Measurement of dstribution of broadband noise andsound pressuresin sonochemical reactor
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Crosssectional area distribution of broadband noise in a sonochemical reactor was
measured to estimate reaction fields. A ne#¢gbe hydrophone scanndtlie sonochemical
reactorin horizontal and vertical directions at emallimeter inteval. To showan absolute value
of broadband noiseyarage of broadbargbund pressure was definddhe distribution of sound
pressures at the fundamental and second harmonic frequencies were also measured. In the case
of driving frequency at 130 kHapnochemical raction fields werebservedn several ellipse
shapes.The reaction fields in upper part of the reaat@s high becausecavitation bubbles
moved upper part due to radiation farddne sound pressure distribution at the fundamental
frequency shwedexistence ostanding wavandreaction fields were weak at pressure antinode
because cavitation bubbles were repelled by primary Bjerknes. fohee sound pressure
distribution at the second harmonic frequency indatétatthe pattern ofoubblesdistribution
resembld to that of reaction fields closelin the case a43 kHz, distributions of reaction fields
and sound pressures were complex due to coupled vibraherreaction fields were relatively

weak in areawhich had very high sound pressgat the fundamental frequency.

Key words:Broadband noise, Sound pressure, Sonochemical reaetactiéh field Second harmonic

frequency



1. Introduction

When ultrasound with high intensity is irradiated into liquid, fine bubblegemerategoscillated,
andfinally collapsed. This phenomenon is termed ultrasonic cavitathaiiocalized field with high
temperature, high pressusnd high fluid velocityareformed In thesdields, chemical and mechanical
effects are generatelispecially, sonochemistryhat ischemical effect of ultrasonicavitation attracts
attention because it applies to many areas such as synthesis of nanopattidiegh catalyst activityl-

3] and decompositionof harmful materialin water under normal temperature and pressuf4-6].
Advantages of sonochemical method are low envirortatdoad and safety operation.

To put sonochemical method infaractical use, it is necessary to developigh-efficiency
sonochemicaleactorwhich has high reaction eper unit ultrasonic energyheenlargement of reaction
fieldsin thereactor is important for development of the hajficiencysonochemical reactoit the same
time,anaccuratanethod ofevaluatingeaction fielé should be develope&o far, fields of sonochemical
reactionandultrasounl were evaluatedoy severamethodssuch adistributionof sound pressure at the
fundamental frequendy-9], observation of bubble cloudi0-12], distributionof aluminum foil erosion
[13-15], observation of sonoemical luminescendd 6-18], anddistributionof broadband noisd9-21].

Distribution of sound pressure at the fundamental frequencynsasuredisinga hydrophone and
an XYZ-stage. Thebtainedsound pressuilie accurat@ndcancompare with thatby numerical simulation
[7, 9, 2224]. However fields with high sound pressure do not necessarily correspond to those with high
reaction[20, 21]sincecavitationgenerations influenced bybubble behavior under ultrasourubble
cloudshave beemftenobservedy highspeed video camera. Mettin classified several bubble clouds in
terms of shapes and explained its formation mechgd@rHowever, it is difficult tadistinguish bubbles
contributingto reactiorfrom other bubbledn the distribution oluminum foil erosionanaluminum foll
tailored to the size dhe reactors immersed inta sample After ultrasonic irradiation,r@sion positions
and areaare measurejd 3, 15] This method is simple amdquiresshort measurement timdevertheless,
there is concern that sound fields may chabhgemmersion ofthe aluminum foil. Observation of
sonochemical luminescends/ luminol solutionis most frequentlyused methodsince sonochemical
luminescencalirectly originates from sonochemicaleactionandit is easy toobservereaction field in
thewhole reactarHowever,it is impossible to estimate craesectional area distribution of reaction field
in the reactor because of observation from a window or wall of the relctbe case of aonochemical
reactor surrounded by cooling water, measuremergaaition fields is difficult.



The soundemissions generated loavitationbubblesare composed aofs characteristimoise and
frequency componentA.significant contributor tdoroadbad noisecomesrom shockwavesirising from
collapse of cavitation bubbleExtentof broadband noiseelates to the amount dlubble collapsat a
certain measurement poirit the reactar The broadband noisenging from kilohertz to megahertz
frequenciesis measured using the hydrophone and a spectrum analyrermethod is possible to
estimate crossectional area distribution of reaction figlth the reactor iace sonochemical reaction
originatesfrom collapse of cavitation bubbleStill, the distribution of broadband noigethe reactohas
been only conducted ofttmensional measuremej20, 21} The value of broadband noiseaiselative
value varied accordingto the type of hydrophon&ecently, Shiiba et a[25] have developed a tough
needletype hydrophone fabricated by a hydrothermal synthesis method. This hydrophone can measure
high sound presses in a wide range dfequenciesinder ultrasonic cavitation

In this studythecrosssectional area distribioin of broadband noise in the sonochemical reactor was
measured to estimate reaction fields. The tough newyokéehydrophone fabricated lay hydrothermal
synthesis methodcannedhe reactorin horizontal and vertical directions at emgllimeter interval
Average ofbroadband soungressure was defined &howan absolute value of broadband noiEee
sonochemical reactor surrounded by cooling watesdriven at 130 and 3kHz. Thecrosssectional area
distribution ofsound pressusat the fundamentaind second harmonitequenges were also measured

to clarify effects of sound pressure and bubbleseaction fields.

2. Experimental methods

Fig. 1 shows dimensi@of the sonochemical reactofhe sonochemical reactor hdduble layer
structure.Sample wa contained innner layer and cooling water wairculated in outer layer of the
reactor.The reactor was made from stainless steel. Inner diameter and heighteaicioe wee 56.8 and
120 mm, respectively. A Langevin transducer 45 mm in dienveas fixed at the bottom of the reactor,
and ultrasound was irradiated the sample in theeactor The transducer was driven altrasonic
frequencies 0130 and 43 kHZThe sample heights the reactor at 130 and 43 kHzne&0 and 100 mm,
respectiely. Air-saturated distilled water was used aarage. The sample temperature Wegtconstant
at 298 Kusingawater bath

Setup diagram of the apparatus was showtheiprevious papej26]. A power anplifier (1040L,
E&Il) amplified a sinusoidal wave signal which was generated by a signal generator (WF1974, NF). To

match impedance of the transdueerd the power amplifieran impedance matching circuit (Honda



Electronics) was connecte@he voltage of both ends of the transduaad the current through the
transducemwere measured by an oscilloscope (TDS3014B, Tektronix) and a current probe (TCP202,
Tektronix), respectivelyThe effective electric power applied to the transduceltwetgne averagealue
of productof instantaneousaltage and instantaneous currértie effective electric powepplied to the
transducewasconnectedo a personal computer @aeneralpurpose interface b&PIB). To keep the
effective electric power applied to the transducer at 2 W, the signatag@engas controlled by an
electronics control system (Honda Electronics).

To measure sound pressure in a wide range of frequencies, the tougktyetiglrophoneHUS-
200S Honda Electronicsgalibrated sound pressure in finequency range frori0 kHz to ® MHz was
used.Thetip of hydrophonevas submergeinto water. The hydrophorseannedhe reactom horizontal
and vertical directionat onemillimeter interval usingan XYZ-axis stage and a stage control®8HQOT-
204, Sigmakoki).As shown inFig. 1, the origin positionof distribution measurememtasdecidedto be
the center of the transducsurface, andhe x andz axis were defined to bide horizontal and vertical
directions, respectivelyThe hydrophone was connected to a spectrum agra(§b95E HP) through a
preamplifier HUS-200A, Honda Electronics) which convedtimpedanceandthe sound signal spectra
wasmeasured

Usiomagl i br ag o wmd dgatteastshue ef undament al and secon
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equation
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where P(f) is broadbandsound pressuseexcluding the fundamental, subharmoni©armoni¢ and
ultraharmonic componenf&6]. The start frequency of the integration regipwas 20 kHzandthe end
frequencyf, was 10 MHz Average of broadband sound pressure shbesibsolute valuef a broadband

noise.

3. Results and discussion
3.1. Distribution at 130 kHz



Fig. 2 showsthe distribution of sound pressure at the fundamental frequenclyybdyophone
measurement. Driving frequency of the transducer is 130 kHz. The stripe paftstanding wave are
obseved between the transducer ahdwater surfaceand he sound pressure is highza= 12, 19,26,

32, 38 mmwhich arethe positions opressure antinodeThe ultrasound wavelength in water is 11.5.mm
The interval of points at high sound pressigsslightly longer than a half wavelength of ultrasound
because the vibration of the progressive wave is influenced by the radial vibraimph&€homenon is
called coupled vibratiof27].

The broadband noise astenused for theavitaion detectionbecause it is directly attributed tioe
collapse of cavitation bubbl§k9, 20] The hydrophone used in this study for sound pressure neeasot
can measure sound pressure in a wide range of ultrasonic frequency under cavitation since it is tough [25]
and calibrated for the range of 20 kHz to 20 MAxerage of broadbansbundpressuras calculatedoy
Eq. (1). Average of broadbahsoundpressure reflectsonochemical reaction fieldsnce sonochemical
reaction originatedrom the collapse of cavitation bubbleBig. 3 shows the distribution of average of
broadband sound pressure. ilprove visualization of reaction fieldthe average obroadbandsound
pressureabove 40 P#s displayed Sonochemicaleactionfields are obsered above the transducand
haveseveral ellipsshapesentered at points @k, 2) = (0, 12), (0, 19), (0, 26), (0, 32), (0, 38). Reaction
fields arepowerfulin upper part of the reactolt is thought that many bubbles sxin upperpart of the
reactor Furthermore, e distributionpatternof reaction fieldis differentfrom that of sound pressuat
the fundamental frequency in Fig) Especially, the reactidields areweakatarea withvery high sound
pressuresuch asx, z) = (0, 12), (0, 19), (0, 26), (0, 38)

Mettin observeddouble layer structure of bubbles in phitee standing wave of ultrasound at 20
kHz [10]. He explained thathe bubbles were repellédm the pressure antinodiele toprimaryBjerknes
force andsettlal at locationsbetweenthe pressureantinodeand nodeln Fig. 3, hollow ellipse shape
reaction fieldscanbe observed at points €€, z2) = (0, 12), (0, 19), (0, 26) becausg@rimary Bjerknes force
departdubbles from the pressure antinode

The harmonic signals are mainly originated froomlinear oscillations dbubbles in wate[28].

The distribution of sound pressure at the second harmonic frequeansgd® indicatedistribution of
bubbleswith nonlinear oscillationd=ig. 4 shows the distribution of sound pressure at the second harmonic
frequency.To eliminate noise,he sound pressure at the second harmonic frequency above 5 kPa is
displayed Bubbles are observed above the transducer and #rawunts are large in upper part of the

reactor This is because bubbles moteeupper part by radiation foradifferencebetweenprogressive



wave and reflective wa@9]. The radiation force of progressive wdwem the transduces higher than
that of reflective wavdrom water surfacsince ultrasound is absorbed into waiubble cloudswith
hollow ellipse shapareobservedt points of(x, z) = (0, 12), (0, 19), (0, 26) because of repulsive force at
the pressure antino@mdthe distribdion patternsof bubbles resemble to tha of reaction fields closely
Comparedvith distribution ofsound pressuriea Fig. 2, there is a small amount of bubbbgshe positions
of very high sound presswsuch asx, z) = (0, 12), (0, 19), (0, 26), (0, 38)

Sincethe measurement of sound pressure at the second harmonic freiguritared byonlinear
propagation ofliltrasound above 1 MH30], it is clear thataverage of broadband sound pressumis

effective method to measuttee distribution of sonochemical fields.

32Di stri bukHaen at 43

Fig. 5 shows the distribution of sound pressure at thendamental frequencwgt the driving
frequency of43 kHz Compared with 130 kHz in Fi@, the sound pressure distribution is complex.
discuss the distribution of sound pressatré3 kHz we conductechumericalsimulation of sound pressure
at the fundamental frequency

The distributiorof sound pressune@assimulatedusing a software (Femtet, Murata Softwafd)is
software is a kind of finite element method based on linear acolkittels of apparatus and material
were the same as those shown in Fighk tetrahedral mesh was employed in our calculafibe length
of the meshwasset to be less than the 1/70 of the ultrasound wavelength in water at 3 kHmansducer
was assumetb vibrate ina piston motion at constant velocityFig. 6 (a) and (b) show distributions of
sound pressure at the fundanrted frequency by numerical simulatidn. this simulation, he dimension
of reactorwas used the same oag shown in Figl. In Fig. 6 (a), the reactor wall is made from stainless
steel andcooling water is contained in outer layer tbe sonochemicaleactor. The sound pressure
distribution by numerical simulatiomesembleghat by hydrophone measurement Fig. 5 This fact
means that the measuremensadindpressure distributiors reliable Theultrasoundvavelengthn water
at 43 kHzis 34.8 mm. Becausehe ultrasound wavelength close tothe inside diameter of the reactor
(56.8 mm)the effect otoupled vibrations largeand hedistributionbehavior of sound pressurecomes
complex

On the other handh Fig. 6 (b), the reactor wall is made from glass and air is contairthe auter
layer ofthereactor.The sound pressure distribution is much different from th&ign6 (a) When the

reactor material was made from stainless steel with water cooling syspanrt of ultrasound transmitted



from the reactor wall to water (Fig. 6 (a)) whereas all ultrasound reflected on the interface between glass
and air in the latter system (Fig. 6 (bNormally, to estimate sonochemical reaction fields, the
measurement ofonochemical luminescends luminol solution has been conductagsing a reactor
surrounded by ajr17]. Hence it is obvious that thestimationof sonochemical reaction fields by luminol
methodis not suitable for the sonochemical reactor surroundexbblyngwater.

Fig. 7 showsthedistribution of average of broadband sound pres3imereaction fields are strong
at aroundz = 20 and 9@&bove the transducérhe reaction fields are relatively weak in areas characterized
by very high sound pressuressgen in Fig. 5This tendency was also observed at 130 kHz as shown in
Figs. 2 and 3. This is because primary Bjerknes force moves bubbles from the pressuresantinode

In this study, the distribution of average of broadband sound pressure by the hydra@ison
measured to estimatiee crosssectional area distribution of reaction field in the readtavas found that
the distributions of sonochemical reaction fields were different from those of sound pressure at the
fundamental frequencylhesefacts were explained that cavitation bubbl@soved upper part due to

radiation force and were repelled from the pressure antithagléo primary Bjerknes force.

4 . Conclusi on

Crosssectional area distribution of broadband noise in a sonochemical reactor was measured to

estimate reaction field#t 130 kHz, sonochemical reaction fields were observed in sesépaloidal

shapes. The reaction fields were highiiaupper part bthe reactor and weak #ite pressureantinodes

of the fundamental frequencylhe pattern of bubbles distribution by second harmonic frequency was
closely resembled to that of reaction fiel&far 43 kHz, the distribution of reaction fields and sound
presuresbehaved in @omplexmanner The reaction fields were relatively weak in argad exhibited

very high sound pressures at the fundamental frequByaptimization of distribution of sound pressure

and bubbles hie sonochemical reaction fieldsll become strong. To develop the sonochemical reactor
with high efficiencythe method of distribution oAverage of broadband sound pressure is very effective

for the estimation of sonochemical reaction field.
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Fig. 1. Dimensions of the sonochemical reactor.
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Fig 2. Distribution of sound pressure at the fundamental frequerntbg dtiving frequency of 130 kHz.
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Fig 3. Distribution of average of broadband sound pressutteeadriving frequency of 130 kHz.
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Fig. 4.Distribution of sound pressure at the second harmonic frequetioy ativing frequency of 130
kHz.
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Fig. 5.Distribution of sound pressure at the fundamental frequency by measurehend@ting

frequency of 43 kHz.
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