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Cross-sectional area distribution of broadband noise in a sonochemical reactor was 

measured to estimate reaction fields. A needle-type hydrophone scanned the sonochemical 

reactor in horizontal and vertical directions at one-millimeter interval. To show an absolute value 

of broadband noise, average of broadband sound pressure was defined. The distribution of sound 

pressures at the fundamental and second harmonic frequencies were also measured. In the case 

of driving frequency at 130 kHz, sonochemical reaction fields were observed in several ellipse 

shapes. The reaction fields in upper part of the reactor was high because cavitation bubbles 

moved upper part due to radiation force. The sound pressure distribution at the fundamental 

frequency showed existence of standing wave and reaction fields were weak at pressure antinode 

because cavitation bubbles were repelled by primary Bjerknes force. The sound pressure 

distribution at the second harmonic frequency indicated that the pattern of bubbles distribution 

resembled to that of reaction fields closely. In the case at 43 kHz, distributions of reaction fields 

and sound pressures were complex due to coupled vibration. The reaction fields were relatively 

weak in areas which had very high sound pressures at the fundamental frequency. 
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1. Introduction 

     When ultrasound with high intensity is irradiated into liquid, fine bubbles are generated, oscillated, 

and finally collapsed. This phenomenon is termed ultrasonic cavitation and localized fields with high 

temperature, high pressure, and high fluid velocity are formed. In these fields, chemical and mechanical 

effects are generated. Especially, sonochemistry that is chemical effect of ultrasonic cavitation attracts 

attention because it applies to many areas such as synthesis of nanoparticles with high catalyst activity [1-

3] and decomposition of harmful material in water under normal temperature and pressure [4-6]. 

Advantages of sonochemical method are low environmental load and safety operation. 

To put sonochemical method into practical use, it is necessary to develop a high-efficiency 

sonochemical reactor which has high reaction rate per unit ultrasonic energy. The enlargement of reaction 

fields in the reactor is important for development of the high-efficiency sonochemical reactor. At the same 

time, an accurate method of evaluating reaction fields should be developed. So far, fields of sonochemical 

reaction and ultrasound were evaluated by several methods such as distribution of sound pressure at the 

fundamental frequency [7-9], observation of bubble clouds [10-12], distribution of aluminum foil erosion 

[13-15], observation of sonochemical luminescence [16-18], and distribution of broadband noise [19-21]. 

     Distribution of sound pressure at the fundamental frequency was measured using a hydrophone and 

an XYZ-stage. The obtained sound pressure is accurate and can compare with that by numerical simulation 

[7, 9, 22-24]. However, fields with high sound pressure do not necessarily correspond to those with high 

reaction [20, 21] since cavitation generation is influenced by bubble behavior under ultrasound. Bubble 

clouds have been often observed by high-speed video camera. Mettin classified several bubble clouds in 

terms of shapes and explained its formation mechanism [10]. However, it is difficult to distinguish bubbles 

contributing to reaction from other bubbles. In the distribution of aluminum foil erosion, an aluminum foil 

tailored to the size of the reactor is immersed into a sample. After ultrasonic irradiation, erosion positions 

and areas are measured [13, 15]. This method is simple and requires short measurement time. Nevertheless, 

there is concern that sound fields may change by immersion of the aluminum foil. Observation of 

sonochemical luminescence by luminol solution is most frequently used method since sonochemical 

luminescence directly originates from sonochemical reaction and it is easy to observe reaction fields in 

the whole reactor. However, it is impossible to estimate cross-sectional area distribution of reaction field 

in the reactor because of observation from a window or wall of the reactor. In the case of a sonochemical 

reactor surrounded by cooling water, measurement of reaction fields is difficult. 
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     The sound emissions generated by cavitation bubbles are composed of its characteristic noise and 

frequency components. A significant contributor to broadband noise comes from shockwaves arising from 

collapse of cavitation bubbles. Extent of broadband noise relates to the amount of bubble collapse at a 

certain measurement point in the reactor. The broadband noise ranging from kilohertz to megahertz 

frequencies is measured using the hydrophone and a spectrum analyzer. This method is possible to 

estimate cross-sectional area distribution of reaction fields in the reactor since sonochemical reaction 

originates from collapse of cavitation bubbles. Still, the distribution of broadband noise in the reactor has 

been only conducted one-dimensional measurement [20, 21]. The value of broadband noise is a relative 

value varied according to the type of hydrophone. Recently, Shiiba et al. [25] have developed a tough 

needle-type hydrophone fabricated by a hydrothermal synthesis method. This hydrophone can measure 

high sound pressures in a wide range of frequencies under ultrasonic cavitation. 

    In this study, the cross-sectional area distribution of broadband noise in the sonochemical reactor was 

measured to estimate reaction fields. The tough needle-type hydrophone fabricated by a hydrothermal 

synthesis method scanned the reactor in horizontal and vertical directions at one-millimeter interval. 

Average of broadband sound pressure was defined to show an absolute value of broadband noise. The 

sonochemical reactor surrounded by cooling water was driven at 130 and 43 kHz. The cross-sectional area 

distribution of sound pressures at the fundamental and second harmonic frequencies were also measured 

to clarify effects of sound pressure and bubbles on reaction fields. 

 

2. Experimental methods 

     Fig. 1 shows dimensions of the sonochemical reactor. The sonochemical reactor had double layer 

structure. Sample was contained in inner layer and cooling water was circulated in outer layer of the 

reactor. The reactor was made from stainless steel. Inner diameter and height of the reactor were 56.8 and 

120 mm, respectively. A Langevin transducer 45 mm in diameter was fixed at the bottom of the reactor, 

and ultrasound was irradiated to the sample in the reactor. The transducer was driven at ultrasonic 

frequencies of 130 and 43 kHz. The sample heights in the reactor at 130 and 43 kHz were 40 and 100 mm, 

respectively. Air -saturated distilled water was used as a sample. The sample temperature was kept constant 

at 298 K using a water bath. 

     Setup diagram of the apparatus was shown in the previous paper [26]. A power amplifier (1040L, 

E&I) amplified a sinusoidal wave signal which was generated by a signal generator (WF1974, NF). To 

match impedance of the transducer and the power amplifier, an impedance matching circuit (Honda 
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Electronics) was connected. The voltage of both ends of the transducer and the current through the 

transducer were measured by an oscilloscope (TDS3014B, Tektronix) and a current probe (TCP202, 

Tektronix), respectively. The effective electric power applied to the transducer was the time average value 

of product of instantaneous voltage and instantaneous current. The effective electric power applied to the 

transducer was connected to a personal computer via a general-purpose interface bus (GPIB). To keep the 

effective electric power applied to the transducer at 2 W, the signal generator was controlled by an 

electronics control system (Honda Electronics). 

     To measure sound pressure in a wide range of frequencies, the tough needle-type hydrophone (HUS-

200S, Honda Electronics) calibrated sound pressure in the frequency range from 20 kHz to 20 MHz was 

used. The tip of hydrophone was submerged into water. The hydrophone scanned the reactor in horizontal 

and vertical directions at one-millimeter interval using an XYZ-axis stage and a stage controller (SHOT-

204, Sigmakoki). As shown in Fig. 1, the origin position of distribution measurement was decided to be 

the center of the transducer surface, and the x and z axis were defined to be the horizontal and vertical 

directions, respectively. The hydrophone was connected to a spectrum analyzer (8595E, HP) through a 

preamplifier (HUS-200A, Honda Electronics) which converted impedance and the sound signal spectra 

was measured. 

Using calibration data, sound pressures at the fundamental and second harmonic frequencies were 

obtained from their sound signals. The average of broadband sound pressure was calculated using the next 

equation, 

 

 

,  (1) 

 

where P(f) is broadband sound pressures excluding the fundamental, subharmonic, harmonic, and 

ultraharmonic components [26]. The start frequency of the integration region f1 was 20 kHz and the end 

frequency f2 was 10 MHz. Average of broadband sound pressure shows the absolute value of a broadband 

noise. 

 

3. Results and discussion 

3.1. Distribution at 130 kHz 
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     Fig. 2 shows the distribution of sound pressure at the fundamental frequency by hydrophone 

measurement. Driving frequency of the transducer is 130 kHz. The stripe patterns of standing wave are 

observed between the transducer and the water surface, and the sound pressure is high at z = 12, 19, 26, 

32, 38 mm which are the positions of pressure antinodes. The ultrasound wavelength in water is 11.5 mm. 

The interval of points at high sound pressure is slightly longer than a half wavelength of ultrasound 

because the vibration of the progressive wave is influenced by the radial vibration. This phenomenon is 

called coupled vibration [27]. 

     The broadband noise is often used for the cavitation detection because it is directly attributed to the 

collapse of cavitation bubbles [19, 20]. The hydrophone used in this study for sound pressure measurement 

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 MHz. Average of broadband sound pressure is calculated by 

Eq. (1). Average of broadband sound pressure reflects sonochemical reaction fields since sonochemical 

reaction originated from the collapse of cavitation bubbles. Fig. 3 shows the distribution of average of 

broadband sound pressure. To improve visualization of reaction fields, the average of broadband sound 

pressure above 40 Pa is displayed. Sonochemical reaction fields are observed above the transducer and 

have several ellipse shapes centered at points of (x, z) = (0, 12), (0, 19), (0, 26), (0, 32), (0, 38). Reaction 

fields are powerful in upper part of the reactor. It is thought that many bubbles exist in upper part of the 

reactor. Furthermore, the distribution pattern of reaction field is different from that of sound pressure at 

the fundamental frequency in Fig. 2. Especially, the reaction fields are weak at area with very high sound 

pressure such as (x, z) = (0, 12), (0, 19), (0, 26), (0, 38). 

Mettin observed double layer structure of bubbles in plate-like standing wave of ultrasound at 20 

kHz [10]. He explained that the bubbles were repelled from the pressure antinode due to primary Bjerknes 

force and settled at locations between the pressure antinode and node. In Fig. 3, hollow ellipse shape 

reaction fields can be observed at points of (x, z) = (0, 12), (0, 19), (0, 26) because primary Bjerknes force 

departs bubbles from the pressure antinode. 

     The harmonic signals are mainly originated from nonlinear oscillations of bubbles in water [28]. 

The distribution of sound pressure at the second harmonic frequency is used to indicate distribution of 

bubbles with nonlinear oscillations. Fig. 4 shows the distribution of sound pressure at the second harmonic 

frequency. To eliminate noise, the sound pressure at the second harmonic frequency above 5 kPa is 

displayed. Bubbles are observed above the transducer and their amounts are large in upper part of the 

reactor. This is because bubbles move to upper part by radiation force difference between progressive 
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wave and reflective wave [29]. The radiation force of progressive wave from the transducer is higher than 

that of reflective wave from water surface since ultrasound is absorbed into water. Bubble clouds with 

hollow ellipse shape are observed at points of (x, z) = (0, 12), (0, 19), (0, 26) because of repulsive force at 

the pressure antinode and the distribution patterns of bubbles resembles to that of reaction fields closely. 

Compared with distribution of sound pressure in Fig. 2, there is a small amount of bubbles at the positions 

of very high sound pressures such as (x, z) = (0, 12), (0, 19), (0, 26), (0, 38). 

Since the measurement of sound pressure at the second harmonic frequency is suffered by nonlinear 

propagation of ultrasound above 1 MHz [30], it is clear that average of broadband sound pressure is an 

effective method to measure the distribution of sonochemical fields. 

 

3.2. Distribution at 43 kHz 

Fig. 5 shows the distribution of sound pressure at the fundamental frequency at the driving 

frequency of 43 kHz. Compared with 130 kHz in Fig. 2, the sound pressure distribution is complex. To 

discuss the distribution of sound pressure at 43 kHz, we conducted numerical simulation of sound pressure 

at the fundamental frequency. 

The distribution of sound pressure was simulated using a software (Femtet, Murata Software). This 

software is a kind of finite element method based on linear acoustic. Models of apparatus and material 

were the same as those shown in Fig. 1. The tetrahedral mesh was employed in our calculation. The length 

of the mesh was set to be less than the 1/70 of the ultrasound wavelength in water at 43 kHz. The transducer 

was assumed to vibrate in a piston motion at a constant velocity. Fig. 6 (a) and (b) show distributions of 

sound pressure at the fundamental frequency by numerical simulation. In this simulation, the dimension 

of reactor was used the same one as shown in Fig. 1. In Fig. 6 (a), the reactor wall is made from stainless 

steel and cooling water is contained in outer layer of the sonochemical reactor. The sound pressure 

distribution by numerical simulation resembles that by hydrophone measurement in Fig. 5. This fact 

means that the measurement of sound pressure distribution is reliable. The ultrasound wavelength in water 

at 43 kHz is 34.8 mm. Because the ultrasound wavelength is close to the inside diameter of the reactor 

(56.8 mm), the effect of coupled vibration is large and the distribution behavior of sound pressure becomes 

complex. 

On the other hand, in Fig. 6 (b), the reactor wall is made from glass and air is contained in the outer 

layer of the reactor. The sound pressure distribution is much different from that in Fig. 6 (a). When the 

reactor material was made from stainless steel with water cooling system, a part of ultrasound transmitted 
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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 (b)). Normally, to estimate sonochemical reaction fields, the 

measurement of sonochemical luminescence by luminol solution has been conducted using a reactor 

surrounded by air [17]. Hence, it is obvious that the estimation of sonochemical reaction fields by luminol 

method is not suitable for the sonochemical reactor surrounded by cooling water. 

Fig. 7 shows the distribution of average of broadband sound pressure. The reaction fields are strong 

at around z = 20 and 90 above the transducer. The reaction fields are relatively weak in areas characterized 

by very high sound pressures as seen in Fig. 5. This tendency was also observed at 130 kHz as shown in 

Figs. 2 and 3. This is because primary Bjerknes force moves bubbles from the pressure antinodes. 

In this study, the distribution of average of broadband sound pressure by the hydrophone was 

measured to estimate the cross-sectional area distribution of reaction field in the reactor. It was found that 

the distributions of sonochemical reaction fields were different from those of sound pressure at the 

fundamental frequency. These facts were explained that cavitation bubbles moved upper part due to 

radiation force and were repelled from the pressure antinode due to primary Bjerknes force. 

 

4. Conclusion 

Cross-sectional area distribution of broadband noise in a sonochemical reactor was measured to 

estimate reaction fields. At 130 kHz, sonochemical reaction fields were observed in several ellipsoidal 

shapes. The reaction fields were high in the upper part of the reactor and weak at the pressure antinodes 

of the fundamental frequency. The pattern of bubbles distribution by second harmonic frequency was 

closely resembled to that of reaction fields. For 43 kHz, the distribution of reaction fields and sound 

pressures behaved in a complex manner. The reaction fields were relatively weak in areas that exhibited 

very high sound pressures at the fundamental frequency. By optimization of distribution of sound pressure 

and bubbles, the sonochemical reaction fields will  become strong. To develop the sonochemical reactor 

with high efficiency, the method of distribution of average 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 frequency at the driving frequency of 130 kHz. 
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Fig 3. Distribution of average of broadband sound pressure at the driving frequency of 130 kHz. 
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Fig. 4. Distribution of sound pressure at the second harmonic frequency at the driving frequency of 130 

kHz. 
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Fig. 5. Distribution of sound pressure at the fundamental frequency by measurement at the driving 

frequency of 43 kHz. 


