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ABSTRACT 

An experimental study has been carried out in order to investigate the noise radiated by various 

cavitating sources to determine the validity of noise measurements for detecting the onset of 

cavitation. Measurements have been made measuring the noise radiated by a number of 

configurations in a water tunnel at various operating condition to determine the onset of cavitation. 

The measurements have been conducted over a frequency range of 31.5 Hz to 31.5 kHz in one-

third octave bands. The onset of cavitation was measured visually through a Perspex side of the 

working section of the water tunnel. Moreover, a theoretical estimate of the pressure radiated from 

the cavitation nuclei at their critical radii and frequency was presented. 

     Tests indicated that, generally, at the point of visual inception there was a marked rise of the 

sound pressure level in the high-frequency noise, whilst the low-frequency noise increased as the 

cavitation developed. This finding was supported by the theoretical estimate of the pulsating 

frequency of cavitation nuclei. The results illustrated that the visual observations of inception 

confirm the noise measurements. 
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 تحديد استهالل التكهف سمعيا

 

تم عمل دراسة معملية لتحرى الضوضاء الناتجة بسبب ظهور التكهف الناتج من وضع اشكال مختلفة فى نفق مائى واعتبار 

الضوضاء مقياسا لبيان استهالل التكهف. الدراسة تمت لقياس الضوضاء المنبعثة بسبب التكهف المتولد من وضع اشكال مختلفة 

(. تم (31.5Hz-31.5 kHzيد استهالل التكهف. القياسات تمت فى مدى تردد من فى نفق مائى وفى ظروف عملية مختلفة لتحد

استهالل التكهف مرئيا من خالل جانب مصنع من مادة البرسبكس الشفاف فى النفق المائى. تم عمل نموذج رياضى لحساب 

ية ظهور التكهف مصحوبة بزيادة الضغط الضغط الناتج بسبب انوية التكهف عند القطر الحرج والتردد الناتج. بينت النتائج ان بدا

السمعى فى التردد العالى للضوضاء فى حين ان تردد الضوضاء الضعيف يزداد فى المراحل  المتقدمة لحدوث التكهف. تم تأييد 

قياس ذلك بالدراسة النظرية لنبض التردد النوية التكهف. كما اظهرت الدراسة ان التأكد الضوئى لبدء ظهور التكهف ينطبق مع 

 الضوضاء.

 

NOMENCLATURE 

 

N  the number of bubbles collapsing per 

unit time 

   P  pressure  

   R  bubble radius  

t  collapse time. 

σoi  inception cavitation number 

pv vapor pressure at given tunnel water 

temperature 

σob  value of σowhen the breakdown 

condition has been reached  

 P0 and U0  pressure and velocity upstream 

of the cavitating source in the working     

section of the water tunnel. 
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1. INTRODUCTION  

      It is well known that cavitation causes lowering 

performance and efficiency physical damage and 

associated with noise and vibration. Noise being a 

basic consequence of cavitation can be used as an 

indicator of inception of cavitation.  

There is a few different methods for cavitation 

monitoring that can be used to prevent destructive 

consequences of cavitation in the hydraulic systems, 

Chudina( 2003). 

Acoustic methods of detecting cavitation have been 

used sometime in physical and naval applications, 

Moussatov et al. (2005). They conducted theoretical 

and experimental analysis of the ultrasonic cavitation 

generated in a thin liquid layer trapped between a 

sonotrode surface and a reflector. It has been found 

that this configuration leads to a large amplification 

of the acoustic pressure which makes the generation 

of cavitation possible at low power or in a wide 

frequency range.  

There is a two types of cavitation were observed in 

the liquid layer, a stable bubble structure is formed on 

the symmetry axis and transient unstable bubble 

structures appear at several locations of the surface. 

These structures are similar to those observed by, 

Moussatov, et al. (2003-a). Their generation is 

associated with the appearance of a strong nonlinear 

acoustic field in the liquid, Moussatov et al. (2003-b) 

and Campos-Pozuelo et al. (2005).  Cheolsoo Park et 

al.( 2009), proposed a propeller noise localization 

method in a cavitation tunnel. They concluded that 

the proposed method could be a useful tool for 

various applications including the acoustical detection 

of cavitation inception.  

Jensen and Dayton (2000), conducted experimental 

measurements of cavitation audible and inaudible 

sound. Their measurements revealed interesting result 

during cavitation testing. In addition they observed 

that the audible noise of the pump decreased upon 

onset of cavitation. 

Alfayez and Mba (2004), investigated the application 

of acoustic emission (AE) for detecting incipient 

cavitation.  Their results demonstrated that the 

successful use of the AE technique for detecting 

incipient cavitation. Furthermore, they indicated that 

the AE technique can clearly identify the best 

efficiency point for a system employing pumps. 

Alhasmi (2005), took the first steps in processing 

vibration signals from a centrifugal pump in an 

attempt to detect the onset of cavitation. He 

performed the standard time-domain analyses such as 

RMS and frequency spectrum. Also the probability 

density function and standard deviation for analyzing 

the acquired data in the time-domain used.Two new 

possible methods for the detection of cavitation; the 

measurement of the instantaneous speed of rotation of 

the pump shaft and analysis of the electric current 

through the motor driving the pump introduced. 

Franc (2006), presented the basic concepts and tools 

required to understand the inception and development 

of cavitation in liquid flows. The influence of various 

parameters as the boundary layer and nuclei content 

were discussed. A special attention is given to 

thermal effects which may significantly influence the 

development of cavitation in thermosensitive fluids as 

cryogenic liquids. The main types of cavitation 

(partial attached cavities, travelling bubble cavitation, 

vortex cavitation and shear cavitation) were 

presented. 

Cernetic et al. (2008) performed experimental work 

using signals of vibration and noise which used for 

detection and monitoring of cavitation in kinetic 

pumps. Their experimental results indicated that 

when cavitation is fully developed, the measured 

signals at a characteristics frequency or range of 

frequencies start decrease. Also, they performed a 

comparison between theoretical expectation and 

measurement results. The comparison showed a good 

agreement between them. Also they investigated 

cavitation detection by monitoring noise and 

vibrations, both measured outside of two centrifugal 

pumps and in a frequency band between 20 Hz and 

20 kHz. Despite many losses in signal transfer 

between a source and a microphone or an 

accelerometer, it is possible to determine the onset of 

cavitation in a pump. 

Čudina and Prezelj (2009) compared airborne, 

vibration and acoustic emission (AE) methods for the 

detection of cavitation and concluded, surprisingly, 

that the latter two offer fewer opportunities than 

airborne acoustic methods.  They suggested that 

visualization is suitable for high powered pumps and 

water turbines but cite no examples of its industrial 

use. 

Wu et al. (2010) carried out an experimental study in 

order to analyze the cavitation of a centrifugal pump 

and its effect on transient hydrodynamic performance 

during transient operation. Their results showed that 

the dynamic performance of the centrifugal pump was 

related to the cavitation of the pump during the low 

suction pressure starting period. 

Al Thobiani et al. (2011) reported the results of 

experiments to predict the onset of cavitation using a 

range of statistical parameters derived from: the 

vibration signal obtained from an accelerometer on 

the pump casing. The airborne acoustic signal from a 

microphone close to the outlet of the pump and the 

waterborne acoustic signal from a hydrophone in the 

outlet pipe close to the pump were recorded. An 

assessment of the relative merits of the three methods 

for the detection of incipient cavitation is given based 
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on a systematic investigation of a range of statistical 

parameters from time and frequency domain analysis 

of the signals. 

Čudina (2012) presented experimental work used 

audible sound for monitoring cavitation in a pump. 

He reported  that  there  was a discrete  frequency  

tone or narrowband frequency  range within  the 

audible noise  spectra, which are  in  strong 

correlation with development of  the cavitation 

process in the pump. The results showed that the 

amplitudes in the narrowband frequency range are 

increased by up to 15 dB(A) and more  when  

cavitation  is  fully  developed. He concluded that, 

this characteristic discrete frequency tone or 

narrowband frequency range can be used to detect the 

incipient of cavitation and its development.  

Černetič and Čudina (2012) examined some 

important phenomena regarding cavitation noise in 

centrifugal pumps in audible frequency range. When 

the cavitation is increasing, the emitted noise in the 

surroundings increases. They showed that the 

cavitation noise characteristics can be successfully 

used for detecting onset and development of 

cavitation in centrifugal pumps. 

Alhashmi (2013) presented non-destructive method to 

detect and diagnose cavitation in centrifugal pumps 

using statistical analysis of acoustics signals. The 

acoustics data was measured close to the discharge 

port and analyzed in the time domain. It was found 

that the probability density function (PDF) and 

standard deviation (SD) values of pump noise can be 

used successfully for detecting cavitation in 

centrifugal pump. 

Gupta et al.(2013) performed experimental study on a 

centrifugal pump at different capacities to analyze the 

level of sound due to cavitation and the change in the 

level of sound with the change in discharge level. 

Different parameters related to sound has also been 

measured. The different calculations based on sound 

have been performed to analyze the result. These 

results help to develop an online detection technique 

for centrifugal pump using audible sound.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

 Based on the previous literature review and 

importance to detect the onset of cavitation in various 

hydraulic machines, more study is required to 

establish using of acoustic measurements to detect 

cavitation inception. Therefore, the aim of the present 

paper is to use noise technique to detect when 

cavitation occurred for different cavitation 

configurations, with a view to assessing the onset of 

cavitation in a prototype machine by measuring the 

sound pressure level.  

2. NOISE GENERATED BY SPHERICAL CAVITY 

BUBBLE AT INCIPIENT STAGE 

Many of fluid mechanics and acoustics exhibit 

spherical symmetry and are better treated in spherical 

coordinate. It is assumed that during the entire period 

of inception, the bubble remain spherical. In spherical 

coordinate r, θ, φ, the pressure is independent of the 

coordinates θ and φ owing to the spherical flow 

symmetry. 

The acoustic radiated pressure at the distance r from 

the center of spherical cavity nuclei is given by the 

following expression, 
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Details of the derivation of equation (1) are shown in 

Appendix A. 

Previous results of the static and dynamics testes on 

the tensile stresses of water at which cavitation occurs 

showed that the recorded strength of pure water was 

always far less than the physical tensile strength of 

pure water. This means that discontinuities in 

ordinary unpurified water occur at weak points. The 

gas nucleus in the liquid acts as a weak point in the 

liquid. When a viscous liquid flows past a solid 

surface pulsating velocity components and associated 

pulsating pressure increments appear in turbulent 

boundary layer or liquid shear layer. Thus, incipient 

microscopic cavitation bubbles are expected to appear 

first within the thin boundary layer or at the actual 

surface of the body. Thus, the microscopic bubbles 

grow rapidly when they reach their critical size at 

which the minimum equilibrium pressure in the liquid 

is obtained. 

The conditions for static equilibrium of tiny bubbles 

filled with water vapors and certain amount of gas 

diffusing slowly within the bubble from the 

surrounding water can be written as:   

rsppp gv /2     (2) 

   Where P, Pv and Pg are the pressures of the water 

surrounding the bubbles, saturated vapor at bulk 

water temperature, and gas pressure within the 

bubble. S is the surface tension of water (0.0726 

N/m). r is the radius of the bubble. It is assumed that 

the pressure of the water vapors filling the bubble is 

constant while the gas pressure varies isothermally. 

Thus the gas pressure can be represented as: 
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The subscript "0" refers to the initial values of the 

appropriate quantity. 

Substituting equation (2) into (3), and then 

differentiating the resultant equation with respect to r 

and setting the derivative equals to zero, the critical 

radius (rcr) of the bubble is expressed by the following 

equation: 
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Therefore, a cavitation bubble nuclei whose initial 

radius is r0 at initial ambient pressure p0 will grow and 

pass a critical radius when the pressure at the surface 

of  

the bubble falls below the critical pressure, i.e.,    

  crprp 
/



.  Accordingly, the number of nuclei which 

will grow should depend on the distribution of nuclei 

in size and number, and critical radius of nucleus 

under given flow conditions. Keller (1971) developed 

an optical measuring method for determining the 

nuclei spectrum. His measurements encompass a 

range of nucleus radii from 3.5 μm to 8.6 μm; nuclei 

with a radius lager than 8.6 μm were summed up.   

From equations (1) and (4) it is possible to show the 

variation of the critical nuclei radius (rcr), the pressure 

at the nuclei surface (  rp
/



) and the pulsating 

frequency (f) of the nuclei as function of the initial 

nuclei radius (r0) from 3 μm to 10 μm at water 

external pressure to the nuclei surface of 9.81 kPa and 

a bulk water temperature of 26C
0
. These variations 

are shown in Figure 1. It can be seen from Figure 1 

that as the initial radius of the cavitation nuclei (r0), 

increases the critical cavitation nuclei radius (rcr) 

increases too. In Figure 1 both the pressure at nuclei 

surface inside the bubble  crrp
/



 , and the pulsating 

frequency of the nuclei decrease rapidly with 

increasing of the initial nuclei radius (r0) in the region 

between approximately 3 μm and 10 μm. The values 

of pulsating frequency of the nuclei at incipient 

cavitation ranged from 4 kHz up to 3 kHz for a range 

of initial bubble radii from 10 μm to 3 μm, 

respectively. 

3. EXPERIMENTAL WORKS  

   The experiments were conducted in a variable 

pressure closed circuit water tunnel. The tunnel 

consists of two working sections, one with a cross 

section 40x20 mm and the other 20x10 mm. The front 

of test section is provided with a transparent Perspex 

cover to permit visual and photographic 
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studies. The water was circulated by a 20 kW 

centrifugal pump and bypass control to give velocities 

ranging from 20- 40 m/sec at the throat of the 

cavitation source. The rig could be pressurized and 

controlled from 0—10 bar by a pressure regulation 

chamber supplied with air from a compressor. The 

main components of the test rig are shown in Fig.2. 

The average temperature of the test water was kept 

within 32 ± 20 c by cooling coils which were 

supplied by water from a laboratory tap. 

    The configurations for inducing cavitation were 

con-div. wedge, rear facing step and forward facing 

step, and for each configuration two sizes, 20 mm and 

10 mm, were used. The blockage ratio for 20 mm and 

10 mm sources was the same and equal to 0.5. The 

con-div. wedge is intended to simulate the type of 

impeller blades where the leading edge of the blade 

corresponds to the sharp edge at the throat. The rear 

facing step and the forward facing step are similar to 

the type of cavitation occurring in the flow through a 

valve and the flow through a sudden constriction, 

respectively. Details of the configurations are shown 

in Fig. 3. 

 

 

 

 

 

4. TECHNIQUES AND TEST PROCEDURE  

4.1 Noise measurements 

Measurements of pressure produced by cavitation 

have been obtained by a vibrometer quartz piezo 

electric transducer (type 6Qp 500) of diameter 6 mm 

which was flush mounted in the working section of 

the tunnel. It was placed about 215 mm and 130 mm 

downstream from the throat of the cavitation source 

for the large and small working sections, respectively. 

The transducer was connected to a charge amplifier 

type (TA-3/C). The voltage output from the charge 

amplifier was measured using Bruel and Kjaer 1/3 

octave frequency analyzer (type 2112). The sound 

pressure level of each 1/3 octave band from 31.5 Hz 

to 31.5 kHz obtained and was expressed in decibels 

(dB) relative to 1µ bar, that is 20 log10 (P). The 

sound pressure levels at various frequencies were 

obtained at a particular cavitation number. These 

measurements were repeated for many other 

cavitation numbers and velocities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       1- Centrifugal pump                        2- Upstream tank           3-Drain  

       4- Air Vessel     5- Compressed air supply 

6- Contraction nozzle    7- Test section 20 x 40 mm 

8- Diffuser section    9- Electromagnetic flow meter  

10- Downstream tank    11- Air vent   12- water supply 

13- Cooling coil   14 – Bypass line  

 

Fig. 2 Cavitation research water tunnel line diagram and a list of its major components 
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4.2 Cavitation inception 

The inception of cavitation was obtained visually 

using stroboscopic light through the Perspex 

transparent side of the working section. The visual 

observations of the flow past the cavitating source 

started from an arbitrary pressure in the test section in 

the range of 2-9 bar. The flow velocity at the throat 

was increased step by step until inception of 

cavitation occurred. Then the flow velocity was 

further increased to a maximum velocity 

corresponding to the breakdown condition. The 

measurements of pressure, temperature and flow 

velocity upstream of the cavitating source 

corresponding to inception and breakdown conditions 

were noted. These visual observations were repeated 

for many other arbitrary pressures and the 

corresponding readings were determined. The 

cavitation numbers corresponding to inception and 

breakdown conditions upstream of the cavitating 

source were obtained from the following equation. 

2

0
0

5.0 o

V

u

pp





        (5) 

where P0 and U0 are the pressure and velocity 

upstream of the source, respectively. 

 Cavitation number corresponding to inception 

condition at source throat was obtained from the 

measured value of the upstream inception cavitation 

number ( i0 ) as follows 

b

bi
ه

0

00

1 







               (6) 

b0 , is the value of 0  when the breakdown 

condition has been reached, pv is the vapor pressure, 

at bulk temperature. 

5. ANALYSIS OF RESULTS 

5.1 Visual observations of inception and breakdown 

conditions 

The cavitation phenomenon takes place between 

inception condition and breakdown condition in any 

system. They are very complicated and depend on so 

many factors. Inception means the first appearance of 

a cavitation zone. The breakdown condition means 

the cavity is indefinitely long. 

The average values of inception and breakdown 

cavitation numbers obtained by visual measurements 

with stroboscopic light for the six sources in both the 

large and small working sections are presented in 

Table 1. 

 

 

 

 
 

 

 

 

 

(a) Con – div wedge source. 
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(b) Rear – facing step source. 
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Configuration 
Size 

(mm) 

Dimension (mm) 

t w s l r 

Con-div wedge        (a) 
20 20 20 30 - - 

10 10 10 15 - - 

Rear facing step       (b) 
20 20 20 15 72 130 

10 10 10 7.5 36 65 

Forward facing step (c) 
20 20 20 30 200 - 

10 10 10 15 100 - 

 

Fig. 3 Details of cavitation sources 

 

Table 1: The average visual measured values of 

inception and breakdown cavitation numbers for 

various cavitation sources. 

 

Configuration Size 

(mm) 
ob

 oi
 i  

Con-div 

wedge 

20 4.08 8.6 0.89 

10 4.02 5.56 0.506 

Rear facing 

step 

20 3.5 6.1 0.577 

10 3.46 5.69 0.5 

Forward 

facing step 

20 8.1 14.47 0.7 

10 8.08 13.07 0.546 

 

Table 1 shows that the breakdown cavitation number

b0 does not vary with source size for a given source 

shape. For a given source size, it may be seen that the 

average value of breakdown cavitation number ( b0 ) 

is higher for the forward facing step than, that for 

con-div wedge and the rear facing step (Table 1). 

     A significant increase of the inception cavitation 

number with source size in the case of con-div wedge 

and the forward facing step is shown in Table l. 

However, in the case of the rear facing step, increases 

of the inception cavitation number with size not 

appreciably. It can be seen that for a given source 

size, the inception cavitation number has different 

values depending on the shape of the cavitation 

source (Table l). This variation can be interpreted in 

terms of a change in the flow regime between one 

shape and another. Moreover, in a water tunnel the 

pressure gradient and the boundary layer are function 

of the shape of the cavitation source and therefore 

every configuration will exhibit a different value of 

inception cavitation number. 

 

5.2 Noise level 

The variation of the sound pressure level with cavita-

tion number at frequencies above 1 kHz and at 

constant throat velocity of 28 m/sec is given in Figs 4 

to 9 for 20 mm con-div, 10 mm con-div, 20 mm rear 

facing step, 10 mm rear facing step, 20 mm forward 

facing step, and 10 mm forward facing step, 

respectively. These figures show that the sound 

pressure level maintained nearly at a constant value 

from higher cavitation number to a critical cavitation 

number at which the sound pressure level rises 

suddenly at frequencies above 2 kHz. Whilst at 

frequencies of 1 kHz and 2 kHz (i.e. low frequency 

noise) the sound pressure level increased as the 

cavitation developed. The sudden rise in the high 

frequency noise is about 12 dB higher than the noise 

level at higher cavitation number. This sudden rise in 

(c) Forward facing step source. 

 

s s s s s w 
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the sound pressure level accompanies the formation 

of cavitation. As the cavitation number is decreased 

beyond the critical cavitation number, more bubbles 

are produced and the extent of cavitation increases 

with higher collapse pressure which in turn increases 

the radiated sound pressure level, as shown in Figs 4 

to 9. 
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Fig. 4 Variation of sound pressure level with 

cavitation number at various frequencies for 

10 mm con-div wedges. 
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Fig. 5 Variation of sound pressure level with 

cavitation number at various frequencies for 

20 mm con-div wedges. 

 

 

Although the radiated sound is small and could not be 

detected by ear because of the limited size of the 

collapsing bubbles, the sound pressure level increases 

considerably at the inception of cavitation in the high 

frequency range as the smaller bubbles are associated 

with higher frequencies. It is also evident from Figs 4 

to 9 that the point of inception occurs at the same 

value of cavitation number irrespective of the 

frequency chosen, provided that it is above the critical 

frequency. 

 

 

 
 

Fig. 6 Variation of sound pressure level with 

cavitation number at various frequencies for 

10 mm rear – facing steps. 

 

 
 

 

Fig. 7 Variation of sound pressure level with 

cavitation number at various frequencies for 

20 mm rear – facing steps. 
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Fig. 8 Variation of sound pressure level 

withcavitation number at various 

frequencies for 10 mm forward facing steps 

 

A comparison of the critical cavitation number 

according to the noise measurements with the 

inception cavitation number according to visual 

observations, indicates that the location of points of 

inception obtained by visual observation lies at the 

sharp rise of the sound pressure level from which the 

point of inception could be clearly identified as 

shown in Figs 4 to 9. This supported by calculating 

the pulsating frequency from equations (1) and (4) 

which is presented in Figure (1). This finding implies 

that measuring the sound pressure level at high 

frequency could be used to detect the onset of 

cavitation. 

 

 
 

Fig. 9 Variation of sound pressure level with 

cavitation number at various frequencies for 

20 mm forward facing steps 

 

5.3 1/3 Octave band spectra 

Spectra spectrograms at various cavitation numbers 

with a constant flow velocity and constant cavitation 

number and various velocities were obtained for all 

sources mentioned before. Figs. 10 and 11 show 

typical 1/3 octave spectra spectrograms at non-

cavitating condition and cavitation inception 

condition for 10 mm rear- facing step and 20 mm 

con-div wedge at a flow velocity of 28 m/s, 

respectively. In examining the corresponding results 

indicated in Figs. 10 and 11, an interesting variation 

of the spectra between non-cavitating condition and 

cavitation incipient condition is observed. These 

Figures show that the spectra levels for frequencies 

below 400 Hz are almost the same. This is possibly 

because for frequencies below 400 Hz the noise 

levels were dominated by pump rig and background 

noise. For frequencies more than 500 Hz the sound 

pressure levels increase as the onset of cavitation 

takes place. This means that the noise spectra 

corresponding the early stages of cavitation, i.e., 

cavitation inception (onset) contain much of the 

energy in the high frequencies rang. This may be 

attributed to the existence of a relatively large number 

of smaller bubbles. This finding implies that the noise 

measurements at higher frequencies could be used as 

reliable indicator for the incipient of cavitation. It is 

interesting to not that these findings agreed 

qualitatively with the theoretical estimate of the 

pulsating frequency of the cavitation nuclei at various 

initial radius of nuclei shown in Figure 1. 
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Fig. 10 Typical 1/3 octave spectra spectrograms at non-cavitating condition and cavitation inception 

condition for 10 mm rear- facing step at a flow velocity of 28 m/s. 

 

 

 

 
 

Fig. 11 Typical 1/3 octave spectra spectrograms at non-cavitating condition and cavitation inception 

condition for 20 mm con-div wedge at a flow velocity of 28 m/s. 

 

5. CONCLUSION 

The noise measurements for detecting inception of 

cavitation are promising. It is adoptable for any flow 

situation, no matter where cavitation occurs. The 

results of the experiments indicate that inception of 

cavitation can be detected by an increase in the sound 

pressure level at any frequency above the critical 

frequency obtained from cavitation noise spectra. The 

clear and marked rise in the sound pressure level at 

the point of inception leads to a definite and accurate 

method of determining the point of inception for 

hydraulic machines. This finding was supported by 

the present theoretical estimate of the pulsating 

frequency of the cavitation nuclei.  
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APPENDIX A  

Details of the derivation of equation (1) 

Consider a spherical cavity with a mean radius r0 

experiencing a uniform, small harmonic fluctuation of 

its volume. This volume fluctuation causes a rate of 

change of fluid in the medium, i.e., a mass flux, Q, 

which can be expressed by: 

                          (A1) 

Assume that the relative change of volume of the 

sphere is small, the mass flux is given by:        

                          (A2)   

Where ρ0 is the density of the liquid, and u is the 

radial velocity of the surface of the spherical cavity. 

The instantaneous surface velocity is expressed by: 

                            (A3)  

Since the fluid is everywhere in contact with 

vibratory surface of the cavity, the acoustic particle 

speed,  0
/ rv , must equal the surface vibratory speed 

,u. Accordingly, the acoustic pressure at the surface 

of the sphere can be calculated by the following 

equation: 

      (A4)  

 Where zr is the specific acoustic impedance 

evaluated at the surface. The acoustic impedance is 

given by: 

                               (A5) 

The specific acoustic impedance is a function of 

relative distance because the particle speed has both 

near-and far-field terms. 
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The quantity ρ0 c0 is a property of liquid. It is called 

the characteristic impedance of the liquid. k is the 

wave number . 

In the near field kr< 1, the impedance is dominantly 

reactive; while in the far field it is basically resistive 

and for large kr approaches the plane-wave value.  

The resistive and reactive components from a 

complex number which can be expressed in the 

exponential form,   =                                                 

(A6) 

Where θ is the phase angle between the pressure and 

the velocity on the surface of the sphere, defined by: 

 (A7) 

Combining equations (A3), (A4), (A5) and (A6), the 

pressure at distance r from the center of the sphere is,  

   (A8) 

At kr<< 1 the term between the two brackets in 

equation (A8) reduces to i. therefore, the radiated 

pressure at distance r from the center of the spherical 

cavity bubble is: 

   (A9) 

 

 

 

 

 

 

 

  

 

 


