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1.0 Abstract

The purpose of this research program is to develop
the ability to predict the damage rate caused by collapsing
bubbles in a cavitation field. As explained in previous

(1, e.g.) a technique is being developed to enable

reports,
damage rate prediction by examining the cavitation pulse
‘spectrum. Measured damage rates have been correlated with
bubble collapse pulse count spectra for watér and sodium.

An "absolute" probe calibration has been made so that
the correlations between pulse count energy spectrum and
MDPR* can be reproduced by any suitably equipped laboratory
without the required use of probe and electronic components
identical to those which we have used here. The report also

provides information concerning the methods involved in the

probe calibrations.

* Mean Depth of Penetration Rate = volume loss rate/exposed area.



2.0 Introduction

One purpose of the present project is to determine
whether a definite correlation exists between cavitation
damage and the accompanying cavitation noise manifested by
individual bubble collapse pulses. If such a correlation
is found, eventual cavitation damage rates could then be
predicted a priori, by simply measuring the cavitation
bubble collapse pulse spectra. The practicality'of the
proposed method of cavitation damage prediction is dependent
upon the degree to which the method can be standardized
between laboratories. In order to compare pulsé count
data collected from various probes, the probes must be
calibrated to determine their relative sensitivities. The
purpose of this report is to present the method and results
of our sonic probe calibrations.

Our development of this damage predicting technique
followed a two-step process:

1) Ultrasonic cavitation damage tests were performed
over a range of temperatures and pressures, and cavitation
bubbie collapse spectra.wemaéollected(by means of a
specially developed sonic wave-qguide probe and related
equipment, (Fig. 1), This type of probe was required
because the tests included high-temperature sodium (1).
This data was processed into a numerical equivalent, termed
"spectral areé", i.e. area under curve of number of pulses
vs. pulse energy (Ref. 1l). Actual damage rates to test

specimens are determined as usual by weight loss. A plot



which relates cavitation damage rate (MDPR) to cavitation
bubble collapse spectra is a result of these vibratory tests.

2) Similar cavitation bubble collapse spectra are to
be céllected from a flowing venturi device. Hopefully, the
plots which relate vibratory damage to vibratory cavitation
collapse spectra will also apply to various flowing systems,
such as our projected venturi tests.

The cavitation 'noise' was processed by using a high-
pass filter and a discriminant pulse counter. The counter
was adjusted to count only pulses above certain set intensity
values. During the course of the test, this setting then
becomes the independent variable. The result, in.graphical
form, is a pulse spectrum curve of pulse intensity vs.
number of counts. The area under the curve is the aforemen-
tioned spectral area. *

Figure 1 shows the electronic instrumentation. The horn
was drivén at 20 kHZ by the Branson power supply at horn
amplitude of 1.5 mils. The pulse from the wave guide probe
érystal was initially passed through a Kistler Model 566
charge amplifier set at 10 mv/pcb. The pulse was then
amplified (20 db) in a Krohn-Hite Model 3322 filter-amplifier.
The high-pass filter settings used in the above instrument
were set at various frequency limits starting at 40 kHZ to
filter out signals from the ultrasonic horn (20 kHZ) and other
machine noise. The pulse count rate was made on a Baird Atomic
Glow Tube Counter Model 1283.

In spite of the relatively crude.pulse measuring set-up

* Figures 5-9 are typical curves of this type actually measured.



employed in these initial experiments in a vibratory
cavitation damage facility, meaningful (2525% standard error)
correlations have been obtained between pulse-count integrated
energy spectrum and measured damage rate (MDPR), (Ref. 1).

For water, a simple linear relationship between spectral
area and measured MDPR was obtained over a considerable
temperature and pressure range, of the type (Ref. 1).

MDPR = C, (Area) - C, - = -~ === ===~ (1)

where "Area" is the arig under the pulse-count spectrum curve,
i.e., Area = LN (Pht) 4 (Pht) - - - - - (2)

and Pht is "pulse height selector settingd'on the.Baird Atomic

Giow Tube Counter. The pulse height is proportional to the

preésure pulse produced by the collapsing bubble, which is

related to the energy produced by the bubble collapse.



3. Probe Calibration

The work here reported essentially describes our probe calibration in a non-
cavitating bench rig, involving a hammer-pendulum (Fig. 2). This then
' provides a means for comparing the sensitivities of the different probes used both
here and at Westinghouse Advanced Reactor Division (W-ARD), see ref. 1.

In principle, cavitation collapse pulses are to be detected by a pressure
transducer, i.e.,"probe! Two types are involved. For one the active element
is immersed in the test liquid such as the Kistler probe. The other is a "'wave-
guide' probe (Fig. 3) with the active element not immersed in the liquid. The
reason for using a ''wave-guide' probe in sodium for our experirnents was that
a microprobe with suitable high temperature crystal was not available at that
time. We have since developed such a probe with high temperature crystal which
can operate in sodium to 500°F (Fig. 4)‘.

Pressure applied to the face of the transducer is converted to a force acting
on the transducer ceramic, which then generates an electrical charge output
proportional to the pressure input. The basic sensitivity of these instruments
is in terms of unit charge per unit pressure, and is normally expressed as
pico-coulombs per psi (pCb/psi). The charge amplifier is a DC voltage amplifier
with a capacitive feedback path from the low-impedance output circuit to the
high impedance input circuit. The output voltage which results from a charge
signal input is returned to the input.circuit through the feedback capacitator, in
the direction to maintain the input circuit voltage at or near zero. The net
charge from the input circuit is stored in the feedback capacitator, producing a
potential difference across it equal to the value of charge divided by the value
of capacitance, and this potential difference determines the relationship of the
output voltage signal to the input charge signal. The transfer characteristic, or
"gain, " of the amplifier is dependent only on the value of the feedback capacitator,
and is unaffected by time, temperature, or line voltage variations.

| The details of the acoustic wave delivered to- the crystals in the two types of
probes may differ. However, pressure pulses resulting from collapsing bubbles
are measured in either case. Other uncertainties involve the precise form of

bubble collapse. For example, the bubbles from which the signal originates

could be collapsing at different distances from the probe, or adjacent to the
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probe tip, perhaps producing liquid microjet impingement.

3.1 Calibration Procedure - General

As previously mentioned, probe calibration provides a means by which cavitation
noise data collected from different sonic probes can be compared. This calibration
requires at least a very approximate simulation of bubbles collapsing in a cavitating
field. For our calibration, a hammer-pendulum system was used, where the energy

imparted to the probe can be easily determined. Figure 2 shows the calibration

apparatus.
6"
probe clamped at
X connecfor
hammer “~~-.‘.~ — ) —p=
- ’ FIG 2
L &3 G

The hammer can be released from different angles in order to impart measurable
quantities of energy to the end of the probe being calibrated. |

Two types of probes were calibrated: 1) two ""wave-guide" probes, one used in
our vibratory sodium cavitation tests and the other in the W-ARD venturi sodium
tests (Fig. 3)! 2) two direat submergence probes (Kistler Model 603-A with quartz crystal)
and U-M probe (Fig. 4) .

The wave-guide probes have PZT crystals which are attached to the end of a
stainless steel rod (Fig. 3). The acoustic pulse is transmitted through the steel
rod to the crystal. In the case of the direct submergence probes, the crystal is
enclosed and sealed at the tip of the probe so that there is less transmission loss
and alteration of the wave.

Due to the different constructions of the two types of probes, two different

methods of probe calibration were used. For the wave-guide probe, we used an



electronic '"chain'' identical to the apparatus used for our earlier water and sodium
te(sF:s?.tolz)xssure the' maximum applicability of the calibration. For the direct sub-
mergence probes, we used an oscilloscope to record the response of the probe,
since ''pulse-counting' was not practical for this type of probe with the single-blow

hammer impact.

3.2 Wave Guide Probes

The acoustic probe was impacted by the pendulum hammer from a specific angle,
©. Since there is very little rebound, the energy imparted to the probe can be
calculated as being the potential energy at the initial position for such a pendulum

(Fig. 2).

Potential Energy = mgl(l - cos® ), where 1 is length of arme
As in our actual cavitation experiments, a pulse spectrum curve is obtained for each
wave-guide probe. By varying the pulse height selector of the counter, we arrive
at a pulse height spectrum curve for the probe for a particular filter frequency
setting. A diagram of the electronic chain is shown in Fig. 1. The area under the
curve is assumed to be proportional to the energy imparted to the probe. Thus,
this area is indicative of the sensitivity of the probe.

Figures 5-9 are the spectral area curves for the two wave-guide probes cali-
brated. As already mentioned, one probe was used at Westinghouse for their
liquid sodium venturi experiments (W-ARD) and the other at our laboratory (U-M)
for our vibratory tests. These probes, nominally identical, were both fabricated

by U-M. Table 1 is a summary of the data.

Frequency U-M
Setting U-M W-ARD W-ARD
Table 1
60 kHgz 19.1 12.2 1.57 Camparative Areas For
Wave-Guide Probes
70 kHZ 2 Avera L S 1.9
H4 0.0 8.45 2.37 ge W-ARD ¢
80 kHZ 13.5 7.58 1.78
90 kHZ 5.73




From the data presented in the table¥ we can assume that the U-M probe was
~ 1.9 more sensitive to pressure fluctuations than the W-ARD probe. Therefore,
spectral areas formed from data collected by the two probes should have the

following relationship:

AreaU_M = 1.9 x AreaW-ARD

This relationship should hold true if all other variables, such as equipment and

equipment settings, are held constant.

3.3 Direct Submergence Probes

Due to their construction, the direct submergence probes were calibrated in a
fashion different from the wave-guide probes. As in the wave-guide probes, the
hammer-pendulum apparatus was used to impart measurable impulses.

The direct submergence probes were calibrated by impacting the tip of the
probe with various measurable impulses determined by simple calculations from
the hammer parameters. The oﬁtput of the probe was then measured using an
oscilloscope. The probe was struck by the hammer, which was released at various
angles. The resulting pulse from the probe was passed through a charge amplifier
at 10 mv/pch and a frequency filter with a 20 db gain, and then the output was
displayed on an oscilloscope, Pictures were taken of the output, and values of
output intensity and duration were determined from the displays. Figure 10 shows

typical oscilloscopes obtained.

* Numerical average neglecting 40 kHZ which previous experience has shown to be
too close to horn drive frequency of 20 kHZ for meaningful results.



3.3.1 Theory

In this case a pressure pulse of known amplitude was imparted to the

tip of the probe. The pressure pulse amplitude was not calculated for the

wave-guide probes because of the attenuation and alteration of the pulse
through the stainless steel rod before reaching the crystal. This

complicates matters and thus energy concepts were used.

The direct submergence probes were hit by the pendulum hammer (Fig. 2)

from different angles, thus imparting different amounts of energy. Under

these conditions the force on the gage during an impact is F = CV/kd or
P = CV/kdA where C is the capacitance of the electronic chain shown in
Fig. 1, V is the voltage output on the scope, k is the gage constant,

and d the piezoelectric constant. Now,
- (o av _ f - -
fMt— Ty .dt = m)dav = m[Vf VJ.J
Since the initial wvelocity Vi of the pendulum is zero, Impulse = m Vf.
Potential Energy of the pendulum at initial position is equal to the
kinetic energy at the final position. Therefore, V = [2 ghi] 1/2

where hi is initial pendulum elevation above final position ho .

1/2 -~ .
Therefore, m [ 2 gh.] 2 - )’ F&t = 2/3F U where T is
the duration of impact and Faverage = 2/3 Fmax , acocording to preylous
studies (3). Therefore, [ /2 _ ¢ v _ T
. m (20, | 7% = o5, Fmax b

3
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3.3.2 Reduction of Experimental Calibration Data

m ['Zg (hﬁ 1/2 was plotted versus V Q’ A gain of 20 db* was
max
used soV__ / Vin = 10 and, therefore, Vmax was scaled down by a factor

of 10, db = 20 log (Vout/ Vin). The slope measured from the graph is

2

7 x 10 , = 636.4  The height h = Z (1-cos ©) is tabulated for

1100 x 10 ~
different angles. Aﬂ =3.91in=09.7x10°m m=.144 kgs.
The measured capacitance of the electronic chain was 2.4 nano Farads.

Kistler Probe

Fram the equation m(2gh) /2 _ 2/3 /CVm the slope = 2/3/_C = 636.4
-12 kd \
Therefore, kd = 2.51 x 10 volts. Diameter of gage tip = 0.5 am.
Area of gage tip = 1.96 x 107 o Slope = 2.03 x 1010 §
m2Cb
Slope = 2.94 psi/pcb. Charge Sensitivity = 0.35 pcb
psi
U-M Direct Submergence Probe
Slope = 2/3 C = 2.69 therefore kd = 5.95 x 10720
kd
Diameter of probe tip = 0.25 in. Area of probe tip = 3.17 x 102n
Slope = 5.3 x 100> N =7.69 x 107> B3 charge sensitivity = 130 B2
S pcb psi
n

Thus the charge sensitivity of the U-M probe is 350X that of the
Kistler. The two constants that determine the charge sensitivity of a
probe are the piezoelectric constant (d) and the gage constant (k).
Pressure 0{ E—é— (Charge) and thus the larger the constant, the larger the
charge sensitivity pcb/psi. The piezoelectric constant of the PZT crystal
in the U-M direct submergence probe is larger than the quartz crystal in
the Kistler probe, but certainly not by the ratio between the charge

sensitivities. The duration of the pulse in the U-M probe is of the order

* This is a 'naminal' value, and may need to be examined more closely later.
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of milli-seconds, compared to micro-seconds for the Kistler probe. The
charge sensitivity for the U-M probe is much' larger because of the large
gage constant resulting fram the long duration of the impact. Certain
internal vibrations within the probe may be part of the cause for this.

The design is being further investigated for later improvements.
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3.4 Overall Camparisons and Calibration Results

Table 4 shows the overall comparison between the two direct-
submergence and the two wave-guide probes in terms of "spectrum area" in
units of counts x volts, delivered at the end of the electronic chain, as
a function of frequency cut-off. It may be possible at a later date to
provide more precise data of this type, and a direct comparison between
the wave—-guide and direct—sul:mergence probes can also be provided by
exposing them each to cavitation regimes in both vibratory horn and
venturi. Hopefully, this can be accomplished in the relatively near
future.

It will be noted that the output areas of all probes for a given
momentum input are of the same order of magnitude, with that of the wave-
guides being a factor of 2-3 more than that Jf the direct sulmergence.

It seems reasonable that this is primarily due to the attenuation of the
wave—guide, cambined with possible resonance effects therein. That the
Kistler and U-M direct submergence probes provide about the same output

is apparehtly only fortuitous. Only a minimum frequency cut-off was

used with the direct submergence probes, since the hammer pulse is otherwise

severely attenuated.
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4.0 Conclusions

The pressure pulses emitted by collapsing bubbles in a cavitation
situation can be detected by saonic probes, both camercially
available and specially designed. This cavitation "noise" can be
processed and correllated with the resulting cavitation damage. It is
evident at this time that cavitation damage in hydraulic machinery can
| be predicted by measuring the resulting cavitation bubble collapse
spectra.

So that experimental data from various laborat-;ories can be compared,
calibration of the sonic probes is necessary. At the University of
Michigan we have calibrated four (4) separate probes of two designs by
using a hammer-pendulum apparatus to impart measurable and constant
impulses to the probes.

Tables 3 and 4 show the final results of the probe calibrations.

The "coefficients" relating spectral pulse count area to delivered
momentum are of the order of magnitude for all probes.

In terms of pulse-charge sensitivity, the U-M direct submergence
probe is™ 370 x more sensitive than the Kistler (Model 603-A). This
is partially due to the greater sensitivity of the PZT ceramic as compared
with the quartz crystal used in the Kistler, and mainly to the larger

gage constant of the U-M probe.
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TYPICAL KISTLER OUTPUT
.2v/cmi IOO/Lsec/cm

U-M HIGH-TEMP FROBE OUTPUT

lviem: 100 msec/cm
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Table 2 Experimental Data and Calculations (Direct Submergence Probes)

a. Kistler Probe

Angl.e e Output Vmax (volts)
5 ; .36

7.5 .41

10.0 .52

12.5 .78

15.0 .95

20.0 1.40

25.0 1. 70

30.0 2.00

b. U-M Direct Submergence Probe

5 .36
7.5 .90
10.0 ' 2.00
12.5 2.30

™ (n sec)
550
505
510
520
520
600
650
700

(m sec)

110
80
50
50

v Jl:‘ x 10"
max

198
207
265
406
494
840
1105
1400

x 10

39.¢
72.0
100.0
115.0



Table 3 Momentum Calculations

© (degrees) fl-cos @) x10”

5 3.98

10 14.6

15 3.2

20 58.2

25 91. 2

30 126.1

35 175

7.5 29.7

12.5 23.3

4

m(2gh)

. 0126
. 0244
.0360
. 0487
.0609
.0716
.084

. 0199
.0308

1/2
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