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Abstract 

The effect of the nuclei population in water on cavitation has not been investigated 

thoroughly due to the difficulties of measuring the microbubbles in water. In this thesis, a 

Phase Doppler Anemometer (PDA) was calibrated by a holographic method and used to 

measure the micro-bubble distribution in water. Agreement was achieved between the PDA 

and the holographic method. After the calibration, the PDA was used to study the nuclei 

population dynamics in two water tunnels. It was also employed in a study of cavitation on 

an axisymmetric Schiebe body in which the cavitation on the headform and the upstream 

nuclei population were simultaneously observed. 

Substantial changes in the nuclei number density distributions were found in these two 

water tunnels. The nuclei population in each water tunnel can also vary significantly, 

sometimes by as much as an order of magnitude. The nuclei population dynamics are 

complicated and are affected by the tunnel design, the tunnel operating condition and the 

air content . The cavitation event rate on the Schiebe headform is mainly determined by the 

cavitation number. It increases dramatically as the cavitation number is decreased. It also 

varies with the magnitude and the shape of the nuclei number distribution. As the upstream 

nuclei population increases, the cavitation event rate increases. During the experiments, 

cavitation acoustic emissions were also measured and analyzed. 

An analytical model based on the spherical bubble assumption and the Rayleigh-Plesset 

theory is developed to relate the free stream nuclei population to the cavitation event rate 

and the acoustic noise on an axisymmetric body. Complications, such as the effect of 

the boundary layer flow rate, of the bubble screening, of the bubble/bubble interactions 

and of the observable bubble size are examined and included in the model. The predicted 
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cavitation event rate and acoustic impulse are compared with the experimental observations. 

It is shown that the predicted event rates agree with the observations when the population is 

small, but that increasing discrepancies occur at lower cavitation numbers when the bubble 

density becomes larger. The predicted noise qualitatively agrees with the observations, but 

is generally larger than the observations, mainly due to the fact that the spherical bubble 

assumption usually departs from the observed bubble shape. 
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Chapter 1 

Introduction 

1.1 Background 

Traveling bubble cavitation has been widely studied for a long time. The pioneering ob

servations of single bubble cavitation made by Knapp and Hollander (1948) were followed 

by the analyses of Plesset (1949), Parkin (1952) and others (Oshima, 1961, van der Walle, 

1962, Holl and Kornhauser, 1970, and Johnson and Hsieh, 1966). More recently, Ceccio and 

Brennen (1992) and Kuhn de Chizelle et al. (1992) performed a number of experiments to 

investigate the dynamics and acoustics of traveling bubble cavitation events. They investi

gated the scaling of cavitation on an axisymmetric body with the speed and the model size 

and revealed very complex phenomena. The influence of the nuclei influx on the cavitation 

event statistics of a given flow has also been studied (Schiebe, 1972, Baiter, 1974, Meyer 

et al. , 1989, 1992, and Ceccio and Brennen, 1992). But most of the investigations of the 

influence of the nuclei population were based on assumptions of characteristic nuclei distri

butions in a given flow. There have been significant discrepancies between the experimental 
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and theoretical results. 

The limited evidence available indicates that changes in the nuclei population can be very 

important in determining cavitation inception, limited cavitation and even fully developed 

cavitation (Keller, 1972, 1974, Keller and Weitendorf, 1976, Kuiper, 1978, Gates and Acosta, 

1978, Ooi , 1985, Ceccio and Brennen, 1992, Li and Ceccio, 1994). Many years ago, Lindgren 

and Johnson (1966) showed that differences in cavitation in different facilities could be 

ascribed to the differences in the nuclei content. However, apart from Keller's (1972, 1974) 

pioneering investigations, we know little about the changes in the nuclei population that 

may occur during a cavitation experiment and the influence of the nuclei population on 

cavitation. 

The difficulties involved in the accurate measurement of the oncoming nuclei number 

density distribution function, N(R), have been responsible for the delay in any detailed , 

quantitative investigation of this component of the problem. By definition, N(R)dR is the 

number of nuclei with size between Rand R+dR per unit volume. Though many techniques 

for the measurement of cavitation nuclei have been developed over the past thirty years 

(Ripken and Killen, 1959, 1962, Feldberg, 1973, Keller, 1972, Morgan, 1972, Peterson , et 

al., 1975, Gates and Acosta, 1978, Oldenziel, 1982, Le Goff and Lecoffre, 1983, and Cartmill 

and Su, 1993), few have been accepted as reliable and repeatable. As Billet (1985) remarked 

in his review of nuclei measurement techniques, the only reliable method of obtaining N ( R) 

has been the extremely time consuming procedure of surveying a reconstruction of an in 

situ hologram of a small volume of tunnel water. However, the time and effort required 

to construct one N(R) distribution by this method has seriously limited the scope of these 

investigations. The recent development of light scattering instruments employing phase 
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Doppler techniques (Saffman and Buchhave, 1984, Tanger and Weitendorf, 1992 and Liu 

et al., 1993) has improved the situation. The great advantage of the PDA system is the 

speed with which N(R) can be measured. With this new instrument experiments can be 

performed to measure the nuclei population and to study its effect on traveling bubble 

cavitation. 

In order to synthesize the cumulative effects of a stream of traveling cavitation bubbles, 

it is necessary to supplement the details of individual events with the rates at which these 

events occur. Many efforts have been made to relate the cavitation event rate to the nuclei 

population in the oncoming stream (see, for example, Schiebe, 1972, Keller, 1972, 1974 , 

Keller and Weitendorf, 1976, Kuiper, 1978, Gates and Acosta, 1978, Meyer et al. , 1992, 

Ceccio and Brennen, 1992). At first sight this seems like a straightforward problem of 

computing the flux of nuclei into the region for which the local pressure is less than the 

vapor pressure, i.e., Gp < -a. However, many complications arise which make this analysis 

more complicated than might otherwise appear. First, the boundary layer on the surface 

will clearly have an effect on the volume flux through the low pressure region. Second, the 

relative motion between the nuclei and the liquid can be important. Johnson and Hsieh 

(1966) identified this important phenomenon which occurs when nuclei experience the large 

fluid accelerations in the vicinity of the stagnation point. Other problems arise because the 

growing bubble rapidly reaches a size which is comparable to important dimensions such 

as the height of the iso-bar, -Gp = a, above the surface. As a result different parts of the 

bubble surface are exposed to different pressure distribution and the bubble itself changes 

the local pressure distribution within the flow. Then it becomes necessary to resort to a 

complex procedure in order to calculate the shape and growth of the bubble. Such analyses, 
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which would take the place of the Rayleigh-Plesset calculations (see Kuhn de Chizelle, 1993 

and Meyer et al., 1992), are too complex for inclusion of these complicated effects in the 

present event rate analyses, at least initially. In place of this, we need to develop a somewhat 

heuristic treatment of these complicated effects. 

1.2 Outline of Research 

In our own laboratory we have attempted to validate and calibrate a Phase Doppler 

Anemometer (PDA) by taking simultaneous measurements of the nuclei in a water tunnel 

with the PDA and a holographic system. We present detailed descriptions of the experi

mental equipment and the calibration of the PDA system against the reliable method of 

holographic measurement in Chapter 2. After validation, the PDA could then be used with 

confidence for investigations of the nuclei population dynamics and of the aforementioned 

relation between N ( R) and the cavitation event rate. 

Experiments on nuclei population dynamics and on cavitation event rates were per

formed in two water tunnels. The measured nuclei populations in these two tunnels and the 

observations of the nuclei population dynamics in each tunnel are presented in Chapter 3. 

Simultaneous measurements of the upstream nuclei density distribution and the cavitation 

event rate and noise on an axisymmetric Schiebe body were also carried out in these two 

tunnels. The observed effect of the nuclei population dynamics on the cavitation event rate 

and noise is presented in Chapter 4. The experimental data also provides a validation to 

the analytical model developed later. 

In Chapter 5, an analytical model is developed to correlate the cavitation event rate 

to the nuclei population in the oncoming stream. The cavitation event rate is deduced 
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on the basis of the spherical bubble assumption and the Rayleigh-Plesset equation. Many 

complications, such as the effects of the boundary layer flow rate, of the bubble screening, 

of the observable bubble size and of the bubble/bubble interactions, have been examined 

and included in the model. The model reveals the relationship of cavitation event rate with 

the important parameters, such as free stream nuclei population, flow velocity and pressure, 

and is ready to adapt to other geometries. 

Analysis of the acoustics of traveling bubble cavitation is carried out in Chapter 6. 

Though more approximate than the numerical simulation, it provides a simple method to 

estimate the noise and is easy to adapt to other applications. The predicted and observed 

cavitation noise are compared in Chapter 6. 

Finally, we summarize and discuss the results in Chapter 7. 
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Chapter 2 

Experimental Equipment 

2 .1 Intro duction 

To study the nuclei population dynamics in water tunnels and its effects on cavitation , 

experiments were performed in the Low Turbulence Water Tunnel and the High Speed Water 

Tunnel at Caltech. Cavitation on an axisymmetric Schiebe body was observed while the 

upstream nuclei population was simultaneously measured using a calibrated Phase Doppler 

Anemometer. Figure 2.1 shows the experimental setup. A Schiebe headform was installed 

on the center line of the water tunnel. The cavitation event rate on the headform was 

measured by flush-mounted electrodes on the headform surface, and cavitation noise was 

measured by a hydrophone installed inside the headform. The free stream nuclei population 

was measured by a Phase Doppler Anemometer. Detailed descriptions of the equipment 

and the instrumentation are given in the following sections. 
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2.2 The Low Turbulence Water Tunnel 

A full description of the Low Turbulence Water Tunnel (LTWT) at Caltech, as shown in 

Figure 2.2, was presented by Gates (1977), but a brief description of the main features are 

presented here. 

The working section of the Low Turbulence Water Tunnel is 2.5m long and has a square 

cross section of 3lcm x 3lcm. The maximum tunnel speed is about lOm/ sec and the tunnel 

pressure ranges from 20kPa to llOkPa. To eliminate solid particles in the water, the tunnel 

water was filtered by using a 5µm screen for about 7 to 10 hours before each experiment. 

For all the experiments, the velocity was set, and the static pressure of the water tunnel 

was controlled by a vacuum system. 

To control the air content in the water, a de-aeration system was used. The main 

component of this system is a closed cylindrical vessel measuring 2.54 meter in length and 

0.91 meter in diameter. Tunnel water is pumped to the top of the vessel, then forced through 

a series of vacuum paths before it is returned to the water tunnel by another pump. The 

typical flow rate for the de-aeration system was about 3m3 /hour. After de-aeration, typical 

air content in the tunnel water was about lOppm to l2ppm. 

An air injection system was used to raise the nuclei population . The air injection system 

draws water from downstream of the working section and makes the water saturated by 

mixing the water with high pressure air. It is then injected into the water tunnel stagnation 

section by a series of very fine nozzles at a flow rate of about 0.02m3 /hour. Because of the 

relatively low pressure surrounding the nozzle, it was believed that the air injection only 

generated very small bubbles. 
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2.3 The High Speed Water Tunnel 

Figure 2.3 shows the structure of the High Speed Water Tunnel (HSWT) at Caltech. 

The working section of the High Speed Water Tunnel is l.17m long and has a circular cross 

section 356mm in diameter. It was designed for operation at any desired velocity up to 

30.5m/ sec, and any pressure from 354kPa to the vapor pressure of water. The tunnel was 

de-aerated by running the tunnel at a low pressure (about 3.4kPa) for two days before 

the experiments were performed. Typical air content after de-aeration was about 6ppm to 

8ppm. To increase the air content, nitrogen or air can be injected into the water tunnel. 

The nitrogen was mixed with the water by running the tunnel at a low speed for long time. 

The major structural difference between the High Speed Water Tunnel and the Low 

Turbulence Water Tunnel is that the High Speed Water Tunnel has a resorber which is 

about 18m deep. The tunnel water goes up and down the resorber four times before 

entering the working section. The gasses released by the tunnel or the cavitating model are 

re-absorbed before the flow re-enters the working section. 

2.4 Nuclei Measurement 

Recently, the Phase Doppler Anemometer (PDA) has been used to measure velocities 

and size distributions of particles. Saffman and Buchhave (1984) developed the physical 

principle of the phase-diameter relationship for particles going through the focal volume of 

two laser beams. When a particle passes through the intersection of two laser beams, the 

fringe pattern existing in the focal volume is projected into space mainly due to reflection 

from the bubble surface. This projection is equivalent to the Doppler burst. Two or more 
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photomultipliers at different points in space receive the same Doppler burst, but with a 

phase lag. This phase difference is related to the size of the particle. 

The PDA has been used to measure the velocity and size of particles in the air success

fully. But to apply the PDA to measure micro-bubbles in water, it is crucial to provide 

verification and calibration of the PDA with some reliable methods. Tanger and Weitendorf 

(1992) did applicability tests for a PDA by measuring latex spheres in water using a PDA 

and a microscope. Their results showed very good agreement in the sphere diameter and 

concentration measurement. It is still very important to verify the PDA for measuring air 

bubbles in water. For this purpose, simultaneous measurements of the free stream nuclei 

number distributions at different tunnel speeds, pressures and aeration levels were made 

in the Low Turbulence Water Tunnel at Caltech, using a PDA made by DANTEC and an 

on-line holographic system. 

The PDA utilizes a 200mW Argon-ion laser with 514.7nm wavelength . It has three 

photomultipliers. Two of them are used to measure the phase difference of the scattered 

light. The third photomultiplier provides a spherical check of the signals to discriminate be

tween bubbles and particles. As shown in Figure 2.1, the transmitting optics were mounted 

horizontally. The laser beams focused at the center line of the water tunnel. This focusing 

volume of the laser beams measured 0.204mm x 0.203mm x 2.348mm. The receiving op

tics were mounted above the top window at a plane normal to the laser beams and focused 

at the center plane of the water tunnel and collected light scattered at an angle of 82° to 

the incident laser beams. 

During the experiments, it took about five to fifteen minutes to finish one PDA data 

acquisition, while several holograms were taken. Then the holograms were reconstructed 
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and processed. Figure 2.4 is a schematic of the hologram reconstruction and viewing sys

tem. A l2mW He-Ne laser is used as the illumination source. The slide mounted hologram 

is transported on an X-Y-Z vernier carriage along the axis of the collimated beam. Recon

structed images are imaged through a x 10 microscope objective onto a video camera and 

displayed on a monitor. The total magnification from the nuclei to the monitor is about 

100. The nuclei are sized directly from the monitor. Typically, 6 to 12 sample volumes were 

processed on each hologram, and this required about one to two man-days. 

A histogram of the nuclei in the Low Turbulence Water Tunnel measured by the PDA 

is presented in Figure 2.5. A peak appears at the nucleus radius of 12µm. This is quite 

different from the results of Peterson et al. (1975), where the nuclei number distributions 

approach maximum values as bubble radius approaches zero. The statistics of the nuclei 

sizes and the velocities shows that the correlation coefficient between the velocity and the 

radius is about 0.08, which means that the velocity of an individual bubble is quite inde

pendent of its size. 

Figure 2.6 shows a typical comparison of the nuclei density distributions measured by 

holographic method and PDA. The nuclei density distribution, N(R), is defined so that the 

nuclei concentration in a narrow radius range 6R is N(R)6R. It follows that the total 

nuclei concentration is f0

00 N(R)dR. As one can see in Figure 2.6, agreement between these 

two techniques was achieved. it should be noted that the number of nuclei measured by the 

holographic method is consistently larger than that measured by the PDA. This probably 

is due to the fact that the focal volume of PDA laser beams is so small that some of the 

bubbles passing through only part of the focal volume are not counted. It should be noted 

that the holographic method was limited to nucleus radii larger than lOµm and the data 
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only provide calibration of the PDA measurements for bubbles of radius larger than lOµm. 

Note that the holographic data shows some scatter. This is primarily because of the small 

numbers of nuclei counted in the larger size ranges. 

The PDA was then applied to study the changes in the nuclei population in the Low 

Turbulence Water Tunnel at different tunnel operating conditions by using the same setup 

as shown in Figure 2.1 (see Chapter 3). It was also used to measure the nuclei density 

distributions while the cavitation event rate and noise were measured on a Schiebe headform 

(see Chapter 4 ). Later the data was used to verify an analytical model to correlate cavitation 

event rate and noise with free stream nuclei population (see Chapter 5). 

The same PDA system was also used to monitor the free stream nuclei population in the 

High Speed Water Tunnel. Before using the PDA system in the High Speed Water Tunnel, 

a check was made to make sure that the changes in the tunnel design and measurement 

environment did not affect the PDA performance. The check was done by measuring nuclei 

number density distributions in saturated water from a small injector in both the High 

Speed Water Tunnel and the Low Turbulence Water Tunnel. The results were almost 

identical, showing that the calibration was the same in the Low Turbulence Water Tunnel 

and the High Speed Water Tunnel. This check verified that the changes in the measurement 

environment did not affect the PDA measurement. 

2.5 Headform 

A 5.08cm diameter Schiebe headform made from lucite was mounted on the center line 

of the tunnel working section. A schematic of the headform is shown in Figure 2.6. This 

headform presents relatively smooth but strong adverse pressure gradients and the boundary 
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layer has therefore the property of being relatively robust to laminar detachment, unlike 

the ITTC body (Lindgren and Johnson, 1966). The pressure coefficient along the headform 

surface is presented in Figure 2.6. 

The interior of the headform was hollow and a hydrophone was placed inside the head

form . The interior was then filled with water at atmospheric pressure. Because of the close 

match of acoustic characteristics between lucite and water, the hydrophone measurement is 

not significantly effected by the geometry of the headform (see Ceccio and Brennen, 1992). 

Three flush ring electrodes of silver epoxy covering the entire periphery were installed in 

the lucite headform and allowed the detection of cavitation events occurring on the headform 

(Ceccio and Brennen, 1992 and Kuhn de Chizelle et al., 1992). A pattern of alternating 

voltages is applied to the electrodes, and the electric current from each is monitored. When 

a bubble passes over one of the electrodes, the impedance of the flow is altered causing a 

drop in current which can be detected. The time between events is also measured and the 

event rate can therefore be measured. 

2.6 Hydrophone 

An ITC-1042 hydrophone was used to measure the cavitation noise. The hydrophone has 

a flat frequency response in the frequency range of lH z to 80kH z. The hydrophone signal 

was filtered and amplified by an amplifier made by Princeton Applied Research (model 

113). The amplifier also has a flat frequency response in the above frequency range. The 

acoustic data was acquired at a sampling rate of lmH z. 

The hydrophone was placed in the hollow interior of the headform, as shown in Fig

ure 2.6; then the interior was filled with tunnel water. Ceccio and Brennen (1992) showed 
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that because of the relatively good acoustic impedance match between lucite and water, 

the interior hydrophone allows the noise generated by the cavitation bubbles to reach the 

hydrophone relatively undistorted; reflected acoustic signals from other parts of the water 

tunnel only make their appearance after the important initial signal has been recorded. 
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Figure 2.1: Cavitation experimental setup. 
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Figure 2.3: High Speed Water Tunnel circuit schematic. 
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Figure 2.4: A schematic of hologram reconstruction. 
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Figure 2.5: A histogram of the nuclei number distribution in the Low Turbulence Water 

Tunnel at a tunnel velocity of 9.lm/sec and a cavitation number of u = 0.58. 
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Figure 2.6: A comparison of PDA measured and holographically measured nuclei number 

density distributions in the Low Turbulence Water Tunnel at a tunnel velocity of 6.lOm/ sec, 

pressure of 93.9kPa and corresponding cavitation number of 4.89. 
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Chapter 3 

Nuclei Population Dynamics in 

Water Tunnels 

The differences in the nuclei population in different facilities have been identified by other 

researchers (Peterson, 1972, Feldberg and Shlemenson, 1973, Peterson et al., 1975, Arndt 

and Keller, 1976, Gates and Bacon, 1978, Weitendorf and Tanger, 1993, Cartmill and Su, 

1993, and Gindroz and Billet, 1994). We shall demonstrate in this chapter that not only 

the nuclei populations but also the population dynamics can be quite different in different 

water tunnels. 

3.1 Variat ions of Nucle i Populations in Different Water Tun

nels 

A comparison of the nuclei number density distributions in the Low Turbulence Water 

Tunnel and the High Speed Water Tunnel is shown in Figure 3.1. Both distributions are 
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similar in shape, but have a difference of about two orders in magnitude. The typical nuclei 

concentration in the Low Turbulence Water Tunnel was 150cm-3
, while, in the High Speed 

Water Tunnel, the typical nuclei concentration was lcm- 3
. Later, we will demonstrate 

that de-aeration, air injection and the changes in the tunnel operating condition can bring 

substantial changes in the nuclei population. However, even with these variations included, 

the High Speed Water Tunnel and the Low Turbulence Water Tunnel still have very different 

nuclei concentration ranges. Typically, the nuclei concentration in the Low Turbulence 

Water Tunnel ranges from 80cm-3 to 270cm-3
; while in the High Speed Water Tunnel the 

nuclei concentration is between 0.7cm- 3 to 15cm-3 . The difference in the nuclei number 

density distribution results in very different cavitation phenomena on the same Schiebe 

body, which will be demonstrated later. 

The cause of the difference in the nuclei populations in these two tunnels is not com

pletely clear. In part, it is due to the differences in the design of the tunnels. The High 

Speed Water Tunnel has a resorber (see Figure 2.3). The tunnel water goes down and up 

four times before entering the test section. The pressure in the resorber is also much higher 

than in the working section. The Low Turbulence Water Tunnel, however, does not have 

any such device. The water circulates directly from the downstream to the working section. 

Sato et al. (1993) studied the nuclei population in the wake of a cavitating cylinder in 

the Low Turbulence Water Tunnel. The nuclei population in the wake was several orders 

of magnitude larger than upstream and the process of mixing and diffusion with distance 

downstream was readily apparent. The resorber used in the High Speed Water Tunnel may 

be very effective in the sense of mixing and diffusing the microbubbles, since the water 

travels a longer distance and experiences a higher pressure before re-entering the working 
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section. In the Low Turbulence Water Tunnel there is no such device to suppress the air 

bubbles. 

The de-aeration systems could also make a difference in the nuclei population. The 

de-aeration process in the High Speed Water Tunnel put all the tunnel water under low 

pressure (3.4kPa). In the Low Turbulence Water Tunnel only a small portion of tunnel 

water was subjected to low pressure in the de-aeration tank. Thus the High Speed Water 

Tunnel could be de-aerated more efficiently, as was verified by air content measurement. 

The air content in the Low Turbulence Water Tunnel ranged from lOppm to 12ppm after 

de-aeration, compared with 6ppm to 8ppm in the High Speed Water Tunnel. 

3.2 Changes in the Nuclei Population with Tunnel Running 

Time 

3.2.1 Results from the Low Turbulence Water Tunnel 

Experiments were performed in the Low Turbulence Water Tunnel at two large cavitation 

numbers, a = 22.7 and a = 8.28; two intermediate cavitation numbers, a = 7.63 and 

a = 3.01 ; and two small cavitation numbers, a = 2.34 and a = 1.17. Typical effects of 

water tunnel running t ime on the free stream nuclei number density distribution at different 

cavitation numbers in the Low Turbulence Water Tunnel are shown in Figure 3.2, where 

the water tunnel running time is denoted by t . The corresponding changes in the nuclei 

concentration are shown in Figure 3.3. 

As shown in Figure 3.2 (a), at cavitation number of a = 22.7 (U = 3.16m/sec, 

p = 104kPa), t he free stream nuclei distribution decreased about half a decade during 
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a three-hour running time; similar changes occurred at a cavitation number of a = 8.28 

( U = 3.16m/ sec, p = 40kPa). And from Figure 3 .3, it is very clear that the nuclei con

centrations at these two cavitation numbers are decreasing functions of time. At a = 22. 7, 

the nuclei concentration decreased from 406cm-3 at the beginning to 196cm-3 after 96 

minutes and decreased further to 135cm-3 after 183 minutes. Similar decrease in nuclei 

concentration happened at a = 8.28. Also from Figure 3.3, the rate of decline in the nuclei 

concentration slows down as time proceeds. At both a = 22.7 and a = 8.28, the bubble 

nuclei concentrations approached the same equilibrium. 

At intermediate cavitation numbers: a = 7.63 (U = 5.13m/sec, p = 98kPa) and 

a= 3.01 ( U = 5.13m/ sec, p = 40kPa) , the tunnel running time had little effect on the free 

stream nuclei distribution. As shown in Figure 3.2 (b) and ( c), there was very little change 

in the cavitation nuclei number distribution during a 3 hour run at a = 7.63. These two 

trends are also manifested in Figure 3.3, where for both cases, the nuclei concentrations 

remained almost constant. As shown in Figure 3.3, after a 3 hour run at a = 3.01, the 

nuclei number in the radius range from 10 to 25µm remained almost unchanged while the 

nuclei number in the radius range from 25 to 50µm increased slightly. Again both cases 

seem to yield the same asymptotic distribution at long tunnel running time. 

Finally experiments were also performed at two small cavitation numbers: a = 2.34 

(U = 8.00m/sec, p = 77kPa) and a= 1.17 (U = 8.00m/sec, p = 40kPa). Typical changes 

in the nuclei number distribution at a = 2.34 are shown in Figure 3.2 ( d). The nuclei 

distributions increased with tunnel running time at both cavitation numbers. In Figure 3.3, 

it can be seen that the increase in the nuclei distribution was completed within the first 50 

minutes, after which the distribution remained almost unchanged. At a = 1.17, the nuclei 
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concentration increased faster than at a = 2.34. The asymptotic distribution approached 

at a = 1.17 was also a little higher than that of a = 2.34. 

Figure 3.3 shows the changes in the nuclei concentration with the tunnel running time 

in the Low Turbulence Water Tunnel. It is very clear that the trends of the changes in 

the nuclei concentration with the tunnel running time are quite different of large cavitation 

numbers (a 2'. 8.28), intermediate cavitation numbers (7.63 2'. a 2'. 3.01) and small cavita

tion numbers (a ::; 2.34). At large cavitation numbers, the nuclei concentration increases 

with time; at small cavitation numbers, the nuclei concentration decreases with time; and 

at intermediate cavitation numbers, the nuclei concentration remains almost unchanged . It 

may have been noted from Figure 3.3 that the asymptotic nuclei concentrations for a = 3.01 

and a = 7.63 are smaller than those of a = 8.28 and a = 22.7. The reason for this lies 

in the history prior to the measurements. The experiments with a = 3.01 and a = 7.63 

were performed just after a four-hour run at a = 22. 7 during which substantial nuclei so

lution took place. And since at a = 3.01 and a = 7.63, the nuclei distributions remain 

almost unchanged, the nuclei concentration remained below the asymptotic concentration 

for a = 22. 7 and a = 8.28 as a result of low initial free air content. It can also be seen in 

Figure 3.3 that , as the cavitation number decreases from 22.7 to 1.17, the changes in nuclei 

concentrations as a function of time goes from negative to nearly zero, then to positive. 

To verify that running the Low Turbulence Water Tunnel at low cavitation numbers 

increases the nuclei concentration, the water tunnel was first run at a large cavitation 

number. Then it was run at a low cavitation number. After a short time, it was again 

run at the large cavitation number. The nuclei number distributions are compared for the 

same velocity and cavitation number. Experiments were performed in which the water 
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tunnel was first run at a = 22.9 (U = 3.19m/sec, P = 106kPa) and a = 7.11 (U = 

5.lOm/sec, P = 98kPa) respectively for 15 minutes. After this the water tunnel was run 

at a = 1.72 (U = 8.86m/sec, P = 71kPa) for 10 minutes. Then, in the final phase 

the water tunnel was again run at the original conditions. The corresponding changes in 

the nuclei number density distributions are shown in Figure 3.4 . In both cases the nuclei 

number distributions increased substantially after the low pressure period. For the first 

experiment, the nuclei number density distribution increased about an order of magnitude. 

And for the second experiment the increase in the nuclei number density distribution was 

about half a decade. Correspondingly, changes occurred in the nuclei concentration . The 

nuclei concentrations were 71cm-3 for a= 22.9 and 126cm-3 for a= 7.71 originally. After 

running the water tunnel at a = 1.72 for 10 minutes, the nuclei concentrations jumped to 

472cm-3 for a = 22.9 and 460cm-3 for a = 7. 71. And when the water tunnel was run at 

a= 1.72, the nuclei concentration was 510cm-3
. 

3.2.2 Results from the High Speed Water Tunnel 

In the High Speed Water Tunnel, the tunnel running time had a dominant effect on 

the nuclei population. The nuclei concentrations decreased with the tunnel running time 

regardless of the tunnel operating condition. The nuclei population seemed to be unaffected 

by the tunnel operating condition. Typical changes in the nuclei population in the High 

Speed Water Tunnel are shown in Figure 3.5. At both cavitation numbers shown in the 

figure, the nuclei concentration decreased substantially with the tunnel running time. For 

example, during a 60-minute run of the water tunnel at a cavitation number of 0.52, the 

nuclei concentration decreased from l.51cm-3 at the beginning to 0.82cm-3
. It may have 
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been noted that the nuclei concentration at a = 0.4 7 is much larger than that of a = 0.52 . 

This is due to the fact that the experiment at a = 0.47 was performed immediately after 

a two-hour air injection. After the air injection, the nuclei concentration increased to 

11.2cm-3 . Then the nuclei concentration decreased monotonically from 11.2cm-3 during 

a three-hour experiment. At the end of the three-hour run, the nuclei concentration was 

2.4cm-3 ; in other words, it had almost returned to the nuclei concentration before the air 

injection . 

We have demonstrated that the changes in the nuclei population in the High Speed 

Water Tunnel and the Low Turbulence Water Tunnel are quite different. We can not claim 

that the trends in these two tunnels would necessarily occur in other facilities since the 

tunnel design and flow fields are quite complicated. But some of the trends would seem to 

have generality. We have confirmed that the resorber in the High Speed Water Tunnel plays 

a major role in determining the nuclei population. Since the nuclei in water travels a longer 

distance and experiences a higher pressure in the resorber, the nuclei in the High Speed 

Water Tunnel have a much better chance to dissolve in the water. On the other hand, in 

the Low Turbulence Water Tunnel the water is circulated directly back into the working 

section; thus the nuclei generated in the working section will re-enter the working section 

with little chance to dissolve. Therefore, we can make the following general conclusion. If a 

water tunnel has a device such as the resorber in the High Speed Water Tunnel at Caltech, 

the nuclei population in that water tunnel will remain relatively constant regardless of the 

tunnel operating condition. If a tunnel does not have such a device, the nuclei population 

in the tunnel will change according to the tunnel operating condition. At large cavitation 

numbers, when there is no cavitation in the water tunnel , free air bubbles dissolve into the 
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water slowly. Thus the nuclei population will decrease with the tunnel running time. But. 

at low cavitation numbers, when there is cavitation in the water tunnel (on the propeller 

blades , behind the honeycomb or screen), free air bubbles are generated and circulated into 

the working section, raising the nuclei concentration in the water tunnel. However, the 

increase and decrease in nuclei concentration seem to have certain asymptotic limits for 

each operating condition. This raises the question as to whether the cavitation on a model 

in the working section would, in itself, control the nuclei population in the water tunnel. 

How long would it take for the model/tunnel generated distribution to reach equilibrium 

and would that equilibrium differ greatly from operating point to operating point. These 

questions need further investigation. 

3.3 Effects of Air Injection and De-aeration 

In the Low Turbulence Water Tunnel, an air injection system was used to raise the nuclei 

population. The air injection system injects saturated water into the water tunnel stagna

tion section by a series of very fine nozzles at a flow rate of about 0.02m3 /hour. Figure 3.6 

shows the changes in the nuclei number density distribution in the Low Turbulence Water 

Tunnel during and after the air injection. The nuclei number density distribution increased 

a little during the air injection. But once the air injection was stopped, the nuclei number 

density distribution returned to the original distribution . The nuclei concentration rose 

from 235cm-3 to 273cm- 3 during the air injection, and returned to 233cm-3 after the air 

injection was stopped. 

We conclude that the air injection system used in the Low Turbulence Water Tunnel 

is not effective to increase the free stream nuclei population. The main reason is that the 
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flow rate of the air injection system is so small that it takes a long time to make significant 

changes in the large volume of tunnel water. 

The air injection in the High Speed Water Tunnel was very effective in raising the nu

clei population. Nitrogen was injected into the water tunnel when the tunnel was run at 

a low speed ( U ~ 2m/ sec). Figure 3.5 is a schematic of the variations of the nuclei con

centration in the High Speed Water Tunnel. After two hours of air injection , the nuclei 

concentration was increased from l.2cm-3 to 11.8cm-3
. However, the nuclei concentration 

decreased consistently with time during the experiments. After about four hours of cav

itation experiments, the nuclei concentration decreased to about 0.8cm-3 . We also note 

that the overnight rest of the tunnel also increased the nuclei population in the High Speed 

Water Tunnel. After an overnight rest, the nuclei concentration increased from 0 .8cm-3 

to 4.64cm-3
. A possible explanation is that during the overnight rest, the extracted air 

dissolved into the water slowly. 

The de-aeration system in the Low Turbulence Water Tunnel described in Chapter 2 

was used to lower the air content in the tunnel water. As shown in Figure 3.7, de-aeration 

effectively reduced the nuclei population in the Low Turbulence Water Tunnel. The nuclei 

concentration decreased from 248cm-3 to 178cm- 3 after two hours of de-aeration, and 

further decreased to 151cm-3 after another six hours of de-aeration. It is also noted that 

when the air content decreases, the effectiveness of de-aeration goes down. During the 

first two hours of de-aeration the nuclei concentration decreased by 283, but the nuclei 

concentration decreased by only 153 after the next six hours of de-aeration. 

In the High Speed Water Tunnel, de-aeration was effected by running the water tunnel 

at a low speed ( U ~ 2m/ sec) and at a low pressure (3.4kPa ). This seemed to work well. 
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After running for two days, the nuclei concentration in the water was about lcm-3
, which 

was much lower than what could be achieved in the Low Turbulence Water Tunnel. 

3.4 Changes in the Nuclei Population with Cavitation De

velopment on the Headform 

The nuclei population in the Low Turbulence Water Tunnel varied with the tunnel op

erating condition and with the cavitation development on the headform in the working 

section. However, no significant changes in the nuclei population were observed in the High 

Speed Water Tunnel when the tunnel operating condition was changed. 

The changes in the free stream nuclei concentration in the Low Turbulence Water Tunnel 

with the tunnel operating condition are shown in Figure 3.9, where the nuclei concentration 

is plotted against the cavitation number. Clearly, for a given cavitation number, the free 

stream nuclei concentration varied substantially. At the same cavitation number, the nuclei 

concentration could vary by more than lOOcm- 3
. Despite these variations, a basic trend is 

evident , namely that the free stream nuclei concentration increases as cavitation number is 

decreased . 

In the analytical model developed in Chapter 5, it will be shown that the cavitation 

event rate depends not only on the free stream nuclei concentration, but also on the shape 

of the nuclei number density distribution . Experimentally, it was observed that bot h the 

magnitude and shape of the nuclei distribution varied with the tunnel operating condition, 

the air content and the previous history of operation . By comparing nuclei number density 

distributions at various cavitating conditions, we may observe the effect of the nuclei number 
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density distribution on the cavitation event rate (or vice versa). We present the changes in 

the upstream nuclei population in the Low Turbulence Water Tunnel at different cavitation 

numbers in Figure 3.10 and the changes in the nuclei number density distribution at the 

same cavitation number but at different cavitation event rates in Figure 3.11. Note that 

most of the changes in the shape of the free stream nuclei number density distribution 

occur for nuclei in the size range above 15µm in both figures. An increase in the nuclei 

population in this range results in a major increase in the event rate. There is little change 

in the number of nuclei smaller than 15µm when the cavitation number is changed or the 

event rate changes. 

During the cavitation experiments in the Low Turbulence Water Tunnel, cavitation 

inception occurred at about CTj = 0.60. It is noted in Figure 3.9 that the free stream nuclei 

concentration exhibits a significant increase when cavitation number is decreased below 0.60. 

This implies that cavitation itself leads to an increase in the free stream nuclei concentration 

as is often surmised. This is probably the explanation for the cavitation hysteresis effect 

observed by Holl and Treaster (1966). 

In the High Speed Water Tunnel, as mentioned before, the tunnel running time is the 

dominant effect. Little change in the nuclei population was observed as cavitation number 

was changed or the cavitation on the headform changed. Even when the cavitation on the 

headform surface became fully attached, there was very little change in the free st ream 

nuclei population. 
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3.5 Conclusions 

We can draw the following conclusions from these investigations of the nuclei population 

dynamics in the Low Turbulence Water Tunnel and High Speed Water Tunnel at Caltech. 

Substantial differences in the nuclei number density distribution were found between 

these two tunnels. Although the shapes of the distributions are similar, the differences in the 

magnitude can be as much as two orders. Many researchers have measured nuclei number 

density distributions in facilities around the world and observed a wide range of nuclei 

number density distributions. Figure 3.12 presents comparisons of the measured nuclei 

number density distributions in the Low Turbulence Water Tunnel and the High Speed 

Water Tunnel with nuclei distributions in other facilities and in the ocean (Peterson, 1972, 

Feldberg and Shlemenson, 1973, Peterson et al., 1975, Keller and Weitendorf, 1976, Arndt 

and Keller , 1976, Gates and Bacon, 1978, and Cartmill and Su, 1993). The typical nuclei 

concentration in the Low Turbulence Water Tunnel is about lOOcm- 3 ; while the typical 

nuclei concentration in the High Speed Water Tunnel is about lcm-3
. Billet (1985) and 

Gindroz and Billet ( 1994) presented useful reviews of the subject of nuclei concentrations 

and distributions. They found that for de-aerated water, typical concentrations are of the 

order of 20cm-3 with sizes ranging from about 5µm to about 200µm. We conclude that the 

Low Turbulence Water Tunnel is nuclei rich and the High Speed Water Tunnel is nuclei poor. 

Therefore, comparative experiments in these two tunnels should provide a good evaluation 

of the nuclei population effects on cavitation. 

Although it has been found that the nuclei populations in different facilities are quite 

different, it has often been assumed that the nuclei population in a given facility remains 

relatively constant during a cavitation experiment. In the present investigations, dramatic 
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changes in the nuclei population in the same tunnel were found in the Low Turbulence 

Water Tunnel and in the High Speed Water Tunnel. The changes in the nuclei population 

can be as much as an order of magnitude and could be influenced by the tunnel design, 

the air content , the tunnel running time, the tunnel operating condition and the cavitation 

in the working section. Therefore, we highly recommend that the nuclei population be 

monitored when carrying out cavitation experiments. 

The most dominant effect on the nuclei population comes from the tunnel design. The 

Low Turbulence Water Tunnel and the High Speed Water Tunnel differ in that the High 

Speed Water Tunnel has a resorber. Consequently, the nuclei population dynamics in these 

two tunnels showed very different characteristics. In the Low Turbulence Water Tunnel, the 

tunnel operating condition has significant effect on the nuclei population . Nuclei populations 

changed constantly with the tunnel operating condition. On the other hand, the nuclei 

population in the High Speed Water Tunnel was almost independent of the tunnel operating 

condition. Since the tunnel design and the flow fields are quite complex, we can not claim 

that these trends would necessarily occur in other tunnels. But the following observations 

seem to have generality. 

In a tunnel which has a resorber or a device to suppress the free air bubbles in the 

water before the flow re-enters the working section, the nuclei population probably will not 

be influenced by the tunnel operating condition, but will decrease with the tunnel running 

time regardless of the tunnel operating condition. On the other hand, if a tunnel does not 

have such a device, the nuclei population in the tunnel water will depend on the operat

ing condition, and running the tunnel at different cavitation numbers will have different 

effects on the nuclei concentration. At low cavitation numbers, the concentration increases 
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within a couple of minutes; at intermediate cavitation numbers, the nuclei concentration 

remains almost constant and at large cavitation numbers, the nuclei concentration decreases 

over long time. There appears to be an asymptotic nuclei concentration for each specific 

operating condition. 

De-aeration can decrease the nuclei population while air injection can increase the nuclei 

population. But the effectiveness depends heavily on the flow rate at which de-aeration or 

air injection is performed. The air injection and de-aeration used in the High Speed Water 

Tunnel are very effective; however, in the Low Turbulence Water Tunnel, the de-aeration 

system is less effective and the air injection system had very little effect on the nuclei 

population due to the very small flow rate in the air injection system. 
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Chapter 4 

Observation of Cavitation Event 

Rate and Noise 

4.1 Cavitation Event Rate 

Traveling bubble cavitation event rates on a Schiebe headform were observed while the free 

stream nuclei populations were simultaneously measured in both the Low Turbulence Water 

Tunnel and the High Speed Water Tunnel at different tunnel operating conditions. Very 

different cavitation phenomena were observed in these two tunnels. In the Low Turbulence 

Water Tunnel, traveling bubble cavitation inception occurred at a cavitation number about 

0.6 and fully attached cavitation occurred at a cavitation number about 0.45. However, in 

the High Speed Water Tunnel, traveling bubble cavitation inception occurred at a cavitation 

number about 0.53 and the cavitation became fully attached at a cavitation number about 

0.4 7, leaving a very narrow range in which traveling bubble cavitation occurred. The delay 

in cavitation inception in the High Speed Water Tunnel is probably due to the fact that 
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fewer nuclei are convected to the low pressure region under the same operating condition 

since the High Speed Water Tunnel has fewer nuclei than the Low Turbulence Water Tunnel. 

However, the appearance of fully attached cavitation at a larger cavitation number in the 

High Speed Water Tunnel is not fully understood. 

Figure 4.1 shows the variation of cavitation event rates with the cavitation number in 

the Low Turbulence Water Tunnel. The event rates are distinguished for various nuclei 

concentration ranges. As shown in the figure, the cavitation event rate increased dramati

cally as the cavitation number was decreased. Note, however, that the event rate can vary 

by as much as a decade at the same cavitation number. Clearly, larger free stream nuclei 

concentrations correspond to larger cavitation event rates. 

We chose to define the cavitation inception number, a;, as the cavitation number for 

which a certain event rate (say lOevents/ sec) occurs . Then, as seen in figure 4.1, the cavi

tation inception number increases with the free stream nuclei concentration. At the typical 

criterion of lOevents/ sec, the cavitation inception number, a;, was 0.55 when the nuclei 

concentration was less than 150cm-3
. On the other hand, cavitation inception occurred at 

a; = 0.57 when the concentration was between 200cm-3 and 250cm-3
, and at a ; = 0.60 

when the nuclei concentration was above 250cm-3 • 

The effect of the upstream nuclei population on the cavitation event rate is also demon

strated in Figure 4.2 , where the cavitation event rate is plotted against the upstream nuclei 

concentration. At two typical cavitation numbers (a = 0.45 and a = 0.57), the cavitation 

event rate increased as the free stream nuclei concentration increased. At a = 0.45 , as 

the free stream nuclei concentration increased from 191cm-3 to 266cm-3 , the event rate 

increased from 589sec- 1 to 891sec- 1
• At a= 0.57, as the free stream nuclei concentration 
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increased from 194cm-3 to 257cm-3
, the event rate increased from 10.3sec- 1 to 52.4sec- 1• 

Note that even at the same cavitation number and with the same nuclei concentration, the 

event rate still varied considerably. This may be due to the differences in the distribution 

of nuclei size, which is also an important factor in determining the event rate. As demon

strated in Figure 3.11, variations in the shape of the nuclei size distribution in the range 

above 15µm lead to variations in the cavitation event rate. 

Figure 4.3 shows the changes in the cavitation event rate with cavitation number in the 

High Speed Water Tunnel. Because the nuclei concentration changed substantially before 

and after the air injection, the event rates at the same cavitation number changed substan

tially. Consequently, cavitation inception occurred at quite different cavitation numbers. 

As expected, the cavitation event rate increased with the upstream nuclei concentration. 

At a velocity of 9.4m/ sec and a nuclei concentration of 0.80cm-3 before the air injection, 

cavitation inception occurred at a cavitation number of 0.46. After the air injection, the 

nuclei concentration raised to 12cm-3 . Cavitation inception occurred at a cavitation num-

ber of 0.52. It should be kept in mind that in the Low Turbulence Water Tunnel, cavitation 

inception number was about 0.57, when the nuclei concentration was about lOOcm-3
. It 

should also be noted that the maximum cavitation event rate in the High Speed Water 

Tunnel was less than 50sec- 1
; attached cavitation occurr.ed soon after traveling bubble cav

itation inception. This implies that attached cavitation occurs more readily when the nuclei 

population is low. Li and Ceccio (1994) observed a similar phenomenon on a cavitating hy

drofoil. In their observations, when the nuclei concentration in the water was high, traveling 

bubble cavitation occurred before attached cavitation was observed. But when the nuclei 

concentration was low, no traveling bubble cavitation was observed before attached cavita-
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tion occurred. They ascribe the cause of this phenomenon to laminar boundary separation 

on the hydrofoil. However, we are not sure about the cause on the Schiebe headform since 

it does not exhibit laminar boundary layer separation in the region of concern here. 

One should also note in Figure 4.3, by comparing the event rates at U = 9.4m/ sec and 

U = 14.5m/ sec, that, at the same nuclei concentration level ( l.6cm-3 < C < 3.0cm-3
), 

the cavitation event rate decreased with increasing tunnel velocity, which is the inverse of 

what would be expected. A comparison of typical nuclei number distributions at these 

two velocities is presented in Figure 4.4. At the same cavitation number (a = 0.54 ), the 

nuclei number distributions were quite similar. All the numerical and analytical simulations 

(Ceccio and Brennen, 1992, Meyer et al., 1992, and Liu et al., 1993) predict that the event 

rate increases with oncoming velocity, provided that the nuclei population remains the same. 

This velocity effect on the cavitation event rate was also observed by Kuhn de Chizelle et 

al. ( 1992). Since they were unable to measure the nuclei population in the oncoming flow, 

Kuhn de Chizelle et al. speculated that the free nuclei population was decreased by the 

increase in the tunnel pressure at a higher speed (for the same cavitation number). The 

investigations of nuclei population dynamics in a water tunnel by Liu et al. (1993) support 

their speculations. However, the current data shows that the event rate decreases with an 

increasing tunnel speed even when the nuclei concentrations are at the same level. This 

phenomenon is not fully understood. A possible explanation is that the PDA mistakenly 

counted more solid particles as microbubbles at the higher tunnel velocities. Since the 

population of solid particles increased with speed, perhaps the number of microbubbles 

decreased even though the total nuclei concentration remained the same. It may also be 

the case that there exists some, as yet unrecognized, mechanism in the relation between the 
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nuclei population and the cavitation event rate. 

The probability density distributions of the time between two events and of the bubble 

radius are shown in Figure 4.5 for two different cavitation numbers. At the larger cavitation 

number ( u = 0.56), the time between two events is more homogeneously distributed and the 

probability density of bubble radius has a peak in the small size range. On the other hand, 

at the lower cavitation number (u = 0.45), there are very few smaller bubbles and the time 

between two events has a peak at a small value. In the analytical model developed later, we 

will demonstrate that the bubble size is inversely proportional to its off-body distance. This 

implies that at lower cavitation numbers, a nucleus with potential to cavitate but moving 

along a streamline which is farther above the surface has less chance to grow because of the 

increasing interaction with larger bubbles. Therefore, to quantitatively predict cavitation 

at lower cavitation numbers, the interaction between bubbles should be considered. 

4.2 Observation of Cavitation Noise 

Though the peak acoustic pressure generated by an individual cavitation event (individual 

traveling bubble) has been used by many researchers (for example, van der Meulen, 1980) to 

characterize cavitation noise intensity, it will be argued later in Chapter 6 that the acoustic 

emission from individual traveling bubble is better characterized by the cavitation pressure 

impulse, I( r ) , which is defined as 

1
12 

I(r)= (p(t,r)-p00 )dt 
t 1 

(4 .1) 

where p(t , r) and p00 are the local pressure and the upstream pressure respectively; t 1 and 

t2 are the moments when p(t, r) = Poo· 
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The dimensionless impulse, I", is defined by 

(4.2) 

where PL is the liquid density; U is the flow velocity and rH is the headform radius. 

Figure 4.6 shows the dimensionless pressure impulse for individual cavitation events 

measured during the High Speed Water Tunnel experiments. We note that for ail the tunnel 

velocities and upstream nuclei concentrations shown in the figure, the dimensionless pressure 

impulse first increases as the cavitation number is reduced . However, below a certain 

cavitation number, the dimensionless pressure impulse starts to decrease. This phenomenon 

was also observed by Ceccio and Brennen (1992) and Kuhn de Chizeile et al. (1992). Arakeri 

and Shangumanathan (1985) noticed that at low cavitation numbers, the interference effect 

is strong and the collapse of a bubble is poor over the entire frequency range, thus making the 

acoustic emission weaker. Also note in Figure 4.6 that at U = 9.4m/ sec, the dimensionless 

pressure impulse is larger than at U = 14.5m/ sec. 

4.3 Conclusions 

The cavitation event rate is mainly determined by the cavitation number. It increases 

dramatically as cavitation number is decreased. The free stream nuclei population also has 

significant effect on the event rate which increases with increasing nuclei concentration . The 

cavitation event rate can vary by as much as an order in magnitude at the same cavitation 

number due to the changes in the free stream nuclei population. Both the magnitude 

and the shape of the nuclei number density distribution are important. A larger nuclei 

population corresponds to a larger cavitation event rate. The changes in the nuclei size 
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range above 15µm especially can result in significant changes in the cavitation event rate. 

The cavitation inception number based on a certain event rate reflects these variations. 

In the past, attempts to correlate the cavitation event rate and the nuclei population 

(Ceccio and Brennen, 1992, Meyer et al., 1992 and Liu et al., 1993b) have assumed, for 

lack of better knowledge, that the nuclei number distribution in a given facility has the 

same magnitude and shape, regardless of the extent of cavitation development on the head

form. The present study has demonstrated that substantial changes in free stream nuclei 

population may occur during cavitation experiments. This causes substantial changes in 

the event rate. It follows that for more accurate evaluation of cavitation, changes in the 

nuclei population should be carefully monitored and included in any analytical model which 

attempts to correlate the cavitation event rate with the free stream nuclei population. 

The acoustic emission from traveling bubble cavitation can be characterized by the 

acoustic impulse. Initially, the dimensionless acoustic pressure impulse increases as the 

cavitation number is decreased. However, as cavitation number decreases further, the di

mensionless acoustic pressure impulse starts to decrease. At the same cavitation number, 

the dimensionless acoustic pressure impulse also increases as the tunnel velocity is decreased. 
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Chapter 5 

An Analytical Model for 

Cavitation Event Rate 

5.1 Introduction 

It has long been recognized that traveling bubble cavitation occurs as a result of micro

sized cavitation "nuclei" being convected into and then out of a low pressure region in a flow. 

One consequence of this is the recognition that cavitation inception depends on the criterion 

one establishes in terms of the number of cavitation events occurring per unit time. Because 

of the difficulties experienced in measuring the nuclei in a water tunnel (see Billet , 1985), 

there have been relatively few attempts to experimentally verify a relationship between the 

nuclei population in the oncoming flow and the observed event rates. Two of the earliest 

attempts were the efforts by Franklin and McMillan (1984) and Ooi (1985) to synthesize the 

cavitation event rate in a submerged, turbulent jet (see also Pauchet et al. , 1992). However, 

one of the major uncertainties in that flow is the difficulty in characterizing the turbulent 
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pressure fluctuations experienced by the bubble. 

More recently Meyer et al. (1989, 1992) have carried out numerical computations of the 

cavitation event rates on an axisymmetric headform using an assumed nuclei number density 

distribution in the incident stream. The approximate analytical model presented by Ceccio 

and Brennen (1992) is similar in concept. The present chapter establishes an approximate 

analytical model connecting the cavitation event rate with the nuclei distribution. The 

effects of the boundary layer flow rate, of the bubble screening, of the observable size and 

of the bubble/bubble interactions are examined and included in the model. Though more 

approximate than the numerical computations of Meyer et al., the analytical expressions 

provide insights into the important mechanisms and allow application to more complex flow 

geometries. It is also possible to include in the calculations more complex effects such as 

bubble interactions. 

5.2 Spherical Bubble Dynamics 

The dynamics of bubbles in a liquid responding to an imposed pressure fluctuation have 

been considered with varying degrees of complexity. The first and the simplest is that 

of Rayleigh (1917). In Rayleigh's analysis, the medium inside the bubble is liquid vapor 

and the surrounding liquid is incompressible. Later other effects, such as non-condensable 

gas, viscosity and surface tension were considered by Plesset (1949), Neppiras and Noltignk 

(1950, 1951) and Houghton (1963). 

The Rayleigh-Plesset equation for spherical bubble dynamics is given by: 

Rd
2
R + ~ (dR) 2 = Pv - Pboo + Pc0 (Ro)

3
k _ _ 4v_L _dR _ _ _ 2_S_ 

d2 t 2 dt PL PL R R dt PLR 
( 5.1) 
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Where R is the bubble radius, Ra is the initial bubble radius, S is the surface tension. 

VL is the kinetic viscosity, Pea is the initial pressure of the non-condensable gas, k is the 

polytropic constant for the gas and Pv and Pboo are the vapor pressure and pressure at 

infinity respectively. The pressure at infinity, Pboo, is usually a function of time. 

When a nucleus is in equilibrium, the pressure of the non-condensable gas and the vapor 

pressure in the nucleus balance the external pressure and the surface tension: 

25 
Pea = (Pboo - Pv) +Ra ( 5.2) 

By choosing a characteristic length for the flow (rH), a characteristic time (rH/U) and 

a reference pressure p00 , Equation (5.1) can be non-dimensionalized as follows: 

R* fl*+ ~(R")2 = ~(-Cp _a)+ Pea (R0)
3

k __ 8 _k __ 4 __ 1 
2 2 PLU 2 R· R e R• WeR· 

(5 .3) 

Where Cp, CJ , W e and R e are the pressure coefficient, the cavitation number, the Weber 

number and the Reynolds number respectively. These numbers and the variables in the 

above equation are defined as 

a 

We 

R e 

R" 

R" 

(Pboo - Poo) 

tPLU 2 

Poo - Pv 

tPLU 2 

PL U 2 (2rH) 
s 

U(2rH) 

R 

tU/rH 

dR" 
dt· 

d2 R" 
dt· 2 

(5.4) 
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For the typical experimental conditions of the last chapter, W e ,...., 105 , Re ,...., 106 and 

R0 ,...., 10-3 . Substituting these values into equation (5.3), we find that the last three terms 

are much smaller than the first two terms on the left side of equation ( 5.3) if R· is much 

larger than R0. This provides the foundation for an asymptotic solution of equation (5.3) 

for bubble growth. 

With a constant value of Pboo fort > 0, equation (5.1) can be integrated once, provided 

that the viscosity term is neglected. The integration for k # 1 yields 

( 5.5) 

where the initial condition (5.2) has been used. 

Equation (5.5) shows that the asymptotic growth rate for R ~ Ro is given by 

R ---. (5.6) 

(5.7) 

If the duration of the bubble growth is flt, the asymptotic maximum bubble size is then 

given by 

Rm ax = ( 5.8) 

( 5.9) 

Figure 5.2 shows a comparison of the asymptotic maximum bubble radius obtained by (5.8) 

with the maximum bubble radius obtained by numerically solving the Rayleigh-Plesset 

equation (5.3) for a chosen pressure field, which is similar to the pressure distribution on a 

Schiebe body: 

Cp(t) = -0.19e<.-- 2t) sin(t) 
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As shown in the figure, the asymptotic approach is a very good estimation of the bubble 

maximum size. Ceccio and Brennen ( 1992) also showed that the asymptotic maximum 

bubble size is very close to the maximum bubble size obtained by solving the Rayleigh-

Plesset equation for the pressure field on a Schiebe body. 

Equation (5.5) can not be integrated further to yield the bubble radius and time rela-

tionship . But it can be written as 

(5.10) 

where x is a dummy variable for R/ R0 . 

5.3 Cavitation Event Rate 

In this section we will use a characteristic free stream nuclei density distribution func-

tion, N(R), to synthesize the cavitation event rate on a cavitating, axisymmetric Schiebe 

headform, as shown in Figure 2.6. 

The measurements of the free stream nuclei distribution in the Low Turbulence Water 

Tunnel and High Speed Water Tunnel at Caltech often have the following characteristic 

form : 

(5.11) 

where C is the nuclei concentration . By adjusting the values of~ and .A, the distribution 

function ( 5.11) can be made to fit most of the observed nuclei distribution functions. It 

is preferable to the more frequently used power law ( N ( R) "' R-n , where n is between 

about 3 and 5) because it allows simulation of the peak in the population which is often 
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observed (at R = O and of the fact that the population of large bubbles is very small. Also 

in this expression, the nuclei concentration appears explicitly expressed and allows direct 

evaluation of its effect upon the results. 

The problem is to evaluate how many of the nuclei are convected into the region of low 

pressure near the minimum pressure point on the surface of the body and therefore grow to 

observable macroscopic vapor bubbles (see Figure 5.1). Some simplifying assumptions allow 

us to avoid lengthy numerical computations of the bubble dynamics (using the Rayleigh-

Plesset equation) for every nucleus size, every streamline, every cavitation number, etc. 

Meyer et al. (1992) conducted a detailed numerical study of this kind which included most 

of the effects studied here. In this chapter we present a much simpler analytical approach 

which, though more approximate, is probably as accurate as the current experimental data 

would merit. 

Blake (1949) and Johnson and Hsieh (1966) studied the stability of a cavitation bubble. 

They found that there is a lower radius limit , below which a bubble will not cavitate, 

that is to say, will not grow explosively. Ceccio and Brennen (1992) carried out numerical 

integration of the Rayleigh-Plesset equation and found that for a given cavitation number, 

a, and minimum pressure coefficient, CpM, all nuclei above a certain critical size, R =Re, 

would grow explosively to roughly the same observable bubble size and therefore would be 

registered as "cavitation events." Furthermore, the critical size, Re, appeared to be almost 

independent of the details of the pressure/time history and a function only of the difference 

between the minimum pressure and the vapor pressure (represented non-dimensionally by 

(-CPM - a)), the upstream velocity, U, the fluid density, PL, and surface tension , S. 
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Specifically, 

(5.12) 

fitted the bubble dynamic calculations very well when the empirical parameter f3 :::::1. This 

expression corresponds to the appropriate Blake critical nuclei size (Blake, 1949, Daily and 

Johnson, 1956) and is consistent with the stability analysis put forward by Flynn (1964), 

Johnson and Hsieh ( 1966) and the numerical calculations by Meyer et al. ( 1992). Its use 

saves a great deal of computational effort. Furthermore, it means that we need not concern 

ourselves with the detailed pressure/time history along the entire length of each streamline 

but can simply focus on the region around the minimum pressure point. 

It is also necessary to determine how the minimum pressure coefficient, C PM, varies from 

streamline to streamline. Here again we will use a simple analytic expression derived from 

much more complex computations. A panel method was developed to solve the potential 

flow around any axisymmetric headform (see Kuhn de Chizelle, 1993). This was used to 

calculate the potential flow around the Schiebe headform. Such calculations suggested that 

the pressure gradient, dp/ dy, normal to the surface in the vicinity of the minimum pressure 

point could be approximated by PLU'J.r/rK where UM = U(l - CPMs)t and CPMS are 

respectively the velocity and pressure coefficient at the minimum pressure point on the 

surface of the body and T K is a measure of the radius of curvature of the streamlines in 

this region. For the Schiebe body (CPMS =-0.75) it is found that rH/rK =2 provides an 

approximate representation of the variation in the minimum pressure coefficient, C PM, on 

a streamline with the distance y of that streamline from the surface. The actual variation 

of C PJl,f with y from the potential flow calculation is shown in Figure 5.3, along with several 
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approximations. With dp/dy = PLU'f.t/rK it follows that 

( 5 .13 ) 

This expression allows us to evaluate, from equation (5.12), the critical nuclei size, R c (y) , 

for each streamline; Re therefore increases with the distance, y, of the streamline from 

the surface. A larger critical size means that fewer of the available nuclei will generate 

cavitation events. The process is terminated on that streamline which just touches the 

isobar C PM = -a, for then the minimum pressure is equal to the vapor pressure and no 

cavitation events will occur on this streamline or any outside it. Consequently, we need 

only be concerned with a region near the surface given by 

0 < Y::; YM f3 (5.14) 

where 

(5.15) 

and h =l. Different values of f 3 will be used later to examine the influence of a minimum 

observable bubble size, RM· 

Using the relations (5.12) and (5.13) and disregarding any possible effects of the bound-

ary layer or of relative motion between the nucleus and the flow, one can then construct 

an event rate from the nuclei number distribution as follows. The volume flow rate pass-

ing through two stream surfaces a distance, dy, apart at the minimum pressure point (see 

Figure 5.1) is given by 

(5.16) 

where f 1(y) =l, but different values will be used later to account for boundary layer ef-

fects. The quantity r 5 is the radial distance from the axis of symmetry to the minimum 
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pressure point (for the Schiebe body, r5/rH ~0.75). It follows from equation (5.16) that 

the cavitation event rate, dE , in the stream tube, dy, is given by 

.1. ;= N(R)dR 
dE = 2nsU(l - CPMs)

2 f1(y)dy J (R )(l ·) 
Rc(Y) 2 , Y + n, 

(5.17) 

where f 2 (R, y) =l, but different values will be used later to account for screening effects 

due to relative motion between the nuclei and the liquid, and n; = 0, but different values 

will be used later to account for the bubble/bubble interactions. In the above equation it 

follows from equations (5.12) and (5.13) that 

R ( ) - 8/35 [ C 2y(l-CPMs)]-l 
C Y - --- -a - PMS - ------

3pLU2 TK 
(5.18) 

Note that Rc(Y -. YM) ___. oo. It follows that the total cavitation event rate, E, will be 

{YMh .. 1= N(R)dR 
E =Jo 2nsU(l - CPMS )> !1 (y) J (R )(l + . ) dy o Rc(y) 2 , Y n, 

(5.19) 

where f 3 = 1, but different values will be used later to account for the observable bubble 

size effect. 

5.3.1 Boundary Layer Effect 

The above analysis neglected the effects which the presence of a boundary layer might 

have on the pressure/time history experienced by a potential cavitation nucleus. Several 

such effects can be envisaged. These include the fact that the boundary layer will reduce 

the volume flow rate of fluid traveling close to the headform and thus reduce the supply of 

nuclei. It may also alter the shape of the isobars near the surface. Here we will explore 

only the first of these two effects. To do so we assume a simple form for the boundary layer 

profile near the minimum pressure point namely 
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(5.20) 

where {J is the boundary layer thickness. If fJ2 is the momentum thickness, it follows that 

{J2 = 0.133fJ and, using the modified Thwaites method to solve for the laminar boundary 

layer thickness (Thwaites, 1949, Rott and Crabtree, 1952) for the Schiebe body, we find 

that 

( 5.21) 

Then, to account for the decrease in volume flow rate due to the boundary layer, the 

expressions (5.16), (5.17) and (5.19) should include values of f 1(y) different from unity: 

for y < fJ 
(5 .22 ) 

for y > fJ 

It is also true that the boundary layer will affect the shape of the isobars and therefore 

cause some alteration of the expressions (5 .13), (5.15), and (5.18); we have not included 

this effect in the present analysis. 

5.3.2 Bubble Screening Effect 

In their study of the potential cavitation of nuclei, Johnson and Hsieh (1966) recognized 

that the relative motion between the nuclei and the liquid might play an important role in 

determining the number of nuclei which enter the region in which the pressure is below the 

vapor pressure. Specifically, they recognized that a bubble "screening" effect would occur in 

which the nuclei are forced away from the body due to the large pressure gradients normal 
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to the streamlines in the vicinity of the stagnation point. This outward displacement would 

be larger for the larger bubbles. Because one is concerned only with streamlines very close 

to the stagnation streamline and the body surface and because the streamline curvature and 

therefore the pressure gradient normal to the streamline is much larger in the vicinity of 

the stagnation point than anywhere else, we may evaluate this screening effect by focusing 

attention on the stagnation point flow alone. In order to obtain an estimate of this effect we 

shall assume that the nuclei under consideration (of radius R) are all sufficiently small that 

the Reynolds number of the relative motion is much smaller than unity. Then the velocity 

of the nucleus in a direction normal to the streamline, Vn, is given by 

(5.23) 

where op/ an is the local pressure gradient normal to the streamline. Then the total dis-

placement, t:, across the streamlines is given by 

J
B JB V 

€ = Vn dt = -..!!...ds 
A A q 

( 5.24) 

where q is the magnitude of the fluid velocity, the coordinates is measured along a stream-

line, A is a point far upstream and B is a location after the large pressure gradients in the 

vicinity of the stagnation point have been experienced. Note that t: will, of course, differ 

from streamline to streamline and will therefore be a function of r defined as the radial 

position of the streamline far upstream of the body (see Figure 5.1). Thus 

(5.25) 

where E(r/rH) is used to denote the dimensionless integral on the previous line. 
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Since the stagnation point flow is the same on any blunt axisymmetric body, it is appro-

priate to choose to examine the stagnation region in the potential flow around a sphere in 

order to evaluate "£( r /rH ). This is a non-trivial calculation, and the details will be omitted 

here for the sake of brevity (See Appendix B for details). The result is the function "£( r / r H) 

presented in Figure 5.4; for convenience this can be approximated by the empirical relation 

( 5.26) 

where I' ~l.69, / ~0.5. 

Having evaluated the screening displacement, it can be applied to the evaluation of the 

event rate in the following way. A nucleus of radius R which is on the streamline at radius 

r far upstream will, when it reaches the low pressure region, be on the streamline which is 

the following distance, y, from the body surface: 

y 
(5.27) 

Thus the stream tube between y and y + dy will contain all the nuclei of radius R which 

were present in the upstream flow between radii r and r + dr (Figure 5.1) where 

dy r dr 

( C )
l. !2(R, y) 

1 - PMS >TsTH 
(5.28) 

and 

(5.29) 

where"£' denotes d"E/d(r/rH) and randy are related by equation (5.27). Since the liquid 

flow between y and y + dy is still given by the expression (5.16), it follows that the actual 

number distribution function for the stream tube between y and y + dy is NE( R, y) where 

N E(R, y) = N(R)/ !2(R, y) (5.30) 
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Consequently, the screening effect alters the event rate by introducing an expression for 

f 2 (R, y) which is not equal to one in the expression (5.19), namely that given by equation 

(5.29) . 

5.3.3 Observable Bubble Size Effect 

Normally, experimental observations can only detect cavitating bubbles when they achieve 

a certain observable size, say RM, and in this section we shall incorporate this "observable 

cavitation bubble size effect" in our analysis. This requires an analysis of the maximum 

size, Rmar. achieved by the cavitation bubble. 

From spherical bubble dynamics, the asymptotic maximum bubble size is the product of 

the bubble growth rate and the growth time. The bubble growth rate of a bubble entering 

the low pressure region at an off- body distance of y is given approximately by 

dR U ( ( ) 1/2 - = - -a - CPM y) 
dt v'3 (5.31) 

where CPM(Y) is given by equation (5.13) and the growth time is given by 

6.s 6.s rn 
ta = - = -------~ 

uM rn U(l - CPMs) 112 
(5 .32) 

where 6.s is the distance a bubble traveled in the low pressure region. 

The pressure coefficient near the minimum pressure point can be approximated by 

Cp(y. s) = 

= (5.33) 

where s is a coordinate measured along a streamline, Sm is the minimum pressure location 

and CPM is the minimum pressure coefficient along a streamline and is given by equation 
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(5.13). Examining the pressure distribution for the Schiebe body, one finds the value of 

the constant C;,1 to be about 6.2. The boundary of the low pressure region ( C P = -a) is 

therefore a parabola: 

y Cj:,1 rx ( _!___ _ Sm ) 2 + (-CPMS - a) Tx 
2(1 - CPMs) TH rH rH 2(1 - CPMs) TH 

By solving equation (5.34), we have 

2(CPM(Y) - a)112 

C•l/2 
Pl 

(5.34) 

(5.35) 

It follows that the maximum size, Rmax, a cavitating bubble can reach will be given 

roughly by 

(5.36) 

Only those bubbles whose maximum size, Rmax, is greater than a certain radius, RM , 

will be considered to be observable cavitation events. By solving Rmax :'.:'. RM for y, we have 

(5.37) 

where 

R r,;c·112 ( c )112 
/J(~)=l- v3 Pl 1- PMS (RM) 

rH 2 (-CPMS - a) TH 
(5.38) 

where YM is given by (5.15). Notice that as RM -+O, h(RM /TH) -+1. And when 

f;lc·112 ( c )112 
O"crt = -CPMS - VJ Pl 1- PMS (RM) 

2 TH 
(5.39) 

f 3 (RM/TH) = 0. This means that, if a:'.:'. O"crh there will be no bubbles of a size greater 

than RM· Hence, O"crt is the threshold cavitation number. For example, for CPMS =-0.75 

and RM /TH = 0.02, O"crt is 0.57, which is far less than -CPMS =0.78. 
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Now consider the probability density distribution of the bubble maximum size which is 

resulted from the above deductions. From equation ( 5.17), the number of bubbles at an 

off-body distance of yin the stream tube of dy is given by 

i/2 f,"" N(R) d dE = 2nsU(l - CPMS) !1 -
1
-dR Y 

Re 2 

(5.40) 

and from equation (5.36) and (5.13 ) 

4 (1-CPMs) 112dy 

vac~l/2 TK 
(5.41) 

Combining equations (5.40), (5.41) and (5.19) yields the probability distribution of the 

maximum bubble size, Pma:r(Rma:r ), given implicitly by 

( 

J7> -1/2 ) f ( )f00 
....!:!..S.!!:ldR P. R - v3Cp1 rK I y Rc(Y)h(R,y) 

mar( mar)- 4(1-C )1/2( ) fYMJ( )J"" ...!:!..S.!!:l_dRd 
PMS TH Jo I y Rc(y) h(R,y) y 

( 5.42) 

and 

( 5.43) 

where y varies from 0 to YM· 

5.3.4 Effect of Bubble/Bubble Interactions 

As a bubble grows in the low pressure region, the pressure field close to the bubble is 

changed by the rate of growth of the bubble. Within a certain distance close to the growing 

bubble, the pressure perturbation due to bubble growth increases the local pressure above 

the critical pressure for a nuclei to cavitate. Nuclei within this volume will not cavitate. 

Though other features may contribute to the bubble interaction effect, this is probably the 

dominant contribution and the most readily estimated. 

To quantify this effect, we need to calculate the liquid volume in which the local pressure 

is increased above the Blake critical pressure by the bubble growth . First, consider the 
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dynamics of a small nucleus with initial radius R 0 , subjected to low pressure, Pboo · The 

pressure perturbation due to the bubble growth is given by 

p(r)-Pboo ~ R(RR+2(R)2) 
PL r 

(5.44 ) 

where r is the distance from the center of the growing bubble. When R ~ R0 , substituting 

equations (5.1 ) and (5.6), we have 

( 5 .45) 

For a nucleus to cavitate, the pressure around it must be less than Blake critical pressure, 

given by 

4S [ 25 ] ! 
Pc = Pv - 3 3paoR~ (5.46) 

Substituting the initial condition (5.2) into the above equation, we can estimate the critical 

pressure coefficient , C Per•, for a bubble with initial radius Ro to cavitate: 

CPcrl = -a - a' ( 5.4 7) 

where a' is given by 

(5.48) 

For a nucleus to cavitate, the local pressure must be smaller than the Blake critical pressure. 

Solving p(r) > Pc by combining equation (5.47) and equation (5.45) , we have the range, r , 

from the center of the growing bubble, within which other nuclei will not cavitate. 

4 (-Cp - a) 
r < - R 

3 ( -C p - a - a') 
(5.49) 

Now consider the situation on a Schiebe headform . The minimum pressure a nucleus 

experiences is the minimum pressure on the bubble trajectory, CPM(y) . The bubble size 
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at the point where the pressure reaches the minimum pressure is approximately half of the 

maximum bubble size, Rmax/2. Thus on a Schiebe body, the nuclei within a certain distance 

from the center of a growing bubble will not cavitate due to the bubble/bubble interaction 

effect. We denote this distance as the effective radius, r ., and it is given by: 

4 ( -C p M ( Y) - 0) ( Rma:z:) 
Te~ 3 (-CPM(Y) - a - a') -2- (5.50) 

Note in equation (5.48) a' depends on Ro and CPM(Y) is a function of y. Therefore, re is a 

function of y and R0 • 

The number of nuclei which will not cavitate due to the pressure perturbation surround-

ing a growing bubble is 

f 00 4 [ 3 ( Rmax ) 
3

] ( ) n; =Jo 37r re - -
2
- N Ro dRo (5.51) 

Therefore, among 1 + n; nuclei , only one nucleus will cavitate. Consequently, the effective 

nuclei number density distribution is given by 

where 

N(R) 

1 + n; 

n; = _611rR~ax fooo [64 ( -CPM(Y) - a ,)3 - l] N(Ro)dRo 
Jo 27 -CPM(Y) - a - a 

(5.52) 

(5.53) 

Where a' is defined by (5.48), Rma:z: is defined by (5.36), CPM(Y) is defined by (5.13) and 

N(Ro) is the nuclei number density distribution . 

The effect of bubble interactions, n;, is proportional to the cube of the maximum bubble 

size. From equation (5.36), Rma:z: is proportional to the headform size. This means that for 

a small headform bubble, interactions may not be very important for the cavitation event 

rate. But, for a large headform, bubble interactions may be very important. Also note that 
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when n; ~ 1, 1 + n; :::::: n;. Then the effective nuclei number density distribution can be 

written approximately as 

N(R) 

_611f R3max rooo [ 6~ ( -CpM(y)-u ) 3 - 1] N(R )dR 
J1 21 -CpM(Y)-u-u' 0 0 

Note that N ( R) appears in both the numerator and the denominator. Though they can 

not cancel each other, the nuclei concentration in the distribution will cancel. This means 

that when bubble interactions becomes very large (n; ~ 1), due to large nuclei concen-

tration or maximum bubble size, the event rate becomes almost independent of the nuclei 

concentration. 

5.4 Results of the Analytical Model 

In this section we shall evaluate the various effects on the cavitation event rate and 

compare the results of the analytical model with the experimental observations. 

To evaluate the various effects, we select a particular nuclei number distribution of the 

form given by equation (5.11), namely 

C lOOcm- 3 

~ 9.8 µm 

.A = 0.49 (5.54) 

These values produce a shape which is similar to that of many of the nuclei number distri-

butions measured in the Low Turbulence Water Tunnel and the High Speed Water Tunnel. 

As we concluded in Chapter 3, the nuclei concentrations could vary substantially in different 

water tunnels. Thus the value of 100 cm- 3 is about 100 times bigger than that measured in 
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the High Speed Water Tunnel. This particular nuclei concentration is also consistent with 

the measurement done by other researchers. It is larger than that proposed by Billet ( 1985), 

but is less than the observations in the Low Turbulence Water Tunnel. When viewing the 

analytical results, one should remember that the cavitation event rates simply scale with 

the concentration, C, and therefore the results for other values of the nuclei concentration 

are easily obtained. 

Ceccio and Brennen ( 1992) performed experimental observations of traveling cavitation 

bubble on a Schiebe headform of 5.08cm in diameter. They found that the electrode in

strumentation used to detect the cavitation events could only detect bubbles with a radius 

approximately greater than lmm. This value is used as the minimum detectable bubble 

size, RM , in all calculations. 

First, we present in Figure 5.5 typical results for a 5.08cm Schiebe headform at a velocity 

of 9m/ sec showing the characteristic effects of the boundary layer volume flow (11 ), of the 

bubble screening (!2 ), of the observable cavitation bubble size (13 ) and of the interactions 

between bubbles (n;). Note that all these effects can cause a significant reduction in the 

event rate and, together, can account for an order of magnitude reduction in the event 

rate. Among all the effects, the bubble screening effect causes the largest reduction in the 

event rate. At large cavitation numbers, the effect of bubble interactions causes little or no 

reduction in cavitation event rate. However, at low cavitation numbers, it causes significant 

reduction. As for the boundary layer flow rate effect, its effect is more obvious at larger 

cavitation numbers since the boundary layer thickness is comparable with the maximum 

off-body distance, YM, at large cavitation numbers. Also note that the observable cavitation 

bubble size restriction sets up a sharp threshold at a cavitation number of about 0.6. 
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The effects of the boundary layer flow rate and the bubble screening varied slightly with 

flow velocity and headform scale. The effect of the bubble/bubble interactions, however, 

varied significantly with headform size since the bubble size increases with headform size. 

As the headform size increases, the reduction of cavitation event rate at low cavitation 

numbers due to bubble interactions increases with the cube of the headform radius. For 

the values chosen, at a cavitation number of a = 0.46, the bubble interaction factor. n., 

is about 0.9 for a headform radius of 2.5cm. However, at the same cavitation number, if 

the headform radius is 25cm, the bubble interaction factor, n;, is 900, which produces a 

significant reduction in the cavitation event rate. However, the cavitation on the headform 

will usually become fully attached long before the bubble interactions get so intensive. 

The event rates predicted by equation (5.19) for two different body sizes and three 

different flow velocities are shown in Figure 5.6. The effects of the boundary layer flow rate, 

the bubble screening, the observable bubble size and the bubble/bubble interactions are 

included in the calculations. It can be seen that the cavitation event rate rises dramatically 

as the cavitation number is decreased. It follows that the cavitation inception number 

will change with the headform size. But the maximum cavitation event rates are of the 

same order for different headform sizes because the larger bubble interactions on the larger 

headform significantly reduce the event rate at lower cavitation numbers. Also plotted in 

the figure are the experimental observations of cavitation event rates in the Large Cavitation 

Channel in Memphis by Kuhn de Chizelle et al. (1992). The nuclei population was not 

measured in those experiments. However, the comparisons show that even with the assumed 

characteristic nuclei distribution in the calculations, the model still qualitatively predicts 

the scaling of the event rate with the headform size and the cavitation number. But there 
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are also two substantial discrepancies. First, the tunnel velocity effect produced by the 

model is not consistent with that observed experimentally, having a different sign in the 

experiments. Second, the calculated event rates are about an order of magnitude larger 

than those observed experimentally at lower cavitation numbers. 

The information on event rates can be used to produce cavitation inception numbers 

simply by selecting a certain event rate criterion for inception. Figure 5. 7 shows the pre

dicted cavitation inception numbers for various body sizes and various velocities based on 

an arbitrarily chosen critical event rate of lOevents/ sec. Also plotted in the figure are the 

experimental observations of Kuhn de Chizelle et al. (1992). Comparing the predicted and 

measured cavitation inception numbers, we note that the trends with changing headform 

size are consistent. Moreover, the predicted values are also close to those experimentally 

observed. But the change of the predicted inception numbers with velocity are the reverse 

of those observed experimentally. 

The predicted maximum bubble size as a function of the cavitation number is shown in 

Figure 5.8. Also plotted are the observations of the maximum bubble size on three different 

Schiebe headforms observed by Kuhn de Chizelle et al. (1992). Since the actual bubble is 

not spherical , the experimental observed bubble radius is defined as the equivalent radius 

of a sphere that has the same volume of the actual bubble. As shown the figure , substantial 

agreement is achieved between the predicted and observed dimensionless maximum bubble 

size. 

The predicted maximum bubble size distribution on the headform is shown in Figure 5.9. 

Experimental observations by Ceccio and Brennen (1992) are also plotted in the figure. As 

shown in the figure, the predicted maximum bubble size range is quite similar to that 
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observed. And the predicted values of the distribution are also similar to those observed. 

However, the shape of the predicted maximum bubble size distribution departs from the 

experimental observations in the number of peaks. The observed distributions often show 

several maxima, but these peaks can not be simulated by the model. 

Using the characteristic nuclei number density distribution, we identified a number of 

major effects, all of which tend to reduce the cavitation event rate. Now we compare the 

predicted cavitation event rates with those experimentally observed. Figure 5.10 and 5.11 

present comparisons between the experimentally measured event rates and the predictions 

using the simultaneously measured nuclei distributions (both the concentration and the 

shape). Note that the event rates are in rough agreement at the larger cavitation numbers, 

but that a progressively increasing discrepancy develops as the cavitation number decreases 

and the event rate increases. 

5.5 Conclusions 

The present chapter describes an investigation of the relationship between the nuclei 

number distributions in a water tunnel and the cavitation event rates on some axisymmetric 

headforms. A simple analytical model is presented for the connection between the nuclei 

distribution and the event rate. Similar in concept to the numerical model presented by 

Meyer et al. (1992), it has the advantage of ease of calculation and adaptation to other 

flows. The effects of the reduction in volume flow due to the boundary layer, of the bubble 

screening near the stagnation point, of the interactions between bubbles and of a minimum 

observable cavitation bubble size are examined and included in the model. Among all 

these effects, the bubble screening effect results in the largest reduction in the cavitation 
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event rate and the effect of the bubble/bubble interactions becomes more important with 

increasing body size and decreasing cavitation number. The result of the combination of 

these effects can be a reduction in the event rate of an order of magnitude. 

The scaling of the predicted cavitation event rate with body size, cavitation number and 

nuclei population agrees with the experimental observations. At larger cavitation numbers, 

the predicted cavitation event rates agree quantitatively with the experimental observations 

in the Low Turbulence Water Tunnel and the High Speed Water Tunnel. However, two 

outstanding issues still remain. First, the observed event rates at lower cavitation numbers 

are about an order in magnitude smaller than one would predict based on the actual nuclei 

distributions. This may be due to the fact that only a fraction of the observed nuclei 

actually cavitate or it may be due to some other effect which is not included in the model. 

A more detailed study is needed to confirm this. Second, the changes in the event rate with 

tunnel velocity can not be explained at present. 

It is clear that the cavitation inception criteria are a natural consequence of the event rate 

variations described above. When the model for the event rates is used with some chosen 

criterion to predict the cavitation inception number, the results are consistent with those 

observed experimentally insofar as the trend with headform size is concerned. The trend 

with velocity is, of course, at odds with the experiments because of the same discrepancy 

in the event rate. 
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Figure 5.1: A schematic showing typical annular stream tube upstream and in the neigh-

borhood of the minimum pressure point. 
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Figure 5.2: A comparison of the maximum bubble sizes obtained by asymptotic equation 

and numerical solution of Rayleigh-Plesset equation: (a) the pressure distribution used in 

the calculation; (b) the maximum bubble size plotted against cavitation number. 
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Figure 5.3: Variation in the minimum pressure coefficient, CPMi on a streamline with the 

distance y of that streamline from the surface of the body near the minimum pressure point. 

(A): Potential flow solution, (B): rn/rK = 1.5, (C): rn/rK = 2.0, (D): rn/rK = 2.5. 
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Figure 5 .4: The function E( r / r H) for the stagnation point flow in the potential flow around 

a sphere. 
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Figure 5.9: The predicted probability density distribution (dashed line) of maximum bubble 

size on the Schiebe headform at a velocity of 9m/ sec and a cavitation number of 0.45. Also 

plotted are experimental observations (solid line) of Ceccio and Brennen (1992). 
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Figure 5.10: A comparison of observed cavitation event rates ( <>) on a 5.08cm Schie be body 

in the Low Turbulence Water Tunnel at a speed of 9m/ sec with anticipated event rates 

based on simultaneously measured nuclei distributions. The numerical results are plotted 

as (A): event rates calculated using intermediate nuclei concentrations, (B): event rates 

calculated using the largest nuclei concentrations, ( C): event rates calculated using the 

smallest nuclei concentrations. 
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Chapter 6 

Cavitation Noise 

6.1 Introduction 

Acoustics .of cavitation has been a subject of research for more than fifty years. It is known 

that the violent collapse of cavitation bubbles results in the production of noise as well as the 

possibility of material damage to nearby solid surfaces (see Harrison, 1952, Chahine, 1979, 

Marboe et al., 1986, Blake, 1987, Kumar and Brennen, 1991, 1993, Ceccio and Brennen, 

1992, and Kuhn de Chizelle et al., 1992). The noise takes the form of positive pulses or 

spikes. One bubble can produce several pulses or no pulse. The majority of the noise is 

generated by the violence of the first collapse; the growth phase contributes no measurable 

noise pulse. The rebound produces a rough bubble that may also collapse to produce a noise 

pulse of lesser magnitude. It also has been observed that the damage to the nearby surface 

is largely due to the first pulse. Thus the first pulse is most important for describing the 

cavitation acoustic intensity. To quantify the first pulse, some researchers have used the peak 

acoustic pressure. But the peak pressure is difficult to measure accurately since the collapse 
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happens in a very short period of time (usually less than lOOµs ec) and is heavily influenced 

by the compressibility of the surrounding liquid . Here we use the acoustic pressure impulse, 

which can be measured more accurately and is less influenced by the compressibility of the 

liquid . 

There are two different theoretical approaches to the acoustics of cavitating bubbles. 

The first one is based on the Rayleigh-Plesset equation and does not include the compress-

ibility of the liquid. The other one is based on the Kirkwood-Bethe equation , in which the 

compressibility of the liquid is included (Akulichev et al. 1968, Esipov and Naugol'nykh. 

1972, 1973, and Baiter, 1974) . Baiter (1974) argued that the high frequency range of the 

cavitation noise spectrum is governed by cavitation shock wave noise; while at low fre-

quencies, both monopole type (incompressible model) and shock wave noise (compressible 

model), may contribute to the cavitation noise spectrum. If the pressure impulse is used 

to characterize the cavitation acoustic intensity, the two theories will give similar results. 

Consequently, we choose the incompressible Rayleigh-Plesset model for simplicity. 

6 .2 Acoustic Impulse 

A sketch of the typical variations of the bubble volume and the acoustic pressure with 

time is presented in Figure 6.1. The amplitude of the acoustic pressure pulse generated from 

a collapsing bubble can be defined by the impulse, I( r ), which is measured at a distance of 

r from location of the bubble. 

1
1~ 

J ( T) = (p( t , T) - Pboo) dt 
11 
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where p and Pboo are the local pressure and the pressure at infinity respectively; t 1 and t 2 

are the moments when p(t, r) - Pboo = 0. 

A dimensionless impulse is defined by 

(6.1) 

Regarding a cavitation bubble as an acoustic monopole, the acoustic pressure produced 

in the far field is 

PL d2V(t - ~) 
p( r, t) - Pboo = 47rr dt2 (6.2) 

where V = ~7r R 3 is the bubble volume. 

It follows that the dimensionless impulse, I", is 

f*(r) 1 TH 112 
d

2
V -- - -dt U r 2 ( r ) dt 2 

H ti 

_1 (H) [(dV) _ (dV) ] 
U r'h r dt 12 dt 1 , 

(6.3) 

Referring to Figure 6.1, we consider the volume changes of a typical cavitation bubble 

on a Schiebe headform. A bubble with initial radius Ro and air content PGo begins to 

grow after it encounters the low pressure. When it reaches the maximum radius, Rmar' 

the pressure of the gas inside the bubble is equal to PGM· After entering the high pressure 

region, the bubble collapses under a certain pressure Pr· Its volume shrinks dramatically 

in a very short time. Furthermore, we assume that V(t) is symmetric at t 1 and t 2 , i.e. , 

V(ti) = -V(t2 ). Then from equation (6.3) we have 

( 6.4) 
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If the bubble radius at times t 1 is denoted as Rx and the bubble wall velocity is denoted 

as Rx , from V(t 1 ) = 0 we have 

( 6.5) 

Substitute Rayleigh-Plesset equation (5.1) into the above equation, and we have 

(6.6) 

From equation (5.5), 

R; = 2(Pv - Pr) [l _ ( Rm ax )3] + 2pc M [(Rm ax )3k _ ( Rm ax )3] _ _!Y_ [l _ ( Rm ax )2] 
3pL Rx 3pL(l - k) Rx Rx PLRx Rx 

(6.7) 

Combining equation (6.6) and (6.7), we have 

[
Pr - Pv _ PcM. + _S ] (Rmax)

3 

3 3(1 - k) Rmax Rx 

+PGM(4 - 3k) (Rmax)
3

k _ ~ (Rmax) _ 4(Px - Pv) = O (6.8) 
3(1 - k) Rx Rmar Rx 3 

For most situations of bubble collapse, Pr is close to the upstream pressure, p00 • For 

example, Kuhn de Chizelle et al. (1992) observed that the pressure, Px, at which a cavitation 

bubble collapses on a Schiebe headform is given approximately by 

CPr + <7 = 0.6(-CPMS - <7) (6.9) 

This indicates Px is the same order of magnitude as p00 • Because Rmar is much bigger 

than the original bubble radius R0 , we can make the following estimates of the relative 

magnitudes: 

s 
(6.10) Px - Pv ~ 

Pr - Pv ~ PGM 
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Substituting equation (6.10) into equation (6.8) and neglecting the smaller terms, we 

have 

Rmax ~ 41/3 ~ 1.58 
Rx 

( 6.11) 

Ceccio and Brennen (1992) did numerical computations of a cavitation bubble on a Schiebe 

body. The results from their computations for Rmax/ Rr are about 1.64, which is close 

to the above asymptotic estimation. Note that at t 1 the bubble radius is about half the 

maximum bubble radius. Fitzpatrick and Strasberg ( 1956) argued that the compressibility 

of the liquid is important only in the later stage of the process of a bubble collapse, when the 

bubble radius is much less than the original radius (R/ Ro < 0.01). Since at t 1 , the starting 

point of the pressure impulse, the bubble radius is close to the original bubble radius, the 

compressibility of the liquid is negligible. Thus the impulse predicted by incompressible 

model should be very close to the actual situation. 

Substituting equation (6.11) and equation (6.7) into equation (6.3) and neglecting the 

smaller terms, we have the dimensionless pressure impulse: 

]" = 3.207!" (r;) (CPx + a)l/2 ( Rr:x) 2 (6.12) 

This expression can be used to calculate the pressure impulse for general bubble collapse, 

provided that the maximum bubble radius and the environment pressure are known. 

Many researchers (Fitzpatrick and Strasberg, 1956, Hamilton, 1982, Vogel, 1989, Kuhn 

de Chizelle et al., 1993 and Brennen 1994) have anticipated that the noise correlates with 

the maximum bubble volume. Consequently, we also write equation (6.12) in the form 

]" = 1.237!" (r;) (CPx + a)1/2 (V;tx) 2/3 (6.13) 

where Vmax = ~7!" R!.ax is the maximum bubble volume. 
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Using equation (6.9), we obtain the dimensionless pressure impulse for a Schiebe body, 

r ( TH) )1/2 (Rmar) 2 

2.487r-:;:- (-CPMs-a ~ 

TH I 2 ma:r ( ) (v. )
2/3 

0.967r -:;:- (-CPMS - a) 1 TJi (6.14) 

The upper limit for the pressure impulse on a Schiebe body is obtained by substituting 

the equation (5.36) with y = 0 into equation (6.12). 

r m 
2.487r( TH )(-CPMS - a)l/2 [ 2 l. (-CPMS - a)] 2 

T faC">(l-CpMs) 1 / 2 
V <> Pl 

10.39 (TH)( C )5/2 - - PMS - <7 
Cj,1(1- CPMS) T 

(6.15) 

6 .3 Impulse Width and Magnitude 

The impulse width is defined as the time between t 1 and t 2 • It is also the time it takes 

for t he bubble to shrink from Rx to 0. From equation (5 .10), the impulse width, ti, is 

Substituting Rx/ Rmax = 0.63 into (6.16), we have 

The integrand approaches zero as x approaches zero. Therefore, the major contribution to 

the above integral occurs when x is close to 0.63. When x "' 0.63 the last two terms are 

relatively small (referring to equation (6.10)) and can be neglected. Therefore, 

(6.18) 
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It follows that 

Rm ax 1 
0.232----U- ( C Px + a )1/2 (6.19)" 

Equation (6 .19) can be applied to calculate the duration for general bubble collapse. Since 

the last two terms in the integral (6.17) are neglected in the approximation, equation (6 .19) 

overestimates the impulse width. Blake (1977) and Arakeri (1985) used a similar expression , 

but with a constant of order unity. 

Using equation (6.9 ), the impulse width for bubble collapse on a Schiebe headform, can 

be expressed as 

Rm ax 1 
t; = o.3oo-u ( c )112 - PMS - a 

(6.20 ) 

and the dimensionless impulse width is given by 

t~ 
1 

TH 
(6.21) 

O 300 (Rmax) 1 
. rH (-CPMS - a) 1 / 2 (6.22) 

We can also write the impulse width as a function of the maximum bubble volume: 

t; = 0.186 (Vn;ax)l/3 ( C 1 )1/2 
rH - PMS - a 

(6.23) 

The average acoustic pressure level is easily obtained by dividing the impulse, I , by the 

impulse width, t; , 

I 

t; 
(6.24) 

3.45pLU2(H)(CPx +a) (Rmax) 
r TH 
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According to this expression, the average acoustic pressure generated by a cavitating bubble 

is proportional to the bubble size and to the difference between the vapor pressure and the 

environment pressure. 

6.4 Total Acoustic Emission 

The total acoustic pressure level for cavitation on a headform is the product of the acoustic 

impulse of a single bubble and the event rate, given by (5.19). 

P1 IE 

PLUTH 2.4B7r(-CPMS _ a)l/2 (TH) (Rma:r:)
2 

47r T TH 

l YMh J. l oo N(R)dR 
2n5 U(l - CPMs) 2 f1(Y ) f (R )( )dy 

o Rc(Y) 2 , y 1 + n; 

(6.25) 

where fi, /2, /J, n; and R(; are defined in last chapter. The event rate expression includes 

the effects of boundary layer flow rate, bubble screening, finite bubble size and bubble 

interactions. This is a complicated expression. In order to have some insight into the 

influence of the physical parameters on the acoustic pressure level, we examine first t he 

simple event rate with j 1 = 1, j 2 = 1, h = 1, n; = 0. Then by using equation (5.36), we 

have 

(6 .26) 

where Fe denotes the combinations of the effects of the headform shape, upstream pressure 

and the shape of the upstream nuclei number density distribution. 

Fe = 1.95 [(~) (TK) (-CPMS - a)
3
1
2 

(Rma:r:) 
2

] [ [
00 

N(R) dR] 
TH TH (l - CPMs) 112 TH }Re C 

(6.27) 
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In equation (6.27) the terms in the first brace represent the effects of headform shape and 

upstream pressure; the second term represents the effect of the shape of the upstream nuclei 

density distribution and the critical radius. 

For this simple situation, equation (6.26) yields a sound pressure level which scales with 

U 2 and with rt. This scaling with velocity does correspond roughly to that which has been 

observed in some experiments on traveling bubble cavitation, for example those of Blake, 

Wolpert and Geib (1977) and Arakeri and Shangumanathan (1985). The former observe 

that p1 ex Um where m is between 1.5 and 2. 

There are, however, complicating factors which can alter these scaling relationships. 

For example, we have discussed the effect of bubble interactions on the event rate in the 

last chapter. The discussion also applies to the noise produced. As n, increases, event 

rate wiU become less dependent on nuclei concentration. Therefore, the scaling with nuclei 

concentration is only valid at large cavitation numbers and small nuclei concentrations. 

At very small cavitation numbers or large nuclei concentrations, the acoustic pressure level 

does not scale with nuclei concentration at all. The scaling with velocity is also complicated 

by the critical bubble radius, Re , the boundary layer effect and the screening effect. Since 

both the Re and the boundary layer thickness decrease as the velocity increases, they tend 

to make the power, m, somewhat greater than 2. 0.n the other hand, the bubble screening 

effect increases with the velocity; it tends to make the power, m, less than 2. Similar 

arguments can be applied to the scaling with headform size. 
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6 .5 Comparisons of Predictions and Observations 

We compare the predicted non-dimensional pressure impulse with the observations on 

the Schiebe headform in the High Speed Water Tunnel in Figure 6.2. During the experi-

ments, the hydrophone was placed at the center of the headform, thus the distance between 

the hydrophone and the bubble is about the radius of the headform , i.e., r = rH. From 

equation (6.15), 

I . -- 10.39 ( c )5/2 
- PMS - 0 

m Cj,1(1- CPMS) 
(6.28) 

As shown in the figure, the prediction of the upper limit of pressure impulse covered all 

experimental results. But the observed pressure impulses are generally smaller that the pre-

dieted maximum pressure impulse. The discrepancy increases with a decreasing cavitation 

number. This is mainly because the interferences between bubbles increase as the cavita-

tion number is decreased. Therefore, the acoustic emission from the collapse of a bubble is 

weaker at lower cavitation numbers, but this effect is not included in the analytical model. 

From equation (6.14), the pressure impulse scales with the two thirds of power of the 

bubble volume. The variation in the pressure impulse with maximum bubble volume is 

shown in Figure 6.3. Also plotted in the figure are the experimental observations of Ceccio 

and Brennen (1992). The trends in the variations of the pressure impulse with maximum 

bubble volume agree with the experimental observations. At low cavitation numbers the 

predicted dimensionless pressure impulse quantitatively agrees with the experimental data. 

However, at large cavitation numbers, the magnitude of the prediction is larger than the 

observed. This discrepancy is probably due to the assumption that the bubble remains 

spherical during its collapse. It seems probable that a spherical collapse is the most efficient 

producer of noise and that the experimentally observed departures from sphericity lead to a 
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substantial reduction in the noise produced. Kuhn de Chizelle et al. (1992) observed that. 

at low cavitation numbers , the bubble is more spherical than at large cavitation numbers .. 

Thus, at low cavitation numbers, bubble collapse is closer to a spherical bubble collapse. 

A comparison of the predicted pressure impulse width with the experimental observa

tions of Ceccio and Brennen (1992) is shown in Figure 6.4. As we can see in the figure, the 

predictions agree with the experimental observations well, even though the experimental 

data shows some variations. 

6.6 Conclusions 

The predicted non-dimensional pressure impulse is a function of maximum bubble volume 

and cavitation number. It qualitatively predicts the upper limit for the acoustic emission. 

At lower cavitation numbers, the predicted pressure impulse quantitatively agrees with 

experimental observations; at larger cavitation numbers it over-predicts the impulse due to 

the non-spherical bubble collapse at those cavitation numbers. Since the acoustic emission 

of a spherically symmetric collapse is probably the most efficient noise producing mechanism 

for a given bubble volume, the analysis of the single bubble pressure impulse overestimates 

the impulse. Even with this assumption, the prediction of the magnitude of the pressure 

impulse agrees with the observations . The predicted impulse width also agrees with the 

experimental observations. 

The advantage of the analysis presented is that it reveals the dependence of the acoustic 

emission on the flow parameters . The total acoustic emission is proportional to the square of 

the flow velocity and the cube of headform size though various effects such as the boundary 

layer flow rate effect and the bubble screening effect will modify this scaling. 
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Figure 6.1: A sketch of the variations of the bubble volume and the emitted acoustic pressure 

as a function of time. (a) Variation of the bubble radius with time, (b) Acoustic pressure 

generated, (c) Variation of the bubble volume with time. 
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Figure 6.2: A comparison of the predicted (P) upper limit of the pressure impulse (!;,) and 

measured pressure impulses in the High Speed Water Tunnel as a function of cavitation 

number at different tunnel velocities: (A): U = 8.lm/sec, (B): U = 9.4m/sec, (C): U = 

12.6/sec, (D): U = 14.4m/sec. 
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Figure 6.3: Comparisons of the predicted dimensionless pressure impulses, I*, with experi-

mental measurements on a 5.08cm headform by Ceccio and Brennen (1992) as a function of 

maximum volume of the bubble (divided by Tk) at different cavitation numbers. (Pl): Pre-

diction at a= 0.4, (P2): Prediction at a = 0.6, (A): a= 0.42, (B):a = 0.45, (C):a = 0.50, 

(D):a = 0.55. 
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Figure 6.4: A comparison of the predicted (solid line) a.nd the measured (dots) pressure 

impulse width for single bubble cavitation on a Schiebe headform with rH = 2.5cm, U = 

9m/3ec and u = 0.45. The measurements were from Ceccio and Brennen (1992). 
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Chapter 7 

Summary and Discussions 

In this study a Phase Doppler Anemometer was calibrated using a holographic method 

for measuring the nuclei population in water. Agreement was achieved between the mea

surements by the Phase Doppler Anemometer and by the holographic method. The Phase 

Doppler Anemometer was later used to study nuclei population dynamics in water tunnels 

and its effects on cavitation on an axisymmetric body. 

Substantial differences in the nuclei number density distributions were found in two 

water tunnels. The differences in nuclei populations between the High Speed Water Tunnel 

and the Low Turbulence Water Tunnel can be as much as two orders in magnitude, though 

the shapes of the nuclei number density distributions are similar. 

Although it has been found that the nuclei populations in different facilities are quite 

different, it has often been assumed that the nuclei population in a given tunnel is relatively 

constant during a cavitation experiment. In the present investigations, dramatic changes in 

the nuclei population in the same tunnel were found in the Low Turbulence Water Tunnel 

and in the High Speed Water Tunnel. The changes in the nuclei population can be as 
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much as an order of magnitude and are influenced by the tunnel design, the air content, 

the tunnel running time, the tunnel operating condition and the cavitation development in 

the working section. 

The most dominant effect on the nuclei population comes from the tunnel design. In our 

experiments, the Low Turbulence Water Tunnel and the High Speed Water Tunnel differ 

in that the High Speed Water Tunnel has a resorber. Consequently, the nuclei population 

dynamics in these two tunnels showed very different characteristics. In the Low Turbulence 

Water Tunnel, the tunnel operating conditions have a strong effect on the nuclei population. 

Nuclei populations changed constantly with tunnel operating conditions. On the other hand, 

the nuclei population in the High Speed Water Tunnel was almost independent of the tunnel 

operating condition. 

Since the tunnel design and the flow field in the tunnel are quite complex, we can 

not claim that these trends would necessarily occur in other tunnels . But the following 

observations on the effect of the tunnel design on the nuclei population dynamics seem 

to have generality. In a tunnel which has a resorber or a device to suppress the free air 

bubbles in the water before the flow re-enters the working section, the nuclei population 

probably will not be influenced by the tunnel operating condition, but will decrease with 

the tunnel running time regardless of the tunnel operating condition. On the other hand, 

if a tunnel does not have such a device, the nuclei population in the tunnel water will 

depend on the operating condition, and running the tunnel at different cavitation numbers 

will have different effects on the nuclei concentration. At low cavitation numbers , the 

concentration increases within a couple of minutes; at intermediate cavitation numbers, 

the nuclei concentration remains almost constant and at large cavitation numbers, the 
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nuclei concentration decreases over a long time. There appears to be an asymptotic nuclei 

concentration for each specific operating condition and the time constant associate with the 

approach to this condition is of the order of 100 minutes . 

De-aeration and air injection also change the nuclei population . De-aeration will de

crease the nuclei concentration while air injection can increase the nuclei population. But 

the effectiveness depends very much on the flow rate of de-aeration and air injection. The 

air injection and de-aeration systems used in the High Speed Water Tunnel are very eff ec

tive; however, in the Low Turbulence Water Tunnel, the de-aeration system is less effective 

and the air injection system had very little effect on the nuclei population due to the very 

small flow rate in the air injection system. 

For the first time, simultaneous measurement of the cavitation event rate on a headform 

and the nuclei population in the oncoming stream were performed at different water tunnel 

operating conditions. The experiments were carried out in the aforementioned two water 

tunnels to study the influence of the nuclei population on cavitation, since the High Speed 

Water Tunnel is nuclei poor, but the Low Turbulence Water Tunnel is nuclei rich. The cav

itation event rate is mainly determined by the cavitation number. It increases dramatically 

as cavitation number is decreased. The free stream nuclei population also has a significant 

effect on the event rate which increases with increasing nuclei concentration. The shape of 

the nuclei number density distribution is also important. It is observed that the cavitation 

event rate can vary by as much as an order in magnitude at the same cavitation number 

due to the changes in the free stream nuclei population. The cavitation inception number 

based on a certain event rate reflects these variations. 

At the same nuclei concentration level and the same cavitation number, it is observed 
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that the cavitation event rate decreases with an increasing tunnel velocity. which is the in

verse of what would be expected since one would expect that more nuclei are convected to 

the low pressure region at a higher speed. All the numerical and analytical simulations ( Cec

cio and Brennen, 1992, Meyer et al., 1992, and Liu et al., 1993) predict that the event rate 

increases with the velocity, provided that the nuclei population remains the same. This ve

locity effect on the cavitation event rate was also observed by Kuhn de Chizelle et al. (1992). 

Since they were unable to measure the nuclei population in the oncoming flow, Kuhn de 

Chizelle et al. speculated that the free nuclei population was decreased by the increase in 

tunnel pressure at a higher speed (for the same cavitation number). The investigations of 

nuclei population dynamics in the Low Turbulence Water Tunnel support these specula

tions. However, the current data also shows that the event rates decrease with increasing 

tunnel speed even when the nuclei concentrations are at the same level. This phenomenon 

is not fully understood. A possible explanation is that there are more solid particles in the 

water at the higher speed . The increased population of solid particles could effect the event 

rate, or the PDA could have mistakenly counted more solid particles as microbubbles so 

that the actual microbubble population decreased even though the total nuclei concentra

tion remained the same. It may also be the case that there exists some, as yet unrecognized, 

mechanism in the relation between the nuclei population and the cavitation event rate. 

An asymptotic analytical model based on the spherical bubble assumption and the 

Rayleigh-Plesset theory was developed to relate the free stream nuclei population to the 

cavitation event rate and the acoustic noise. Similar in concept to the numerical model 

presented by Meyer et al. (1992), the model for the cavitation event rate has the advantage 

of ease of calculation and adaptation to other flows. It also includes complications such as 
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the effects of the boundary layer flow rate, the bubble screening, the bubble interactions and 

the observable bubble size. Among all these effects, bubble screening results in the largest 

reduction in the cavitation event rate and the effect of the bubble interactions becomes 

more important with increasing body size. The result of the combination of these effects 

can be a reduction in the event rate of an order of magnitude. 

The scaling of the predicted cavitation event rate with body size, cavitation number and 

nuclei population agrees with the experimental observations. At larger cavitation numbers, 

the predicted cavitation event rates agree quantitatively with the experimental observations 

in the Low Turbulence Water Tunnel and the High Speed Water Tunnel. However, two 

outstanding issues still remain. First, the observed event rates at lower cavitation numbers 

are about an order in magnitude smaller than one would predict based on the actual nuclei 

distributions. This may be due to the fact that only a fraction of the observed nuclei 

actually cavitate or it may be due to some other effect which is not included in the model. 

A more detailed study is needed to confirm this. Second, the changes in the event rate with 

tunnel velocity can not be explained at present. 

It is clear that the cavitation inception criteria are a natural consequence of the event 

rate variations described above. When the model for the event rates is used with some 

chosen criterion to predict the cavitation inception number, the results are consistent with 

those observed experimentally insofar as the trend with headform size is concerned . The 

trend with velocity is, of course, at odds with the experiments because of the discrepancy 

discussed in the context of the event rate. Nevertheless, it is shown that the cavitation in

ception values predicted using a certain critical event rate are consistent with those observed 

experimentally. 
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The acoustic em1ss1on from traveling bubble cavitation can be characterized by the 

acoustic impulse. Initially, the dimensionless acoustic pressure impulse increases as the 

cavitation number is decreased. However, as the cavitation number decreases further, the 

dimensionless acoustic pressure impulse starts to decrease. At the same cavitation number, 

the dimensionless acoustic pressure impulse also increases as the tunnel velocity decreases. 

The predicted non-dimensional pressure impulse is a function of maximum bubble vol

ume and cavitation number. It qualitatively predicts the upper limit for the acoustic emis

sion. At lower cavitation numbers, the predicted pressure impulse quantitatively agrees 

with experimental observations; at larger cavitation numbers it over-predicts the impulse 

due to the non-spherical bubble collapse at those cavitation numbers . Since the acoustic 

emission of a spherically symmetric collapse is probably the most efficient noise producing 

mechanism for a given bubble volume, the analysis of the single bubble pressure impulse 

overestimates the impulse. Even with this assumption, the prediction of the magnitude of 

the pressure impulse agrees with the observations. The predicted impulse width also agrees 

with the experimental observations. 

The advantage of the analysis presented is that it reveals the dependence of the acoustic 

emission on the flow parameters. The total acoustic emission is proportional to the square of 

the flow velocity, and the cube of headform size though various effects such as the boundary 

layer flow rate effect and the bubble screening effect will modify this scaling. 
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Appendix A 

Procedures for Adjusting Phase 

Doppler Anemometer 

In this Appendix, we record the detailed instruction for the alignment of the PDA system. 

It is written in the form of instructions for the others but also documents the procedures 

used during the present experiments. 

A.1 Alignment of the Transmitting Laser and Optics 

Follow the procedure below step by step to align the transmitting laser and optics. But 

first keep in mind that laser beam could be extremely dangerous. Make sure that the area 

where the laser beams appear is well marked and clear of other personnel. Always wear a 

goggle and DO NOT look at any laser beam or its reflections directly at any time. 

First put the mounting bench on a solid and flat ground. Mount the laser on the bench . 

Make sure the laser is pointing to a safe direction. Turn on the laser. Adjust the screws 
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under the laser box while moving the check plate with a pinhole forward and backward on 

the bench. Make sure the laser beam is parallel to the bench axis. Fix the laser tightly. 

If the laser position moves in the later steps, the transmitting laser and optics need to be 

realigned. 

Mount the reference mirror on a stable support in a distance at least two meters from the 

position where the front lenses will be placed when the system is assembled (See figure A.l ). 

Make sure that the reflection beam is also pointing to a safe direction. Tilt the mirror so 

that the incident and reflected beams are following the same path. 

Mount the Bragg Cell on the bench. Use the two circular plates with a pinhole to 

adjust the Bragg Cell so that the transmitting and the reflected laser beams go through the 

pinholes . Rotate the Bragg Cell to make sure the laser beams go through the pinholes at 

any angle. 

Take out the two circular plates. Put on the beam splitter on the laser side first. Adjust 

the beam splitter such that the split beam and its reflected beam are following the same 

path. 

Put on the second beam splitter on the optics side. Excite the Bragg Cell by turning on 

the control box and running SIZEWARE. There are two Bragg Cell connectors on the rear 

panel of the PDA control box. Connect the Bragg Cell to the connector which is chosen in 

the Set Up window. Adjust the Bragg Cell for the first order diffraction. If the first order 

diffraction beam is not circular or not as strong as the other laser beam, do not proceed . 

Go back to adjust the Bragg Cell and the Beam Splitters until the above conditions are 

satisfied . Adjust the beam splitter such that the first order diffraction is following the same 

path as the transmitting laser beam. 
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Mount the beam translator and the front optics. Adjust the beam translator to make 

both the transmitting laser beams and their reflected beams follow the same paths. After 

putting on the front lenses, adjust the beam translator to make the two laser beams focus. 

The focus is checked by a projector. 

Mount the two polarizers, one on the t ransmitting laser and the other one on the beam 

splitter. Adjust the direction of the polarization according to applications. The direction 

of the polarized laser beams is critical to the measurement . Refer to the User's Manual for 

a correct direction of polarization. 

A.2 Adjustment of Receiving Optics and Electronics 

After the transmitting optics are aligned, the following procedures should be followed . 

Mount the receiving optics. Make sure that the receiver is on a plane normal to the 

laser beams. The distance from the laser focal volume to the front lenses of the receiver 

should be about 310cm in air . Calculate the actual distance according to how much the 

distance is in water; otherwise, you can not find the focal volume. Find the focal volume 

of the laser beams from the view finder on the receiving optics. Adjust the position so that 

the focal volume is approximately located at the cross in the view finder . 

From the SIZEWARE, select velocity measurement only. Set the high voltage on PM 1 

between 800V to 1200V. Adjust the receiver by the fine tune-up screws to achieve the best 

data rate. Then fix the receiver position. 

Adjust the high voltage on photomultiplier 1(PM1). Watch the data rate and validation 

rate. As the voltage increases, the data rate should increase while the validation rate should 

be 100%. But if the voltage is too high and noise becomes mixed with the signal, the 
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validation rate begins to drop below 1003. Find the voltage at the edge where the validation 

rate begins to drop . This is the high voltage setup for the master photomultiplier, PM 1. 

Now you should be able to measure particle/bubble velocity. If no measurement or signal 

is received by the computer, check the focus of the transmitting lasers and the polarization 

of the transmitting lasers. Make sure that the focal volume is generated by the first order 

frequency shifted laser beam and the other laser beam. Also make sure that you choose the 

correct polarization for the laser beams since at certain receiving angle the receiver can not 

see the laser beams with a certain polarization. A convenient check is to connect the output 

of PM 1 (on the front panel of the control box) to an oscilloscope. If there is Doppler burst 

signal, the problem is in the control box, computer or the connections between them. If 

there is no Doppler burst, the problem is either in the transmitting optics or in the receiving 

optics. Sometimes noise looks like a Doppler burst signal. Measuring the signal duration 

can distinguish a noise signal from a Doppler burst. Doppler burst usually has a duration 

about a millisecond order while noise usually has a much smaller duration. 

Select measurement for both velocity and diameter. Connect the outputs of PMl and 

PM2 (on the front panel of the control box of PDA). Adjust the high voltage of PM2 so 

that the Doppler burst signals on both PMs are at the same level. Adjust the high voltage 

on PM3 the same way. 

Select the ERRS window. Adjust the high voltages on PM2 and PM3. Watch the phase 

error, data rate and validation percentage. Adjust the high voltages to achieve optimal 

values for all three parameters. 
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Appendix B 

Bubble Screening Effects 

In this Appendix, we will detail the calculations of the screening function, 'E(r/rH), i.e., 

the movement of a bubble relative to the stream lines. Referring to Chapter 5, E is defined 

as 

(B.l) 

Since the stagnation point flow is the same on any blunt axisymmetric body, it is ap-

propriate to choose to examine the stagnation region in the potential flow around a sphere 

in order to evaluate E(r/rH)· Consider the flow field near the front stagnation point of a 

sphere. Figure B.l shows the coordinate and velocity definitions. Referring to figure B.l, 

the upstream flow velocity is U; the local velocity is q = ( u~ + u~) 1 ' 2 where up and u 8 are 

the velocity components in a spherical coordinate system. The velocity components in a 

cylindrical coordinate are denoted by u and v respectively. The relation between r and p 

and () is 

r = p sin() (B.2) 
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The stream function for incompressible and inviscid flow around a sphere is given by 

where rup is the distance between a stream line and the axis in the far upstream . 

a3 sin 3 
() 

rup = r2 - ---
p 

It follows that the velocities in spherical coordinates are given by 

1 &iIJ 
psin2 ()Be 

u cos () ( 1 - ;: ) 

1 &iIJ 
p sin() &r 

- U sin () ( 1 + 
2
a;

3
) 

The axial and radial velocity components, u and v, are then given by 

u - up cos()+ u8 sin() 

U (a3 
_ 4 + 3a3 

cos(2B)) 
4 p3 p3 

v u P sin () + u8 cos () 

_ U (3a3 sin(2B)) 
4 p3 

From Bernoulli's equation for inviscid, incompressible and irrotational flow , we have 

~ (..!!.._ + q2) = 0 
an PL 2 

(B .3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 
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where a is the angle between the flow velocity and the axial axis. From the geometric 

relationships 

:n = cos(B + o:)~ :(} + sin(B + o:) :p 
Up 1 0 U9 0 

--q-pao + -q op 

Therefore, 

1 op _Up.!._ O(q2 /2) + U9 _a(_q2_/2_) 
q P ao q op 

Up l a(u~ + u~) U9 a(u~ + u~) 
- 2q p f)(} + 2q 8 p 

Substituting (B.5) and (B.6) into (B.9), we have 

Referring to figure B.l , we have 

It follows that the integral 

ds (~;) dr 

(~) dr 

E (rrH) = [
8 

l ( l op) d 
}A Uq PL an s 

~ 1~. ~q (~!~) (~;) dr 

l a __!_.!..(.!._ap)dr 
r., u v pan 

(B.8) 

(B.9) 

(B.11) 

(B.12) 

Subtituting (B.10) and (B.6) into (B.12) and using equation (B.4) to replace p with r and 

rup• we have 

[sin 2 
(} (;! - 1~)

2 

+ cos2 (}~ (~ - 1~)
2

] 
( 

r ) la 1 2 2 r> r> 2 2 r> 
E - - -- dr 

rH - r., rcos(} [( 3 ir~ ) 2 2 r! ]
1
1

2 

2 - 2-:f +cot B7f 

(B.13) 
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...!.... E (r~) ...!.... E (r~) ...!.... E (r~) ...!.... E (r~) rH rH rH rH 

0.001 0.0466539 0.007 0.1444724 0.019 0.2419348 0.039 0.3343648 

0.002 0.0707214 0.009 0.1654022 0.023 0.2649122 0.043 0.3479161 

0.003 0.0896635 0.011 0.1838196 0.027 0.2851638 0.047 0.3603592 

0.004 0.1057653 0.013 0.2003508 0.031 0.3032454 0.051 0.3718303 

0.005 0.1199626 0.015 0.2153786 0.035 0.3195480 0.055 0.3824388 

Table B.l: Numerical values of E(r/rH) as a function of r/rH. 

This equation can be integrated numerically. Table B shows the results of I: as a function 

Using the minimum-least-square method to fit the data in the table, we have the ana-

lytical expression 

(B .14) 

where f :::::::1.69, / :::::::0.5. 
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Figure B.l: Flow field around the stagnation point of a sphere. 






