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Oscillation mode conversion and energy confinement of acoustically agitated bubbles
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The acoustically agitated bubble oscillation in liquids that is considered to be related to the half-subharmonic
acoustic bubble oscillations is discussed in terms of parametric decay instability. At the frequency of about 40
kHz, the half-subharmonic bubble oscillation mode should be a surface bubble oscillation that does not easily
emit acoustic waves into water and confines acoustic energy from longitudinal waves. The half-subharmonic
bubble oscillation is the dominant mode that leads to parametric decay instability of bubble oscillations.
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INTRODUCTION cient for the sound source of subharmonic emissions, be-
cause the velocity potential decreases rap{diyi3,14 as
Cavitation is a nonlinear effect of finite-amplitude ultra- one moves away from the bubble. The pressure fields, due to
sonic waves in liquids. The mechanical action of cavitationbubbles oscillating asymmetrically, decay with radial dis-
has been widely used for ultrasonic cleaning, and the localtancer asr ~("*%), wheren>1 [18]; therefore, there is the
ized high temperature and high pressiiie?] caused by possibility of acoustic energy confinement in the asymmetric
cavitation have recently been utilized to induce chemical rebubble oscillations or surface waves. There is a “shimmer”
actions for the synthesis of materials. Theories and experisbserved on the bubble surfalcd, which may indicate that
ments on cavitation were summarized by Leighfhh there are surface waves on the bubble surface. Oscillating
Nonlinear acoustic effects such as subharmonics havepples cause the surface of the bubble to shimmer, as Leigh-
been reported1,3—15 and analyzed using chaos theory ton et al.[7] observed by the naked eye. They provided evi-
[16—19. Not only the spherical bubble oscillation mode dence that the oscillating ripples are standing waves, as seen
[1,5-1d, but also asymmetric or surface bubble oscillationsin the photographf7,10]. Korenfeld and Suvorof10] noted
[1,7-14, in addition to the emission from surface oscilla- that all these bubbles, when examined by the naked eye, had
tions[8,9], have been discussed. The surface wave or capiltwice as many angles as those seen in the photographs. They
lary wave(i.e., the standing wave of surface wayves$ gas  reported, for example, observation of eight andks octa-
bubble oscillation$1,13] and the destructive action of cavi- gon) by the naked eye, however, only four anglassquarg
tation[10] have also been discussed. Faraday was the first twere seen in the photographs. This indicates that the bubble
report the appearance of the wave of half the exciting freoscillations are the standing waves of surface waves.
guency[1,20,21. Neppirag 3] also reported that half of the There are two types of parametric decay; spontaneous de-
frequency was obtained from a single air bubble adhering teay and stimulated parametric ded®p]. Results of a pre-
the hydrophone. The Mathieu differential equation used fowvious study indicate that capillary waves are spontaneously
analyzing capillary waves of ultrasonic atomization shows gormed on the surface of the bubbles at exactly half the ex-
subharmonic instability21]. citation frequency[12]. It has been noted that parametric
In solids, acoustic waves are treated using the phonoresonance is insufficient for the deformation of the bubble,
concept[22], and a “three-wave interaction,” in which one because the degree of deformation increases quite rapidly
phonon decays into two phonons while fulfilling the during one period of radial oscillatidd1]. Therefore, a non-
frequency- and wave-number matching conditi¢@8,24], resonant mechanism for the deformation of the bubble is
has been recognized. It is also known that one wave decaysecessary.
into two waves, while fulfilling the matching conditions, in  According to the Rayleigh-Plesset equation, there are two
the case of parametric decay instability in plasma physicsypes of cavitation moddd ]; stable cavitation and transient
[25] and down conversion in nonlinear optics. Applicationscavitation. A transient cavitation bubble expands its radius
of the phonon scheme to acoustic streanj2@-28 and the  and finally collapses. Thus, transient cavitation, such as in a
acoustic radiation pressuf26] of ultrasonic waves in liquid cavitation jet, affects the medium mechanically. In contrast,
have recently been reported, owing to the simplicity of thestable cavitation has no collapse phenomenon, so that it ap-
mathematical treatment. A subharmonic wave, which is gears calm.
longitudinal wave mode, is treated using parametric decay In this paper, we propose that an acoustically agitated
[29] with the phonon scheme. bubble oscillation is related to half-subharmonic surface
There have been reports that the surface wave is insuffbubble oscillation, which does not easily emit acoustic en-
ergy into water, i.e., the bubble oscillations are standing sur-
face waves on the bubble surface, or a higher-order mode of
*Email address: msato@honda-el.co.jp bifurcated bubble oscillations. Many analyses of asymmetric
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FIG. 1. Experimental apparatus: 20Q@00x 100 mm, 1000 ml

capacity. FIG. 2. Structure of hydrophone with an air gap. The air gap
(i.e., distanceworks as an acoustical filter for the acoustic waves

bubble oscillations have been performédd7—14, however, from the point source of bubbles.

the bifurcation of asymmetric bubble oscillations has not yet

been analyzed from the viewpoint of spontaneous decay us- In these experiments, separate detection of the oscillations

ing momentum and energy conservation laws. Therefore, wavas attempted. The frequency spectrum of an acoustically

present the experimental results, and propose a method #&mitated bubble, which adheres to the hydrophone, is de-

analyze surface bubble oscillation using parametric decay intected directly by comparing the frequency spectrum be-

stability. tween the hydrophones with and without an air gap.

I. EXPERIMENT II. EXPERIMENTAL RESULTS

Figure 1 shows the experimental setup, consisting of a Experiments were performed using water, in which a
water bath(1000 ml capacitywith a cooling system and an large amount of air was dissolved. The driving frequencies of
ultrasonic vibrator. The driving frequencies were the higher43.3 and 140 kHz were used. The depth of the water was 90
harmonic oscillation modes of a bolt-fixed Langevin-type vi-mm. Under these conditions, the hydrophone and air-gap hy-
brator. The vibrator was driven by a power amplifier, thedrophone were set in the water bath. Figure 3 shows the
frequency and amplitude were controlled by a signal generdrequency spectrum, where FigaBis the result using the no
tor, and the electric input power to the vibrator was measure@ir-gap hydrophone and Fig(l3 is the result using the air-
using an electric power meter. gap one. Figure 4 shows the signal intensity level of the

The half-subharmonics were detected, when acousticallfrequency spectrum of fundamenté) and 1/2 subharmonic
agitated bubbles adhered to the hydrophone, at the drivin(f/2-) at the driving frequency,=43.3 kHz as a function of
frequency of about 40 kHz. The subharmonics were stronglyhe electric input poweiP, applied to the vibrators. The
depressed when the hydrophone did not directly come intyarious marks in the figure are described in the figure cap-
contact with the bubbles. The detection of the half-tions, where Fig. @) is the result using the no air-gap hy-
subharmonics critically depended on the contact between th@&ophone and Fig. () is the result using the air-gap one.
hydrophone and the bubbles. We detected these data Wygure 4a) shows that the signal levels &fandf/2- waves
chance, however, these experimental conditions were ngtepend on the position of the hydrophones and increase ac-
stable, because it was difficult to control the bubble contactording to input poweP,, andf/2- waves tend to approach
with the hydrophone. —50 dB whenP, exceeds 50 W. In the case of the air-gap

In these experiments, we used a hydrophone and ahydrophongFig. 4(b)], the signal level at larg@, is —100
acoustic-filtered piezoceramic hydrophone, so that the longito —110 dB, which is about 60 dB smaller than the former.
tudinal waves can be distinguished from the surface waved he results measured &= 140 kHz are shown in Fig. 5.
where the surface oscillating bubbles adhered to the hydrd=-rom these experimental results, it is observed that the gen-
phone. Surface waves from a point source decay very rapidigration off/2 wave increases with an increaseRg and a
depending on the distance, therefore, an air gap works asdecrease irf.
filter that separates longitudinal waves from surface waves
(§ee Sec. [l D. Thus, we introduced an air gap as the acous- Il DISCUSSION
tical filter for the surface waves. The structure of an air-
gapped hydrophone consisted of a piezoceramic plate and a Here, we discuss the modes of spherical and asymmetric
¢ 15-mm-polyethylene tub@.2 mm thick, as shown in Fig. (surface bubble oscillations, using the quantum mechanical
2. The air gap was about 5—7 mm, and the output from theepresentation[26,28,29 and parametric decay scheme
hydrophone was analyzed using a spectrum analyzer aft¢28,29. Surface oscillatior(i.e., capillary wave of a solid
amplification. sphere was calculated by finite-element meth@esM) as
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FIG. 4. Signal level of the fundamentdt) (solid symbol$ and
subharmonic {/2-) (open symbolswaves detected by hydrophone
operated at 43.3 kHz as a function of electric input poRgr(a)

FIG. 3. Frequency spectrum of the fundamertaland subhar-  ydrophone without an air gafh) hydrophone with an air gap. For
monic (f/2-) waves at the driving frequency of 43.3 kHz, electric (e hydrophone located 10 m(from the oscillation plate® de-
input power of 50 W, wheréa) hydrophone without an air gap; notesf- andO denotesf/2-, 40 mm(from the oscillation plate ¢

—21.84 dB,f/2-: —51.14 dB,(b) hydrophone with an air gag: denoted- and ¢ denotesf/2-, 60 mm(from the oscillation plate
—61.64 dB,f/2-: —111.5 dB. B denoted- and ] denotesf/2-.

Frequency (kHz)
()

shown in Fig. 6. We think this oscillation mode should be the e=nyho, (1)
surface mode of the bubble oscillation. These modes are con-
sidered to be half-subharmonic oscillation; at this stage, we
cannot calculate the spherical to surface mode conversion
nor half-subharmonic oscillation by FEM. We consider thatHere,ﬁ:hlzm whereh is Planck’s constantw=27f (f is

there are two steps in converting spherical bubble oscillatiog,e frequency, andk is the wave number. The representation

into growing surface bubble oscillatiof) spherical to sur-  of Eqs (1) and(2) is useful for a qualitative understanding of
face mode conversion of oscillation, which will occur within e parametric decay.

one cycle of bubble oscillatiofL.1]; (2) acoustic energy and Parametric decay is known as three-wave interaction or

momentum confinement and accumulation, which will occurgown conversion. in which one wave decays into two waves
in several cycle431]. These steps can be explained usindyyfiling the energy and momentum conservation laws,

quantum mechanical representation and energy and momefich are represented by Eq8) and (4), respectively,
tum conservation laws.

w=nyfk. @

wo= (1)1+ Wy, (3)
A. Quantum mechanical representation of acoustic wave
Here, we introduce the quantum mechanical representa- ko=Kk;+Kk,. (4)
tion of an acoustic wavf26—29. The energy density and
the momentum density are represented by using phonon Here, the subscript O refers to the original wave, while sub-
densityn,, scripts 1 and 2 refer to decayed waves.
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FIG. 5. Signal level of the fundamentét) and subharmonic
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FIG. 6. Surface oscillation of solid sphere shell calculated by
FEM.

Capillary waves are generated on the flat plane, and sur-
face bubble oscillation occurs on the bubble surface as cap-
illary waves[33]. We consider it is difficult to oscillate the
bubble symmetrically, for example single bubble sonolumi-
nescence occurs at symmetric oscillation, however, an asym-
metric oscillation mode does not flagB4]. Therefore, we
concluded that it was difficult to obtain a spherical oscilla-
tion. There are two types of oscillation modes of the bubble,
as shown in Fig. 8, symmetric and surface. The longitudinal
wave moves the bubble surface spherically, however, it is
difficult to move a bubble surface spherically, resulting in the
spontaneous generation of surface bubble oscillations.

C. w-k diagram

(f/2-) waves detected by a hydrophone operated at 140 kHz as a \ye describe acoustic waves from the viewpoint of mo-

function of electric input poweP, (a) hydrophone without an air
gap,(b) hydrophone with an air gap. For the hydrophone located 1
mm from the oscillation plat® denote f andO denotesf/2.

Parametric resonance is not always a suitable explanation

increases quite rapidly during one period of radial oscillation

0

mentum and energy; therefore, we introduce the frequency-
and wave-number matching conditions, using @k (fre-

z

of the parametric decay, because the degree of deformation ’I\
kSUR

[11]. The deformation occurs without a resonant process, and

the deformation of the bubble oscillation can be explained as

an increase in entropy.

B. Mode conversion on the bubble surface

In this section, we propose a simple mechanism of para-
metric decay, which does not require a parametric resonant

S. S,
. = =

Surface

'Wavefront

process. We consider the parametric decay process as a con- ] {J Longitudinal wave

version or deformation process.
First, we qualitatively explain the capillary wave forma-
tion mechanism on a flat plaji82] as shown in Fig. 7. The

longitudinal waves from the ultrasonic vibrator generate the
planar wave fronts, which are parallel to the liquid surface.
The longitudinal waves move the surface up and down.
However, it is difficult to move a large surface area in phase.

Therefore, surface wavéS, andS_) appear on the surface

I/

Ultrasonic vibrator

(a) (b)

FIG. 7. Surface wave formation by parametric decay: Paramet-

spontaneously, by the rapid deformation of the longitudinakic decay occurs due to an increase in entropy; longitudinal plane

wave (i.e., spontaneous decay

waves decay into surface waves spontaneously.
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FIG. 8. Asymmetric and spherical bubble oscillations: The para- B 2 A

metric decay occurs on the bubble surface, resulting in the genera-
tion of capillary waves or asymmetric bifurcated half-subharmonic
bubble oscillations. The wave is a standing or traveling surface | s Keum
wave. —K, 0 K,
quency vs wave numbgediagram[25]. Figure 9 shows the Wave number
coordinates; here, the origin is the center of the buldblés FIG. 10. Frequency vs wave-numbes-k) diagram of surface

the radial wave number direction, akgyris the wave num-  \aye generation: This diagram represents the parametric decay con-
ber along the bubble surface. In the arguments, we use thfiion for surface waves on the surface of a liquid. Here, the dis-
wave numbeksyg. Figure 10 shows the-k diagram of all  persion curve of the bubble surface is assumed to be similar to that
the waves and oscillations that can exist on the bubble suif a flat planar surface.
face. The transversal axis represents the wave nukipgy,
and the vertical axis represents the frequeacy bubble oscillations, which are represented as the points on
Symmetric bubble oscillations are represented as pointthe w axis, these symmetric bubble oscillations will be
on the w axis, because wave-number direction is chosemlamped through the emission of the longitudinal waves.
along the bubble surface; therefore, the symmetric bubbl&hus, for the confinement of acoustic energy, decayed waves
oscillation has an infinite wavelength, i.e., wave numbershould be nonemission modes, i.e., surface waves on the
=0, and has the frequenay,. bubble. Therefore, only the parallelogra®APB can be
Surface acoustic waves are represented as points on tldeawn in this diagram. Her€APBshows vector summation
dispersion curves, assuming that the dispersion curves atd OP(w(,0)=0A(wy/2k;) +O0B(wy/2,—k;). It means

the same as those for the flat plane surf@d, i.e., that only this parametric decay pattern has a chance to de-
3 velop the surface wave and shows a sufficient condition for
w0~k (5) mode conversion. This is why half of the frequency is gen-

erated. The parametric decay condition@APB shows the
Therefore, thew axis and dispersion curves represent allwave-number matching condition, which indicates that
the oscillations and waves on the bubble surface. Using th@avesOA(wy/2k,) andOB(wy/2,—K,) propagate in oppo-
w-k diagram, frequency- and wave-number matching condisite directions. These matching conditions give the half-
tions are represented in a parallelogram. subharmonic and standing waves. Therefore, equations of the
The pointP in Fig. 10 is the symmetrical bubble oscilla- matching conditiong3) and (4) are as follows:
tion, driven by the longitudinal wave. If asymmetrical mo-
tions occur on the bubble surface, and if these motions fulfil wo=wol2+ wl2, (6)
the dispersion relation of the surface waves, parametric de-
cay will occur. If point P decays into further symmetric 0=ky—k;. (7)

z Equation (6) represents half of the frequencghalf-
subharmonig condition and Eq(7) represents the standing
Ik wave condition.

D. Acoustic energy and momentum confinment

It is difficult for a surface oscillating bubble to radiate
acoustic energy in water, because radiated acoustic pressure
amplitudep from the surface waves on the bubble decreases
as follows[18],

pocr—(n+1). (8)
FIG. 9. Coordinates for the analysis of the bubble oscillation:
Surface waves do not have radial wave numbers, i.e., radial wavelere,r is the distance from the center of the bubble, and
numberk, is 0, but have wave numbéig g that is on the bubble (>1) is the order of the oscillation mode. Therefore, the
surface. acoustic pressure amplitude of the surface waves decreases
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Momentum (pressure)

Water pressure@ g
FIG. 11. Distance dependence of the surface acoustic wave pres-
sure amplitude. Capillary waves

Hydrophone

very rapidly according to the distanceas shown in Fig. 11. .
Hence the energy concentration and confinement occur on Mist, Vapor
the bubble surface.

- . . FIG. 12. Surf illati d f ticall itated
According to the parametric decay of the bubble oscilla- driace oscriation mode o7 acousticaly agrate

. h fthe I itudinal . f d bubble: There is a possibility that the capillary waves function as a
tions, the energy of the longitudinal waves Is transferre tQNaII, which maintains the acoustically agitated bubble surface

the surface Wavgs, one after another. The surface Wavgs a_é‘gainst the water pressure. Furthermore there is a possibility of the
cumulate acoustic energy on the bubble surface, resulting igiomization or the vaporization of liquid in the bubble.

the breakup of the bubble; this phenomenon is responsible

for the instability of parametric decay. the surface wave becomes smaller, as seen frontSEdThis
These experimental data are in good agreement with thodact indicates the possibility that a surface oscillating bubble

of previous experiments on the half-subharmonic frequencgxpands in diameter and finally breaks up at low frequency,

spectrum([3,6,7,34. The surface bubble oscillation will be while acoustic energy confinement on the bubble surface eas-

the capillary waves on the bubble surface. We detected sepdy occurs at high frequency. The frequency dependence of

rately the longitudinal wave and surface wave of the bubblesurface bubble oscillation is similar to transient and stable

by using the no air-gap hydrophone and the air-gap one asavitation phenomena.

described before, where the detection ability of the longitu- There is a possibility that, in addition to a mechanical

dinal component of the latter is adequately suppressed. Thigaction, cavitation plays an important role for such chemical

situation is drawn in an intuitive manner in Fig. 12 as thereactions as sonochemical luminescence. The frequency de-

dashed line denotes detection by direct contact and the soljpendence of KO, generation from distilled watdi33] can

line denotes that by indirect contact through the air gap. be explained by the mechanism of acoustic energy accumu-
Capillary waves have wave numbers and therefore molation on the bubble surface, which is considered to occur

mentum, producing pressure, which has a possibility of conmore effectively at high frequencies.

tributing to the breakup of the bubbles. For example, if the

bubble radius shrinks, it shortens the wavelength of capillary CONCLUDING REMARKS

waves along the bubble surface, resulting in the increase in ) ) _ )

the wave numbefmomentun); thus the pressure that makes The n_onll_near |nte_ract|on between ultrgsonlc waves a_nd

the bubble radius large is generated on the bubble surfacBUbPIES is discussed in terms of parametric decay instability.

Therefore, there is a possibility that the capillary waves!Nere is a half-subharmonic mode generated from the ultra-

break up the bubble surface. At this stage, we cannot estfONiC Waves that does not easily emit acoustic energy in lig-

mate the contribution of capillary waves that causes th&lids. These surface oscillations do not scatter or lose energy,

bubbles to breakup. and therefore contribute to the energy accumulation required
According to Egs(1) and(2), we obtain Eq(9), for the growth of surface bubble oscillation to breakup. We

experimentally demonstrated that the surface bubble oscilla-

p=¢elc. 9 tion has the half-subharmonic surface wave mode with few

emissions of acoustic waves into water, resulting in the un-
Here, c=w/k, thus, Eq.(9) indicates that the momentum stable growth of acoustically agitated bubbles. We consider
density depends on the phase velocity; therefore, at equéhat the surface bubble oscillation should partially explain
energy densities the lower the driving frequency, the largethe transient cavitation, however, at this stage we cannot
the pressure. This is because at low frequency, the velocity afhow the data of the time scale.
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