise. In other words,
shock waves do not necessarily result in the broad-band noise although
many researchers have regarded shock waves emitted from cavitation
bubbles as the origin of the broad-band noise. It should also be noted
that the effect of surface tension and surface dilatational viscosity of the
surfactant (SDS) is negligible on the spectra of acoustic cavitation noise
[42].

Next, acoustic cavitation noise from pure water is numerically
simulated under the condition of the experiment of Fig. 3 (Fig. 12) [42].
For pure water, the ambient bubble radius is assumed as Ry = 3pm
according to the experimental result of Fig. 10. In this case, a bubble is
shape unstable and disintegrates into daughter bubbles after about four
acoustic cycles as the shape oscillation amplitude exceeds the instanta-
neous bubble radius after about four acoustic cycles [42]. Then, number
of bubbles temporally fluctuates. This is taken into account in the nu-
merical simulations by the temporal variation of the coupling strength
(S) as follows.

St+T) = S(t) + (AS)r, )

where S(t+T) and S(t) are the coupling strength at time t+T and ¢,
respectively, T is the acoustic period, AS is the maximum amplitude of
the temporal variation of S per acoustic cycle, and r,, is a random number
generated by a computer from —1 to 1. In the numerical simulations,
AS = Sp/L is assumed, where Sy is the initial coupling strength and L is
the lifetime of a bubble expressed in acoustic cycle (L = 4 in the case of
Fig. 12). The temporal variation of S generated by a computer is shown
in Fig. 12(a) [42].

The coupling strength (S) influences the radius-time curve of a
bubble through the bubble-bubble interaction as follows [43].
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Fig. 11. Results of numerical simulations of
bubble pulsation and acoustic emissions with
the ambient bubble radius of 1.5 pm which is
typical in low-concentration SDS solution
under 515 kHz and 2.6 bar in ultrasonic
frequency and acoustic pressure amplitude,
respectively [42]. There is no temporal fluc-
tuation in number of bubbles because bub-
bles are shape stable. (a) The amplitude of
non-spherical component (n = 2) of the
bubble shape relative to the instantaneous
bubble radius (R) for the initial 100 ps. (b)
The bubble radius (R) as a function of time.
(c) The pressure of acoustic waves radiated
from bubbles as a function of time. (d) The
hydrophone signal in arbitrary unit as a
function of time. (e) The frequency spectrum
of the hydrophone signal with the logarith-
mic vertical axis. Reprinted with permission
from Ultrason. Sonochem., vol. 17, K. Yasui,
T. Tuziuti, J. Lee, T. Kozuka, A. Towata, Y.
lida, Numerical simulations of acoustic
cavitation noise with the temporal fluctua-
tion in the number of bubbles, pp. 460-472,
Copyright (2010), Elsevier.
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Fig. 12. Results of numerical simulations of
bubble pulsation and acoustic emissions with
the ambient bubble radius of 3 pm which is
typical in pure water under 515 kHz and 2.6
bar in ultrasonic frequency and acoustic
pressure amplitude, respectively [42]. There
is temporal fluctuation in number of bubbles
because a bubble disintegrates into daughter
bubbles in 4 acoustic cycles. (a) The
randomly varying “coupling strength” as a
function of time generated by a computer.
The time axis is from 0 to 700 ps. (b) The
bubble radius (R) as a function of time. (c)
The pressure of acoustic waves radiated from
bubbles as a function of time. (d) The hy-
drophone signal in arbitrary unit as a func-
tion of time. (e) The frequency spectrum of
the hydrophone signal with the logarithmic
vertical axis. Reprinted with permission from
Ultrason. Sonochem., vol. 17, K. Yasui, T.
Tuziuti, J. Lee, T. Kozuka, A. Towata, Y. lida,
Numerical simulations of acoustic cavitation
noise with the temporal fluctuation in the
number of bubbles, pp. 460-472, Copyright
(2010), Elsevier.
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Fig. 13. Results of numerical simulations of bubble pulsation at 515 kHz with
various acoustic pressure amplitudes and various ambient bubble radii [42].
The regions for “transient” cavitation bubbles and “stable” cavitation bubbles
are shown in the parameter space of ambient bubble radius and the acoustic
pressure amplitude. “Stable” (“transient”) cavitation bubbles are defined as
those which are shape stable (unstable). The thickest line is the border between
the region for “stable” cavitation bubbles and that for “transient” ones. The type
of bubble pulsation is indicated as chaotic (non-periodic), periodic with the
acoustic period (denoted as nfy because of the noise spectra consisting of the
driving frequency and its harmonics), doubled acoustic period (denoted as nfy/
2 because of the noise spectra consisting of the driving frequency, its har-
monics, half-order subharmonic, and ultraharmonics), and quadrupled acoustic
period (denoted as nfy/4 because of the noise spectra consisting of the driving
frequency, its harmonics, the half-order subharmonic, and ultraharmonics (nfy/
4)). Reprinted with permission from Ultrason. Sonochem., vol. 17, K. Yasui, T.
Tuziuti, J. Lee, T. Kozuka, A. Towata, Y. Ilida, Numerical simulations of acoustic
cavitation noise with the temporal fluctuation in the number of bubbles, pp.
460-472, Copyright (2010), Elsevier.
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where c,, is the sound velocity in liquid at ambient condition, p; ., is the
liquid density at ambient condition, pg is the liquid pressure at the
bubble wall, A and w are the pressure amplitude and the angular fre-
quency of the driving ultrasound, respectively, and p,, is the ambient
pressure. The last term of Eq. (6) is the pressure of acoustic waves
radiated by surrounding bubbles divided by p; ., neglecting the term in

the order of (R/r) <R/cw). The last term is the effect of the bub-

ble-bubble interaction. When the term is omitted, Keller equation is
recovered [43].

In spite of the bubble-bubble interaction, the radius-time curve is
nearly periodic with the acoustic period (Fig. 12(b)) [42]. However, the
pressure of acoustic waves radiated from bubbles in no longer periodic
because the height of each peak is proportional to the coupling strength
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(S) (Eq. (2)) and S temporally fluctuates as shown in Fig. 12(a) (Fig. 12
(c)). In other words, the acoustic signal from bubbles is no longer peri-
odic as a function of time because number of bubbles temporally fluc-
tuates and accordingly the number of shock waves radiated from
bubbles temporally fluctuates. Then, the hydrophone signal is no longer
periodic with time because the height of the peaks due to shock waves
fluctuates with acoustic cycles (Fig. 12(d)). As a result, the broad-band
noise appears in the frequency spectrum of the hydrophone signal
because non-periodic component in a time series results in the broad-
band component in the frequency spectrum (Fig. 12(e)) [42]. In
conclusion, temporal fluctuation in number of bubbles results in the
broad-band noise [42]. According to Seya et al. [27], temporal fluctu-
ation in the bubble size distribution also results in the broad-band noise.
It is partly due to the variation in timings of shock wave emissions. It
should also be noted that under a relatively high coupling-strength the
broad-band noise is intensified by the bubble-bubble interaction [42].
In other words, the broad-band noise is intensified by the bubble-bubble
interaction when the number density of bubbles is relatively high. It is
related to the broad-band noise resulted from the nonlinear propagation
of an acoustic wave in a bubbly liquid with strong bubble-bubble
interaction reported by An [41].

Numerical simulations are performed for various ambient bubble
radii and acoustic amplitudes under the experimental condition of Fig. 3
(515 kHz) (Fig. 13). Above the thick solid line in Fig. 13, a bubble dis-
integrates into daughter bubbles in a few or a few hundred acoustic
cycles due to the shape instability. In other words, there is temporal
fluctuation in the number of bubbles above the thick solid line, which
results in the broad-band noise. On the other hand, the area in the phase
space of ambient bubble radius and acoustic amplitude for chaotic (non-
periodic) pulsation is very narrow in Fig. 13 [42]. The area for periodic
pulsation with quadrupled acoustic period (nf,/4) in the phase space is a
little bit larger than that for chaotic pulsation as shown in Fig. 13. In the
experimental data of the acoustic cavitation noise from pure water in
Fig. 3 at the acoustic amplitude of about 2.6 bar, however, there are no
peaks at (2n—1)/4. Thus, it is expected that the contribution of chaotic
pulsation on the broad-band noise is also negligible at the acoustic
amplitude of about 2.6 bar. Furthermore, typical range of ambient
bubble radius in the experiment is from 2.8 pm to 3.7 pm (Fig. 10) [72].
In other words, the main mechanism for the broad-band noise under the
experimental condition of Fig. 3 is the temporal fluctuation in the
number of bubbles. It is expected that broad-band noise is often origi-
nated in the temporal fluctuation in the number of bubbles.

Experimentally, Lauterborn and Mettin [76] reported that broad-
band noise was observed when a bubble disintegrated into daughter
bubbles in a single-bubble system according to the experiment by J.
Schneider and J. Eisener (Fig. 14). It is the experimental evidence that
temporal fluctuation in the number of bubbles results in the broad-band
noise although not only the variation in shock wave amplitudes but also
that of emission timings causes the broad-band noise.

Song, Moldovan, and Prentice [32] experimentally showed that the
broad-band noise is originated in the variation in shock wave amplitudes
and emission timings as shown in Fig. 15. It is confirmed that main
acoustic signals from bubbles are shock waves emitted from bubbles.
Furthermore, the experimental results suggest that temporal fluctuation
in number of bubbles results in the broad-band noise. However, Yusuf,
Symes, and Prentice [34] experimentally suggested that variation in
shock wave amplitudes as well as multi-fronted shock waves generated
from the collapses of bubble clusters result in the broad-band noise at
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Fig. 14. Experimental results on repeatedly splitting single bubble trapped near the pressure antinode of a standing ultrasonic wave at 25 kHz by J. Schneider and J.
Eisener [76]. (a) Optical images of the bubbles. (b) Frequency spectrum of acoustic noise as a function of time. The broad-band noise repeatedly appeared when a
bubble is split into daughter bubbles. Reprinted with permission from Power Ultrasonics, edited by J.A. Gallego-Juarez, K.F. Graff, Elsevier, W. Lauterborn, R. Mettin,
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relatively low ultrasonic frequencies. Further studies are required on the
role for bubble cluster dynamics in the broad-band noise especially at
relatively low ultrasonic frequencies [30,77,78].

5. Conclusion

There are mainly-two mechanisms in the origin of the broad-band
noise in acoustic cavitation. One is chaotical (non-periodic) pulsation
of a bubble. The other is the temporal fluctuation in number of bubbles.
Shock wave emissions from bubble do not necessarily result in the
broad-band noise because accurately periodic emissions of shock waves
without variation in shock wave amplitudes and emission timings result
only in harmonics without the broadband noise as any periodic function
is expressed by a Fourier series consisting of fundamental frequency and
its harmonics. It is suggested that the temporal fluctuation in the number
of bubbles is sometimes the origin of the broad-band noise. Further
studies are required on the role for bubble cluster dynamics as well as
the bubble-bubble interaction in the broad-band noise especially at
relatively low ultrasonic frequencies.
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