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ABSTRACT

Cavitation pressure fields under a cavitating jet and an ultrasonic horn were recorded for
different conditions using high frequency response pressure transducers. This aimed at
characterizing the impulsive pressures generated by cavitation at different intensities. The
pressure signals were analyzed and statistics of the amplitudes and widths of the impulsive
pressure peaks were extracted. Plots of number densities and cumulative numbers of peaks as
functions of peak amplitude, peak width, and the power of the ultrasonic horn or the jet were
generated. The analysis revealed the dominance of pulses with smaller amplitudes and larger
durations at lower cavitation intensities and the increase of the amplitudes and reduction of the
pulse widths at higher intensities. The ratio of the most probable peak amplitude to peak width
was computed. A representative Gaussian curve was then generated for each signal using a
characteristic peak amplitude and the corresponding most probable peak duration/width. This
resulted in a proposed statistical representation of a cavitation field, useful to characterize
cavitation fields of various intensities.

1. INTRODUCTION

Prediction of cavitation erosion on propellers, ship structures, and in general on any
structure subjected to cavitation is of great interest to many industries. However, this task is often
difficult and selection of new materials or material protection coatings that are cavitation erosion
resistant is instead most often based on laboratory testing using accelerated erosion methods.
These aim at comparing within short time periods the resistance of a new material relative to
other standard materials. Erosion in the real field occurs over long durations of exposure, while
accelerated erosion tests, by definition, involve subjecting the material to an erosion field that is
significantly more “intense” than the actual cavitation that the studied material will be subjected
to. The validity of such an approach is however not obvious, as it has been observed that the
relative resistance of two materials can be different at different “intensities” of cavitation [1,2].
However, the definition of cavitation “intensity” is not universal. One classical definition [3, 4]
using an integral quantity is based on a concept similar to that of the acoustic intensity. This
expresses the cavitation intensity at a selected point on the material subjected to cavitation as,

N
(1/pC)Z P?At,, where N is the total number per unit time of impulsive loads of amplitude P
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and duration At. ; pis the liquid density, c is the sound speed in the liquid and pc is the liquid

acoustic impedance. With this definition, an infinite number of configurations can result in the
same intensity; namely one can achieve in an accelerated erosive test the same intensity by

either increasing the amplitude of the impulsive loads, P, for the same N, or increasing the
frequency, N , for the same P.. It is however, obvious, from the material response viewpoint that

I

these two acceleration types may not result in the same outcome. For instance increasing a lot
the frequency while using an amplitude well below the material limit strength will not result in
any significant damage, while a few blows well above the material limit strength will. In this
paper, we aim at developing an understanding of the distribution of impulsive loads
characteristics of the two popular accelerated erosion testing methods: the cavitating jet method
(e.g. ASTM G134 standard [5]) and the ultrasonic method (i.e. ASTM G32 standard [5]) in order
to develop the knowledge base needed to conduct intelligent well-controlled tests. Such a
characterization should also enable a better description of the degree or level of advancement of
cavitation in a given flow field.

Any cavitation field, irrespective of its configuration and origin can be described as being
comprised of numerous individual cavitation events; each event corresponding to the explosive
volume growth and violent collapse of single or multiple bubbles or bubble clouds. These events
are known to be accompanied with sharp pressure peaks and impulsive loads on nearby
structures are well-known since the early works of Besant in 1859 [6] and Lord Rayleigh in 1917
[7] on isolated bubbles. More recently, the dynamics of bubble clouds have been shown to result
in extremely high pressures and intense erosion. This is presently recognized as the most
aggressive or erosive form of cavitation and has been the subject of many studies starting with
the pioneering works of March [8], d’Agostino and Brennen [9], and Chahine [10]. These studies
have shown that bubble collective effects in the cloud result in much enhanced bubble collapse
pressures exerted over longer periods of time. Cloud cavitation has been extensively studied
since then; see for example [11-13].

In order to study cavitation erosion in a controlled environment and in an accelerated
manner, several laboratory techniques to generate cavitation have been devised by the
community. These techniques involve the utilization of ultrasonic vibration to generate the
cavitation, cavitation flow loops with strong separating flows, rotating disks, vortex generators,
and submerged cavitating jets. Ultrasonic horns are used to generate cavitation on sample
material surfaces and have significant applications in material cavitation erosion resistance
testing [14-16]. Ultrasonic horns typically have a fixed vibration frequency but variable vibratory
amplitude. The advantage of these vibratory systems is that they can generate cavitation erosion
in a quiescent liquid. The cavitating jet technique is also popular due to its flexibility of adjusting
in a wide range the cavitation intensity [17-21]. Some of the afore described techniques were
standardized and resulted in American Society for Testing and Materials (ASTM) Standards such
as G-32 “Test Method for Cavitation Erosion Using Vibratory Apparatus” and G-134 “Test
Method for Erosion of Solid Materials by a Cavitating Liquid Jet” [5].

In this paper, we describe our study on the cavitation intensity of various cavitation fields
generated by an acoustic horn [5] and by a CavIJET® [22] cavitating jets at various driving
pressures by carrying out pressure measurements directly under the cavitation field. The erosive



potential or cavitation intensity under the cavitating jet and a vibrating horn were assessed by
correlating their intensities with the recorded pressure pulses. Being able to understand and
characterize the cavitation fields of these controllable devices will provide an insight into how to
characterize other more complex cavitation fields, such as cavitation in turbomachines or on
propeller blades. In the end, proper characterization of the cavitation environment for various
cavitation fields from laboratory scale to full scale will enable us to predict full scale cavitation
erosion from erosion in laboratory tests.

2. FACILITY AND INSTRUMENTATION

Two accelerated erosion testing facilities have been used in this study namely, an
ultrasonic cavitation test facility and DYNAFLOW’S cavitating jets testing facility.

In ultrasonic cavitation tests, the cavitation is generated by a vibratory device employing
a magnetostrictive ultrasonic horn. The high frequency oscillations of the horn induce cyclic
formation of very high and very low pressures, generate high tension in the liquid during a
negative pressure cycle that result in bubble growth followed by strong bubble cloud collapse
during the positive pressure cycle. A sample “button” of the material being tested is affixed to
the end of the horn and is subjected to cavitation resulting from the vibrations of the horn. A
cavitation hemispherical cloud forms at the tip of the horn and results in progressive damage to
the sample [8]. The ASTM G32 -09 [5] specifies the sample diameter, 16 mm, the vibration
frequency, 20 kHz, and amplitude, 50 um peak-to-peak (calibrated using a bifilar microscope),
and the shape and size of the container in order to avoid variations between tests and laboratories
due to acoustic interaction between transducer and container. We used a 2,000 ml beaker filled
with distilled water. The tip of the horn is submerged 8 mm. beneath the free surface. In addition,
the temperature is controlled by immersing the beaker in a water bath maintained at 25°C +2 °C.
In an “alternative” test configuration that we usually employ with composite materials which are
difficult to be made into threaded buttons, the horn tip is placed at a small distance from a
stationary material sample, typically a distance of 0.5 mm, and a cylindrical cavitation cloud [8]
is generated between the sample and the face of the tip of the horn made of a strongly cavitation
resistant “button” (e.g. Titanium). Figure 1 shows examples of advanced erosion patterns with
the two ultrasonic cavitation methods. In the present study, the location of the sample for the
alternative method is where the pressure transducer is placed to record signals of a corresponding
cavitation field.

For both methods, when using the same vibration frequency, as is the case in the paper,
cavitation severity is indicated by the amplitude of the oscillations or the power input to the
ultrasonic horn.
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Figure 1. Ultrasonic technigue eroded samples pictues. Left: Tested G32 metallic button
sample; Right: eroded composite material sample from the alternative G32 method. Sample distance
from horn = 0.5 mm, approximate diameter of erosion pattern = 1.3 mm.

In submerged liquid jets, cavitation occurs in the shear layer between the high speed liquid
in the jet and the host liquid [22,23] . The intensity of the cavitation produced by the cavitating
jet can be varied in a very wide range through adjustment of the jet velocity and the ambient
pressure in which the jet is discharged. This flexibility makes a cavitating jet a great research and
testing tool to study parametrically the effect of cavitation intensity on material behavior since
the testing time and the other jet parameters can be adjusted to provide either quick erosion for
initial screening or time-accelerated erosion. A typical picture of the cavitation in the shear layer

of a CaviJET® is shown in Figure 2, and typical cavitation patterns on materials can be seen in
Figure 3.

Figure 2. Cavitation pattern in the shear layer of a CAVIJET® nozzle (Visualizations conducted
with a very large 50 mm diameter nozzle).

Figure 3. Cavitation erosion pattern on metals created by a cavitating jet. Jet diameter = 1.17
mm. Sample distance from jet =13.97 mm, approximate diameter of erosion pattern =5 mm.



The jet testing facility used for the present studies consists of a flow loop that circulates
water through the setup comprising of a CAVIJET® cavitating jet nozzle, a sample holder, a test
chamber, a water reservoir, and a pump.

The pressure measurements at sample locations in both test facilities was carried out using a
high response pressure transducer (PCB 102A03 with a rise time of 1 ps, a resonance frequency
of 500 kHz, an exposed sensitive area of 3.14 mm? (2 mm diameter) and a base diameter of 5
mm. The transducer sensitivity, as specified by the manufacturer and verified using the ball drop
test technique, was 0.5 mV/psi. This calibration is for an incoming plane pressure wave and is
defined assuming a uniform pressure distribution over the transducer surface. With an impulsive
pressure imposed over an area much smaller than the transducer area, the transducer is expected
to provide an averaged pressure deduced from the force produced by the load. In order to protect
the sensitive area of the transducer itself from cavitation erosion, a Plexiglas insert was used (see
Figure 4). In order to minimize the overlap of multiple collapses on the sensing area, the insert
was devised such that the effective sensitive area was reduced from 19.63 mm? to 3.14 mmZ.
Pressure signals from the ultrasonic horn were measured for different power settings with the
sensitive area of the transducer placed at a standoff distance of 0.5 mm from the horn. Pressure
signals from the jets were measured for different jet pressures with the transducer placed at a
standoff of 13.97 mm (0.55 inch) from the jet nozzle (orifice diameter of 1.17 mm). The
distances of the transducer relative to the jet and the ultrasonic horn were not changed during the
experiments. Through calibrations, it was found that the recorded pressure signal with this insert
must be multiplied by a factor of 6 to obtain the actual strength of the impulsive pressure signal.
In the present study, the transducer area, the inset area and the rest of the transducer set-up were
kept the same for all the measurements. While it is likely that the calibration factor may change
depending on the amplitude and the frequency of the incoming pressure pulse, for the range of
operation in our calibration tests, the calibration with/without inset had a constant ratio of 6.

Cavitating
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Figure 4: Adaptation of high response pressure transducer with an inset for protection and
minimization of spatial impulsive pressures overlap.

Figure 5 shows a typical signal obtained for two jet pressures: a relatively low pressure,
Ap;,, (14 MPa) and a relatively high pressure jet (48 MPA), while Figure 6 shows the pressure



signals from two power settings of the ultrasonic horn generated cavitation. These are raw
signals that require further analysis as described in the next section. For cavitating jets, the

cavitation number can be defined as follows:
o= pamb B pv — pamb B pv . (1)
pupstream ~ Pamp Apjet

In the above equation p,,, is the ambient pressure, p, is the vapor pressure, P, c., I the

upstream jet pressure and Ap ., (= P,,eanin the context of this paper) is the jet driving pressure.
For a Ap,, = 14 MPa, the cavitation number is 6.97x10° and for Ap,, =48 MPa, the cavitation

number is 2.04x107 . In all these cases, the cavitation number is very small and the pressure

drop across the orifice, Ap,,,, is a better indicator of the cavitation severity.
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Figure 5: Raw signals for two jet pressures (13.8 MPa, Vi, ~160m/s and 48.3 MPa, Vj= 310
m/s).
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Figure 6: Raw signals for two power settings of the ultrasonic horn.

3. ANALYSIS OF PRESSURE SIGNALS

Each measured signal was processed to extract the peak amplitudes and the peak widths
of all the detected pulses. These physical quantities for each pulse serve to characterize the
cavitation events and the loading on nearby structures. To evaluate these characterizing quantities
for each pulse, the maximum pressure amplitude (impulse height) and the value of the time width



are measured between two crossings (with an upward and a downward slope) of the signal above
a selected threshold as illustrated in Figure 7.

Other more complex approaches consisting of cross-correlating with the transducer
frequency response in order to eliminate high frequencies resulting from the ringing of the
transducer were also tried. However, those methods did not modify the statistical results
significantly, and above mentioned signal processing was used for the results presented in this
paper. Eliminating the ringing of the transducer was not important in the present work because
all the recorded signals had dominant frequencies of about 70 kHz or lower while the resonance
frequency of the transducer was 500 kHz.
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Figure 7:Procedure for estimation of peak amplitude and peak width. Impulsive signals are
isolated using a threshold level, peak amplitude and pulse width are then measured.

From the recorded peak height and peak width statistics, one can deduce characteristic
distributions such as N(P), the cumulative number of peaks with peak height larger than the

pressure P or N(AT), the cumulative number of peak widths with peak duration longer than AT
. N(P)and N(AT)are obtained by accumulating all peaks from the lowest height (or width)
value to the current value.

Number density distribution functions, N(P) and N(AT), can then be defined. These
are obtained by differentiating the cumulative number distributions, N(P)and N(AT):

NPy =, N(AT):dE(AATT).

@

On the other hand, the number density curves can be integrated between any two values
of the pressure, P; and P,, or the time widths, AT,and AT, to obtain the number of pulses, n, of

heights between P; and P, (or between AT, and AT, ):

n(5P):N(PZ)—N(Pl)zTN(P)dP, R<P<P, )

N(3(AT)) = N(AT,) - N(AT,) = } N(AT)dAT, AT, <AT <AT,. )

ATy



A two-dimensional number density distribution can also be defined encompassing the
variations of both the peak height, P, and the peak width, AT . The number of pulses occurring
within a peak width range, S§(AT)=AT,-AT,, and a peak height range, sP=P,-P, , can then be
given as follows:

P, AT,
n(5P,5(AT))=j j N(P,AT)dPdAT. (5)

R ATy
To obtain the one-dimensional or two-dimensional number density distributions, N .
numerically, the entire range over which the peaks occur is divided into bins, sP or &(AT), in

one dimension or sPxS(AT) in two dimensions) and the number of pulses occurring within each
bin is counted, n(6P) or n(s(AT)), in one dimension or n(sP,5(AT)) in two dimensions. This
number is then normalized by the bin size to obtain the number density at discrete locations.

3.1 Effect of Pressure Threshold on Pressure Peak Statistics

Figure 8 illustrates the above described analysis for a cavitating jet operated at a pressure
of Ap;, = 13.8 MPa (Vj ~160m/s). The figure shows number density distributions versus peak

height, N(P), and peak width, N(AT), for different pressure threshold values. The number

density distribution versus peak height remains almost unaffected by the choice of the threshold,
except at very low peak height values, where smaller peak heights become excluded when a
higher threshold values are used. This trend of the curves at low peak height values is not an
issue, because the lowest amplitude pulses are of the order of signal noise and are mostly too
weak to contribute to cavitation erosion.

The number density distribution versus peak width, N(AT), is more sensitive to the

chosen threshold. Naturally, because of the quasi-triangular shape of the pressure pulses,
choosing a higher threshold results in smaller time widths of the pulses detected, i.e., as seen in
Figure 8-right the distribution moves slightly to the left. This is a result of the peak duration
becoming shorter as the threshold becomes higher. However, it should be noted that the overall
trend is not affected much by the choice of the threshold.
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Figure 8: Number density vs. peak height (left) and peak width (right) for different thresholds,
Cavitating jet with a pressure drop of 13.8 MPa (Vjet ~160m/s).

4. ANALYSIS OF PRESSURE SIGNALS FROM CAVITATING JETS

4.1 Number Density and Cumulative Number of Peaks

The effect of jet speed (pressure drop across the nozzle) on the number density
distributions of pressure peaks versus peak height and peak width can be seen in Figure 9. Peak
heights number density as well as peak width number density increase with jet pressure. Also,
the maximum peak heights occurring in a given signal increase with the jet pressure. This is
expected since the cavitation field becomes more intense as the jet pressure increases, and as a
result, the peak heights correlate with the jet pressure.

Figure 10 shows plots of cumulative number of peaks versus peak height for different jet
pressures. The count for the cumulative number of peaks is started from the highest peak
amplitude value. Generating the cumulative curves counting from the largest peak is more
appropriate for the purpose of studying cavitation erosion because such curves capture large
peaks that exceed the material yield stress and result in plastic deformation and eventual erosion.
It also is less influenced by neglecting (or not detecting) the smallest peaks which do not
contribute to the erosion. It can be seen from the figure that the cumulative number of peaks is
higher for a signal corresponding to a higher jet pressure. This reflects that the number of
impacts increases as the jet cavitation field becomes more intense when the jet speed increases.
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Figure 9: Number density versus peak height (left) and peak width (right) for different jet
pressures.

The global shapes of the N(P) experimental curves corresponding to different jet
pressures (Figure 10) can be captured using the following analytical equation (Weibull

distribution):
N P N Bk
= =exp{—(P*j } N =exp(-P"). (6)

In the above equation, N”is a normalizing parameter for the cumulative number of peaks,

P”is a normalizing parameter for peak height and k is a curve fit shape parameter. N and P’
are two key parameters, which characterize the erosive cavitation field. While knowledge of the

full curve N(P) is necessary to fully characterize the cavitation field, N"and P”could be used
satisfactorily in conjunction with the general expression (6) to uniquely indicate the cavitating
field level.

The value of the shape parameter, k = 2.54, provided here the best least squares fits to
the measured statistical data sets of all jet pressures. Figure 11 shows variations of N"and P’
with jet pressure. Interestingly, both N"and P”appear to vary linearly with jet pressure.

10



Ap,, = 13.79 MPa
Ap,, = 20.68 MPa
APy, = 27.58 MPa
Ap,, = 34.47 MPa
Ap,, = 41.37 MPa
Ap,, = 48.26 MPa
AP, = 13.79 MPa (Fit)
APy, = 20.68 MPa (Fit)
APy, = 27.58 MPa (Fit)
APy, = 34.47 MPa (Fit)
APy, = 41.37 MPa (Fit)
Ap,, = 48.26 MPa (Fit)

-
o
-
I I\IIIHI II\I

N (s
L) |||M

-
=
I \IIIIII

—
o
©
IR |

L L L L I L L L L L L L
0 100

L I L L I | I
200 300 400
Peak Height (MPa)

Figure 10: Cumulative number of peaks versus peak amplitude for different jet pressures:
curves from data fit superimposed over experimental curves.
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Figure 12 shows the normalized cumulative number, N /N”, versus normalized peak

height, P/P", for different jet pressures. From the figure, it is evident that the curves for the
various jet pressures have almost the same global shape, and this shape is well captured by the

- . — _p254
assumed analytical function, N =e™"
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Figure 12: Normalized plot of cumulative number of peaks versus peak amplitude for different
jet pressures.

4.2 Map of Impulsive Pressures Characteristics

A two-dimensional distribution of the pulse number density with peak height and peak
width as the two axes can be presented as shown in Figure 13. The figure shows contour plots of
the number density distribution for three different jet pressures. From these contours, it appears
that the band where the number density is most concentrated becomes narrower (smaller At) and
flatter (lower amplitude peak) as the jet pressure increases. The signal from the 13.79 MPa jet
has more pulses that are wider (greater pulse time width) and lower (smaller peak height)
compared to the signal from the 48.26 MPa jet. This trend can also be seen clearly from Figure
14 which shows the scatter plot (for three different jet pressure conditions) of all the pulses with
peak width and peak height as the axes. Each point on the scatter plot represents an individual
pressure pulse.
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Figure 13: Contour plot of Number Density versus peak width and peak amplitude for 13.79
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4.3 Representative Pressure Pulse

Observation of pressure peak distribution maps in Figure 13 and Figure 14 suggests that
the majority of the pulses occurring for a given cavitation level condition (jet pressure), fall
within a well-defined band. They also show that the structure of these bands changes with
increasing jet pressure. In this section, an effort is made to represent a typical cavitation impulse
pressure, B ..o, 9€nerated under a given jet pressure. The representative pulse shape is

chosen to be a Gaussian function with the following equation:
P =P, e W, )

representative

where P is the representative peak height, and At is the representative time width. The choice

of a Gaussian representation arises from a recent numerical study [24] that indicates that the
pressure pulses occurring due to bubble collapses can be fitted well using a Gaussian

13



distribution. Figure 15 shows a representative Gaussian pressure pulse (with height P and
representative width At) and an experimentally recorded pressure pulse fitted using a
representative Gaussian pressure pulse. In the present study, the representative peak height, P,,,
is defined such that one-third of the total pulses occurring in the signal have a peak height greater
than this value. The choice of this representative peak height is inspired by significant wave
height describing ocean waves [25,26]. In the analysis to compute P, ,, a threshold equal to the
jet pressure is applied to the pressure signal before the total number of pulses occurring in the

signal is computed. That is, only the pressure pulses that are above the ambient jet pressure are
considered in the analysis.

25

—————— Representative Pulse
Experiment ( Ap, = 27.58 MPa)

P representative (M P a)
Pressure (MPa)

B B—T') 2560 e 2600
T (us) T (us)
Figure 15: Representative Gaussian pressure pulse (left). An experimentally recorded pressure

pulse (Ap;: =27.58 MPa) fitted using a representative Gaussian pressure pulse.

For a given pressure signal recording, a linear curve fit of the pressure peak width versus
peak height scatter plot data is obtained. Higher order fits, e.g. parabolic, can also be attempted,
but our efforts to do so have shown non-universal values of the resulting fit coefficients, which
made the use of linear fit simpler and easier for further analysis. The linear fit gives the most
dominant slope of the number density distribution i.e. the most probable peak width to peak
height ratio. Figure 16 illustrates the procedure for the pressure signal obtained for the 48.26
MPa jet. A similar procedure is applied to data from different jet pressure conditions. Figure 17

shows the most probable peak width to peak height ratio, (AT /P)_, for different jet pressures

mp
as estimated using the afore-described procedure (i.e. using the 1/3 highest peaks value). A trend
line fit through the data using the power law indicates that (AT / P)mp is inversely proportional to

the square of the jet pressure.
Using (AT / P)mp , the peak width, AT,,,, corresponding to P,, for a given jet pressure can

be computed. Figure 18 shows a plot of significant peak height versus jet pressure along with a
corresponding plot of peak width versus jet pressure. The representative pressure pulse for each
jet condition was then constructed using equation (7) as shown in Figure 19. Notice that Figure
19 captures the essence of the jet pressure pulses: the pressure pulses become higher and of
shorter duration as the cavitation level increases (as the jet driving pressure becomes higher). The

14



figure, by quantifying the physical features of a typical pulse occurring in a cavitation field,
allows for a comparison between the different cavitation field levels.

200

180

160

140

)
= 120 t—
£ 100 | !
rey
T - |
E 80 2 w1
' AT=13.7P- 610
% 60 ———— | V3se 4o
& 40 ; i ' ) "]

20

0 50 100 150 200 250 300 350 400 450

Peak Height (MPa)

Figure 16: Determination of most probable width/peak amplitude ratio from the linear fit of scatter
plot . Dots in this figure represent all impulsive pressure peaks detected in the jet during a recording
period of 1 second.
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Figure 18: Significant peak height versus jet pressure (left). Peak width corresponding to
significant peak value versus jet pressure (right).
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Figure 19: Representative (Gaussian) pressure pulses for various jet pressures obtained from impulsive
pressure identification and using the procedure illustrated in Figure 16.

5. ANALYSIS OF PRESSURE SIGNALS FROM ULTRASONIC
CAVITATION

In the ultrasonic cavitation tests, the cavitation was generated by a vibratory device
employing an ultrasonic horn (Sonics and Materials, model VC750). The high frequency (20
kHz) oscillations of the horn induced cyclic formation of very high and very low pressures
resulting in cyclic high tension and compression in the liquid. Similar to the jets, a
representative pressure pulse was constructed for the pressure signal obtained from each
ultrasonic horn power setting. When the jet pressure signals were analyzed only pressure pulses
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above the corresponding jet pressure were considered. A similar physically meaningful threshold
for noise removal was sought for each ultrasonic horn signal.
The fluid particle displacement in an acoustic field created by a vibratory horn, x, can be

given by:
X =X, sin(2r ft), €))

where x,is the amplitude of the horn motion, and f is the vibratory frequency of the horn.

Differentiating the above equation, we can arrive at the particle velocity, u, in the acoustic field
immediately next to the horn tip:
u =2x fx, cos(2r ft). 9)

The acoustic pressure there can then be obtained by taking the product of the particle
velocity and acoustic impedance of the medium:
p = pcu = 2zpcfx, cos(27 ft). (10)

Here, p is the density of the medium, and cis the sound speed in the medium. For each signal,
the amplitude of the acoustic pressure is used as the threshold for analyzing the number of
pressure pulses occurring in the signal. This choice of threshold can be justified because any
impact pressure lower than the ambient acoustic pressure from the vibrating horn should be
regarded as noise. Table 1 provides the measured tip movement amplitudes and corresponding
pressure signal threshold we used for different power settings of an ultrasonic horn operating at a
frequency of 20 KHz.

Ultrasonic Horn Power (W) X, (um) Signal Threshold (MPa)
150 39.8 7.50
225 50.8 9.58
300 56.7 10.69
375 62.9 11.85
450 73.0 13.76
525 82.1 15.48
600 88.7 16.72

Table 1: Threshold used for analyzing signals obtained from different ultrasonic horn power
settings. All settings used the same frequency, 20 kHz.

Figure 20 shows plots of the cumulative number of peaks, N, versus peak height and plots
of normalized cumulative number of peaks, N /N", versus normalized peak height, P/P", for
different ultrasonic horn power settings. Similar to the jet pressure measurements, the global
shapes of the N(P) experimental curves corresponding to different horn powers was found to be
well captured by the Weibull distribution function (Equation (6)). A curve fit shape parameter, K,
of 1 (2.54 for jets) results in the best least square fits to measured statistical data sets for all
ultrasonic horn power settings.
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Figure 20: Cumulative number of peaks versus peak amplitude for different ultrasonic horn
power settings (left): curves from data fit superimposed over experimental curves. Normalized plot of
cumulative number of peaks versus peak amplitude for different power settings (right).

The procedure used to calculate the significant peak height and peak width is the same as
that followed for the jet pressure signals (through linear fits of scatter plots of peak width versus

peak height). Figure 21 provides a plot of (AT / P)mp versus the ultrasonic horn power, Pgsp. A

trend line fit through the data reveals that (AT / P)mp is inversely proportional to the ultrasonic
horn power.
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Figure 21: Most probable width/peak amplitude ratio versus the ultrasonic horn power
obtained from linear fits of the scatter plots.

Figure 22shows a plot of the significant peak height versus the ultrasonic horn power
along with a plot of the corresponding peak width versus horn power. Figure 23 shows the
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representative pressure pulses obtained from equation (7) for three different horn powers. It can
be seen that the higher the power setting is the higher and narrower (shorter duration) the
dominant pulses are. Once again, the figure can be used to quantitatively compare the physical
features of typical pressure pulses across various cavitation fields created by the ultrasonic horn.
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Figure 22: Significant peak height versus ultrasonic horn power (left). Peak width
corresponding to significant peak value versus horn power (right).
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Figure 23: Representative (Gaussian) pressure pulses for various horn power settings.

6. CONCLUSIONS

In the present work, the pressure signals under cavitating jets, for different conditions,
were experimentally recorded and analyzed to obtain the number density and cumulative number
distributions of pressure peaks as functions of peak amplitude, peak duration width, and the jet
driving pressure. It was found that pressure fields from cavitating jets and ultrasonic horns can be
characterized by cumulative number distributions, N(P), of the cavitation impulsive pressure

peaks as functions of pressure peak amplitude. These follow a universal Weibull-like distribution
of the type: N =N"exp [—(P/ P*)k}. Three parameters, N”,P", andk, characterize the
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cavitating flow field and are respectively a characteristic number of impulsive pressure peaks, a
characteristic amplitude of the impulsive pressure, and a distribution shape parameter.
Knowledge of these parameters can be a substitute to the need to know all statistical details of
the pressure field for the purpose of studying cavitation erosion. For both the cavitating jets and
the ultrasonic horn at different power setting a non-dimensional peak distribution of the shape

N =e". For the cavitating jets a value of k=2.54 was found, while for the ultrasonic horn k=1
was found to be more appropriate.

The most probable peak width to peak amplitude ratio was found to be inversely
proportional to the square of the jet pressure. This ratio is inversely proportional to the ultrasonic
horn power. A representative Gaussian pressure pulse can be constructed for each impulsive
pressure signal from both the jets and the ultrasonic horns, using a significant peak height
occurring in the pressure signal and the corresponding most probable peak width. From the
resulting representation of the cavitation field, it is clear that the dominant pressure pulses are
higher and narrower (shorter duration) as the jet pressure or the ultrasonic horn power increases.
This representation enables quantification and comparison of the impulsive pressure pulses,
which occur in different cavitation fields at various intensities of cavitation.

The mechanism resulting in higher and narrower peaks with increased cavitation intensity
(higher jet pressures or larger amplitude oscillations of the ultrasonic horn) may be understood
based on an insight into the physical characteristics of these flows. As the cavitation intensity
becomes higher, the cavitation bubbles experience greater pressure changes. For example for a
higher pressure jet the pressure changes involve a larger pressure drop across the nozzle, which
makes the bubble nuclei grow larger, and also a greater stagnation pressure near the jet impact
region, which makes the bubble collapse much stronger. These contribute to a higher peak as the
jet pressure increases. The same can be said as the amplitude of the pressure field oscillations
increases in the ultrasonic field.

Also as the cavitation intensity becomes higher both the jet velocity, which is
proportional to the square root of the driving pressure (V,, ~ «/Ap), and the velocities in the

ultrasonic field, which are proportional to the amplitude of oscillation also increase. A faster
moving jet has two effects. It results in more number of bubbles pass by the impact region, and
results in a shorter duration of the bubble pulse for a given location of an erosion spot due to the
motion of the bubble.

Moreover, the correlation between the severity of cavitation and the magnitude of jet
pressure or power of the ultrasonic horn has been observed through erosion tests conducted over
several material sample under these test conditions [1, 27, 28, 29].

The pressure pulse analysis scheme developed in this work can be used in studies to
characterize the cavitation field intensity and build a database of various cavitation fields at
multiple scales. Well established understanding of the cavitation fields and proper
characterization of the cavitation intensity will enable better estimation of the expected cavitation
erosion progression.
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