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ABSTRACT

The concept of "cavitation erosion efficiency, Teav is
advanced and defined, relating acoustiic power in the cavitation
field to erosion power, i.e., the product of volume loss rate
and material failure energy, here considered tb be "ultimate‘
resilience”. The relative constancy of Deav is confirmed for
damage tests in both sodium and water over a range of pressure
and temperature in a vibratory facility. Good correlation
between bubble collapse pulse count spectrum area, i.e.,
"acoustic power", and measured volume loss rate is shown.
Thus the possibility of 3 priori prediction of eventual erosion
rate from such pulse count measurements is confirmed.

A direct comparison of sodium and water results shows
their damaging capabilities to be of comparable magnitude,
with sodium ~ 2.5 x more damaging.

Application of these vibratory facility damage and acoustic

results to flowing systems is discussed.



I. Introduction

Onz of the major present day difficulties facing designers
of ligquid-flow machinery components where cavitation is a poséibi—
lity, is the present almost complete inability to predict possible
cavitation damage rates, or even their probable existence, in
field machines from laboratory tests which are both feasible and
practical. Hence there often exists the necessity for very
expensive and time-consuming long-term cavitation damage tests in
near prototype-scale machines. This is especially a problem in
nuclear reactor circulating pumps, particularly for the sodium-
céoled fast breeder reactor concepts. Such long-term damage tests
at one-half scale were in fact recently performed for the SNR-300
reactor pumps (1,2, eg.). It is the primary purpose of the
‘University of Michigan research here described to develop a
technigue for the prediction of such eventual long-term cavitation
damage rates, at least to a degree of engineering utility, from
feasible and relatively modest laboratory tests. It is hoped to
aftain this goal through the use of relatively more sophisticated
acoustic techniques than have generally been applied for this
'problem in the past. The relationship between cavitation noise
and erosion has been studied in recent years in several laboratories
(3-9), eg.) for the purpose of eventual prediction of cavitétion
damage rates from such acoustic measurements. To date no very
general success has béen attained in this regard. Rather a
relatively good relationship between noise level and damage rate
for specific units has been observed, so that they could be

"calibrated" in this regard. It is our purpose to improve the
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the general applicability of acoustic measurements for damage
rate prediction by a more pertinent and sophisticated analysis
of thé acoustic data. Rather than using total noise amplitude,
or amplitude within & fixed frequency band, for this prediction,
as has been thé general practice in the past (3-6, eg.), ve
propose to analvze the "noise" in terms of a "spectrum" comprising
the number of pressure pulses and their individual amplitude.
We feel that this additional sophistication will lead to much
more generally applicable results, since it is obvious that a
total noise amplitude, even within a fixed freguency band, can
result from either a very large number of low amplitude pulses
or a much smaller number of highly intense pulses. However,
presumably only pulses with intensity above a given threshold will
contribute significantly to cavitation damage. This general idea
is illustrated schematically by Fig. 1 published by the present
author in- 1963 (8) for cavitation in a venturi, but repeated here
for convenience. The anticipated pulse-count spectra are shown
schematically in Fig. 2, where number of pulses are plotted
against pulse amplitude.

It is anticipated that the puise-count spectrum "areas", i.e.,
area under a pulse number vs. energy per pulse curve such as
Fig. 2, which represent the total measured energy of the cavitation
field, can be correlated with measured erosion energy in terms
of measured volume loss per unit exposed area. In the erosion
literature this is normally considered in terms of "mean depth of
penetration rate", MDPR. The ratio of cavitation field energy

(or power) to erosion energy ( or power) then defines a "cavitation
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erosion efficiency", which is in principle measurable in
laboratory test devices, assuming that the necessary acoustic
and electronic instrumentation is provided. Similar instrumenta-
tion, installed in prototype or field machines, would then allow
an 3 priori prediction of eventual damage rates to bz encourtered
in such machines. Of course, it would also be necessary io
assume that +he "cavitation erosion efficiency"” remained constant,
at least to a degree of engineering utility, between model or
other laboratory test, and prototype or field machine. There
seems no reason to suppose that this assumption is not suificiently
valid for present purposes. At least it can be checked and
evaluated in the research here described. Further, cavitation
damage "scale effects" of velocity, pressure, temperature, size,
etc. can be predicted from the comparison of the pulse count energy
spectra.

The use of bubble collapse pulse spectra for damage prediction
is not entirely new in that some related preliminary results

are reported from Japan (7,8, eg) and Russia (9).

II. Experimenta] Apparatus

2. 2Acoustic Instrumentation

Figure 3 shows the type of direct-submergence pressure micro-
probe used for the detecting and measuring of bﬁbble collapse
pressure pulses. This particular unit (of our own design) is
fitted with a PZT crystal at the submerged end, sealed from the
cavitating liquid by a thin stainless steel diaphrapn. It is

suitable for liguid temperatures in excess of 1000°F, and hence

could be used for moderately high-temperature sodium, as well as



in water at any temperature of interest: It is suitable for
signal frequency of ~ 10 mH and hence is adeguate for measuring
cavitation bubhle pulses, since the Guration of the criticel ﬁart
of the collapse is ~~ 1-2 ps. However, very recent recearch (10)
indicates the width of bubble~-generated shock waves in water may
be as small as « 20 nanossconds. A commercial Kistler micro-probe
was also used for some of the water tests. A "wave-guide" probe,
i.e., stainless steel rod with crystal fixed at non-submerged end,
was used for the sodium tests here reported due to unavailability
of the PZT probe (Fig. 3) at that time.

The electronic circuitry used with the wave-guide probe in a
vibratory cavitétion damage facility in sodium is shown in Fig. 4.
This includes a high-pass filter, useful to ~80 kHz, which was
particularly necessary for the vibratory facility tests to supprees
the 20 kHz imposed driving freguency. It is still possible to
measure bubble collapse pulses, since their width is ~ 1-4 ns.

The fiiter will also be used in the venturi tests to suppress

all miscellaneous low freguency signals which originate from con-
ventional flow and machinery noise, but presumably do not cocntribute
to cavitation damage. A "pulse-shaper" is also desirable to suppress
spurious signals, and allow the electronic counting of only the
bubble collapse pulses. This component was not used in the'sodium
tests because of the uncertain and complex behavior of the wave-
guide probes there used as compared to direct-submergence probes

as shown in Fig. 3.
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B. Vibratory Damage Facility

The most convenient and most common device for testing cavi-
tation aamage resistance of various materials is certainly the
"vibratory" (scmetimes called “ﬁltrasonicﬂ facility. This device
and test have in fact recently been standardized by ASTM (11)
for water at ambient coﬁditions and the standard is now being
extended to other liguids, and pressures and temperatures other than
ambient. However, since it is essentially a no-flow device, it
is not easily possible at present to utilize these results for the
prediction of damage in flowing systems. One of the major
purpéses of the present research at the U-M is to develop a method
for making this prediction, based upon the pulse-count energy
spectra here described.

For our own purposes, a relatively standard vibratory horn
facility (20 kHz, but here used at double-amplitude, A = -~ 38 um
rather than the standardized A = 51 am) has been used for damage
tests both in water and in sodium. A static suppressicn pressure
(p - Pv) range of 1.5,and the maximum possible temperature range,
were used. Earlier results for water over a larger suppression
range and at standard double amplitude (~ 51 upm) were reported
previously (12,13), and will not be repezted here. Present results
for water at 38 pm amplitude were generally similar, and Fig. 5
shows the effect of amplitude, indicating that damage rate varies
approximately as Al'% For <he present tests, the wave-guide proke
was installed with its tip at the same elevation as the damage

specimen face, and at a lateral distance of 3 g cm. Figure 4

shows schematically this arrangement.
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C. Cavitating Venturi Facility

The cavitating venturi faciiity used for the present research
is a portion of ocur High-Speed Cavitation Tunnel (14). The basic
venturi flow-path is shown in Fig. 6. A cylindrical throét (2 cm.
nominal diameter, and of 2.25 L/D) 1is separated by conical sections
of 6 deg. including angle. - CavitationAoriginates at throat
discharge, znd. its extent into the'diffuser section depends upon
pressure and velocity settings. Throat velocities ub to ~ 65 m/s
can be obtained in tis facility; hence it is very suitable for
cavitation damage tests. Water temperature.variation from ~15 -~
~ 160°C is possible. Deaereation is provided, and total gas content
is measured by é Van-Slyke apparétus. Sonic micro-transducer
(Fig. 3, eg.) are installed in the cavitating region of the venturi,
as are thin-plate damage specimens (Fig. 6). In additions, damage
probes installed flush with the venturi wall in pocition symmetrical

to the acoustic micro-probes will also be used.

I1I. Cavitation—-Erosion Efficiency and Pulse Count Spectra

A. General

As stated in the Introducticn, it is_p:opcsed pee develop a
_"cavitation erosion éfficiency, gcav,which relates the acoustic
power as measured by a micro-pressure probe installed in the
cavitating region (as, eg., Fig. 4 for our vibratory facility) to
the "efosion power" measured by the product of erosion volume loss
and failure energy per volume of the eroded material, as, eg.
(Volume loss) x (ultimate resilience), wﬂere ultimate resilience®

(UR). is presumed to be the best present measure of material failure

~ 2 0 . )
*UR = (TS)“/2E, where E is elastic modulus and TS ultimate tensile
strength of the material.
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energy for cases of cavitation or liquid impingement erosicn
(15-18, eg.). If later research indicates other mechanical
mzterial parameters having the same units, i.e., energy/volume =
*stresc", to be more suitable in specific cases, then these could
be easily substituted into the frame-work of the presently
proposed model. For example, it has recently been suggested that
the product of ultimate resilience and Brinell hardness

(BHN) provides a closer correlation with damage rate (19) than

UR alone. In that case, BHN_could be converted into an equivalent

1/2 could then be used

tensile s:trength, TS, and the term (UR"TS)
in place of UR, as previously suggested. For purposes of the
present paper, however, it will be assumed that UR is the most
suitable failure energy parameter.

Acoustic energy as measured by the micro-prcie is admittedly
at best proportional to the total acoustic energy iadiated from
the cavitating field, since its output depends upon geometrical
factors; fluid factors, etc. However, if the probe can be installed
flush with the surface to be damaged, these difficulties are
obviously considerably alleviated. In our vibratory Zfacility,
(Pig. 4 ) this was nct possible, but it is possible for the
venturi (Fig. 6). A comparison between pulse count and erosion
data from both of these facilities should allow an estimate of
the effect upon cavitaticn pulse energy of the specific geometri-
cal difference of the two set-ups, so that the vibratory results
can thus be related precisely to the flowing system results. The

complex problem of probe installation in retating machines is not

unsolvable, but it is beyond the scope of the present paper.
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hs previously indicated, the total pulse-count energy can
be computed by summing the area under a spectrum curve (Fig. 2).

L1

This “spectrum arez" can be related to energy in absolute units
only by probe calibration. Such calibration was accomplished fox
the "wave-guide" probes used in the present vibratory sodium
tests bv impacting the probe with a pendulum-hammer device, for
which the input energy could be easily compuied from the initial
elevation of the pendulum. Thus the “spectrum areas" are known
in absolute energy units (20, 21, eg.). From these data, the
"cavitation energy" was then computed.

The "erosion energy" was computed directly from measured
volume loss-and the ultimate resilience of the material (type 304
stainless steel in this case), corrected for test temperature

up to 550°C). From these results, "cavitation erosion efficiency”

was then computed, as discussed later.

B. Vibratory Facility Zrosion Results

Figures 7 and 8 summarize vibratory facility sodium damage
results as a function of licuid temperature and suppression pressure.
The trends are typical for any liquid yet tested (12, 13, 22, eg.).
showing an optimum damage temperature, with strong decreases of
damage for either lower or higher temperature, even for constant
suppression precssure. However, a detailled discussion of the reasons

for these "thermodynamic effects" is beyond the scope of this

paper.
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Figure 7 summarizes all presently available vibratory facility
damage data for sodium (21,23). NMost of this information was
previcusly published in the open literature by tpe first author (23),
but some additional information has not yet been so published (21).
Results for several materials (stainless steels types 304 and 316,
titanium, Steliite-6, and Colmonoy) and from several labofatories
including slightly Qiffering facilities, including our own,
are presented. The major point of interest from the present view-
point is that the overall temperature effect trend is the same for
all materials and lzboratories, but the "maximum damage temperature”
varies between 200 and 400°C depending upon the material tested,
and details of the vibratory facilities used.

Figure 8 shows the particular results obtained here in the
present investigation (21) for 304 stainless steel for suppressicn
pressures of 2 énd 3 bar. While the general temperature trend,
is the same as shown in Fig. 7, where only 3 bar suppressiocn
pressure was used, there is an increase in damage fdr the maximum
test temperature (550°C). Since our own tests on 316 stainless
steel were terminated at 500°C, no direct comparison at 550°C
is pessible. We attribute the damage increase at this maximum
temperature to substantial weakening of the test material (304 SS
which is inferior to 316 SS used in the previous tests at very
high temperatures), and also to possibly substantially increased
corrosion effects at such high temperatures. We kelieve that
this result does not indicate an increase of the mechanical

component of the cavitation attack at maximum temperzture since

the "pulse count spectrum area” (Fig. 9) did not increase, and
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since such a conclusion would be counter to all previous
theoretical and experimental information concerning the "thermo-
dynamic effect".

+

k direct comparison between water and sodium in the U-M

r

vibratory facility (23) shows that at the respective maximum
damage temperatures, sodium is nflzoblnore damaging than water.
Of course comparisons at any given temperature are more or less
meaningless.

Figure 8 also shows the effect of suppression pressure in
the vibratory facility, ie., an increase in suppression pressure
in the range tested results in é substantial increase in damagz
rate. This is confirmed by numerous previous tests with other
fluids here and elsewhere (12,13,22,eg.). This is consistent
with the overall expectation concerning pressure effect upon
cavitation damage in any cavitating device, i.e., there is an
optimum damage suppression pressure as well as temperature.

This is obvicus when it is considered that very high suppression
pressure eliminates cavitation entirely, whereas very low sup-
pression pressure eliminates the driving pressure necessary

fdr bubble collapse, i.e., a case of "boiling" rather than
cavitation results. These remarks are also consistent with
general pump experience, where it is often observed that maximum
damage rates result for cavitation ceonditions near inception.
From another viewpoint, it is possible that in some cases an
increase of NPSH may result in an increase in damage rather

than the anticipated reduction. All such cases must be consid-

ered with extreme care if cavitation damage is a considaration.
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C. Vibratory Facility Pulse Count Results

Figure ¢ shows pulse count specirum area vs. temperature
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It is noted that the general shape of pulse ccunt area (Fig. 9)
and MDPR (Fig. 8) curves are very similar, indicating a strong
positive correlation bketween these two parameters, as shown

over a broader range in Fig. 10 explained latexr. Spectrum

area (Fig. 9) does not show an increase at maximum sodium
temperature (550°C) as did WLR (weight loss rate), Fig. 8.

This confirms our previous statement that the increase in measured
damage at the maximum temperature fesults from reducticn of
material mechanical properties and increased corrosion, rather
than increased cavitation intensity.

Figure 9 shows data only for 3 bar suppression pressure,
but the effect of suppression pressure upon pulse count spectrum
area was approximately the same (24) as the pressure effect upon
WLR (or MDPR, which are equivalent, since only one material was
involved in these tests). References 20,21, and 24 present
full details of these tests, which are too voluminous to include
here.

Figure 9 contains the legend "S90 kHz", irdicating that the
high-pass electronic filter éetting was 90 kEz, approximately
the maximum possible for this piece of equipment (Fig. 4). It
was generally found that data scatter was reduced for higher
filter settings, presumably because of the more effective sup-

pression of the 20 kHz horn driving freguency. All previous
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information indicates that the important compcnents of cavita-
tion "noise" from the damage viewpoint is at least ~ 1 mHz
(7-10, ec.).

Figurz 10 shows the overall correlation obtaired in our
vibfatory faciiity between "pulse-count area" and MDPR for both
water and sodium (21, 24). The actual data points are included
here for simplicity only for sodium. E%ch data point represents
averaged results from one of the femperature and suppression-
pressure (2 or 3 bar) combinatiors tested. 1In all cases the
horn double amplitude is 38 pm and the material 304 SS. Unfortunate-
ly facility limitations prevent any overlapping of sodium and
water data. However, at all pressures and temperatufe tested,
both water and sodium are well correlated by the same curve. Some
effect of high-pass filter setting was noted (Fig. 11) but Fig. 10
is limited to the 50 kHz filter setting.

Figure 11 shows the final correlation achieved between pulse
spectrum area and MDPR. The sodium MDPR data points have been
increased by a factor of 1.5, assumed the apprdximate ratio between
average and maximum MDPR for this type of test. Due to the
difficulty of obtaining sufficiently numerous weight loss data

only MDPR was

points for sodium to measure directly MDPRm aver.

ax’
found. It is then necessary o correct to MDPRmax to be consistent
with the water data, where many more points were available.

Figuré 1l also shows the effect of filter cut-off freguency
setting and two points labellzd "W~ARD Venturi" (also in Fig. 10)

These are derived from venturi cavitation damage tests conducted

at Westinghouse (25) with sodium temperatures of 370 and 595°C
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at the same velocity and cavitation condition. Pulse count
areas were computed for these tests using the same "wave-guide"
probes used in our own tests. No direct comparison is poscgible
- considering the vast geometrical differences involved. However,
if one of these W-ARD points is "forced" to lie upon the U-M
curve (Fig. 11), the other point also-is very close to the
U-M curve, as shown in Fig. 1l. 'Thus the curve-fitting relation
derived between spectrum area and MDPR from the U-M vibratory
tests (Fig. 10) would have allowed a close prediction of the
second W-2RD point from the first. This confirms to some
extent the usability of the pulse count damage prediction
technique for flowing systems from the present vibratory results.
It is also noted (Fig. 10) that the relation between pulse
count spectrum area and MDPR is approximately linear for low
intensities, but becomes exponential for higher intensity.
The linear relation betweer "ares" and MDPR is as expected, since
both are based upon energy concepts, and leads to the concept
of “"cavitation erosion efficiency" discussed later. The
exponential relation for higher intensities may be due to the
complicating nature of repeated blows upon the surface leading
to primarily fatigue-type surface failures, which are no longer

proporticnal to imposed energy.



D. Cavitation Erosion Efficiency

A "cavitation erosion efficiency", has been defined

Jeav
herc as the ratio between cavitation erosion power (as ccmputed
from the product of measured volume lcss rate and ultimate
resilience) and fluild acoustic power (as measured by a micro-
pressure-probe installed in the approximate region where erosion
cccurs). The eroded area used for computation of "erosion power"
is considered to be equal to that of the micro-probe tip (Fig. 3)
through which the pressure pulse signals are received. The
method of computing "acoustic power" is outlined in the fcre-
going and described in full detail in previous project repofts
(20, 27). As previously discussed here, the acoustic power
is proportional to the pulse-count spectrum areas, correlated
with measured MDPR in Figs. 10,11. TheAnecessary probe calibra-
tion to reduce “"area" to energy or power units was accomplished
using a hammer-pendulum device (20) to impact the proke tip.
This device provides loading rates at least somewhat similar
to bubble collapse pressure pulses.

Figures 12 and 13 show computed cavitation erosion efficiency,
Beay 85 @ function of sodium ligquid temperatufe from our vibratory
facility for 2 and 3 bar suppression pressures, and for 70 and
80 kHz filter cut-off frequency settings. At this point it is
not known whether or not the trends shown are significant, since
many further tests and comprehensive analysis yet to be done
will be necessary to determine that point. The major point of
significance now is indicated magnitude of Deav’ which is 10-8;

but which remains within a factor of ~ 5 for all conditions tested.
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No comparisons with cther results are possible, since no
previous werk of this scrt is known to the authors. Intuitively

would be expected that the “erosicn efficiency" would be

[

i
smail. Simple calculations indicated that this must be the case,
since otherwise very much larger cavitation erosion rates would
be observed than is actually the case. The approximate order

the accustic power for these tests (~10 watts) seems reason-

Hy

o
able since vibratory horn input power is of the order of 200 watts,
and that computed for the fluid near the horn tip of the order
100 watts.

An extremely low "erosion efficiency" is also consistent
with results of high-speed motion picture studies of cavitation
fields, conducted here (28,29'eg.) and elsewheré, thch indicate

a ratio of the order 104—109

between the number of bubbles
ohserved collapsing near a specimen suriface and the number of
individual pits and craters found in specimen materials. This
work (28) showed a calculated ratio of bubble energy to pit

9 13

ercsion energy ranging from 10~ to 10 for tests in a

venturi with water and mercury. Thus the presently computed

erosion efficiency of ~ 10 seems roughly consistent anc plausiblz

from whatever scanty past -information is available.

E. Venturi Tests and Bubble Collapse Pulse Characteristics

1. General

As previously mentioned, cavitating venturi tests have been
conducted in this laboratory (14,28,29, eg.) for many years.
For the most part these have used the same general venturi

geometry (Fig. 7) with or without damage test specimens.
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In-iepth damage studies on numerous materials were conducted
(28,22, eg.). Similar tests are being continued under the
present research program, but no rev damage data is available,
for conclusicn in this paper. The new damage tests, however,
will be corr=lated with venturi pulse count spectra as deséribed
in the previous sections. Thus the correlativns already present-
ed including "cavitation erosion efficiency"” (Figs. $-13) can

be verified or modified in light of this new data from a
flowing system. Eventual further verification and comparison
from tests in other laboratery flowing and field systems are
planned. The present work has alreadf produced significant
information on pulse and pulse spectra characteristics, as
discussed in the following.

2. Venturi Pulse Spectra and Pulse Characteristics

Figure 14 shows a typical bubble collapse pulse count
spectrum (30), showing number of bubble collapse pulses vs.
pulse amplitude, obtained using a Kistler micro-probe inserted
'in our cavitating venturi. A conventional nuclear scalar and
multi-channel analyzer with suitable "pulse-shaper" were used
to obtain this data. While the absolute magnitudes are not
available, the genéral shape of the curve is as expected, i.e.,
a maximum number of pulses of reduced amplitude with & reducing
number of pulses at higher amplitudes, following a relatively
smooth curve out to relatively high amplitudes. resumably it
is this high-amplitude portion of the curve which is primarily
responsible for cavitation damage.

Figure 15 shows tvpical vpulse outputs from the U-M probe
{Fig. 3), indicating that, as measured by this probe, the

pulses have a typical width of ~1-4 ns. Calculations (31, eg.)
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and measurements with more sophistiéated probes (10, eg.)
indicate that their actual duration may often be somewhat

less. For present purposes, however, this probe, or a con-

0

venticnal ¥Histler proke which produces relatively similar
results, appears adeguate.

FPigure 16 chows the effect of a "pulse-shaper" which
rrimarily suppresses the following negative and positive probe
outputs resulting from a single bubble collapse. The use of
this component will allow a more meaningful pulse count
spectrum than would otherwise be possible.

F. . Scale Effects From Present Resecarch

1. Vibratory Facility Results

While no new tests on "rotodynamic machines" are here
reported, our present studies dc allow some useful predictions
of trends concerning cavitation damage scale effects. While
the "vibratory facility" results here discussed for water and
sodium do not allow quantitative predictions for flowing systems,
neve;theless the trends shown should be valid. Those which
can reasonably be translated into flowing machine predictions
ére the following.

1) Temperature ("thermodynamic") Effect. It is well
accepted (12,13,15;eqg), and further verified by these tests,
that an "optimum damage temperature" exists for any licuid.
While its value depends to some extent upon other test parameters
including material properties, it can be postulated as a result
of the present tests that it lies between ~ 200 and A/400°C

for sodium and ~40 and ~ 70°C for water at suppression pressures
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-0f interest. Thus it is within the operating range of pumps
for LMEER, but not so for water-cooled reactors. While the

dzmage decrcase at low temperatures is ¢f the order of 50%, it

ct

is very much greater for excessively high temperatures, being

2

at least of the range 107 to 103.

2) Pressure {and Velocity) IDffects. These tests
and cthers before (12,13,15,eqg.) show that thére is an "optimum"
Camage suppression pressure (or NPSH) as well as temperature.
Within the range of operation of vibratorv facilities, the
effect of an increase in suppression pressureis a strong
increase in damage rate, roughly proportional to (NPSH)Q. However,
it is obvious that if NPSH could be increased sufficiently,
cavitation damage would fall to zero as cavitation would then be
completely suppressed. This is obvicusly also true for any
flowing system, and of course it is the present general expecta-
tion that cavitation difficulties are alleviated by increased
KNPSH. An obvious exception, however, are "super-cavitating"
devices, where very low cavitation sigma results in reduced or
non-existent damage. It is also a fairly general observation
in the pump industry that maximum damage often occurs for a cavita-
tion condition near inception. In such a case, a decrease in
NPSH would obviously reduce damage. It is also obvious from
caréful consideration of these points thatan increase in NPSH
(or sigma) could substantially worsen the cavitation damage
situation. Obviously much further research needs to be done

before reascnably confident predictions can be made in this regarg.
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It is hoped ‘that the concept of pulse count spectra and cavita-
tion erosion efficiency here advanced can substantially alleviate
thie situation.

~z "velocity effect” is obviously intimately connected
with the pressure effects discussed above, since pressure

changces ere normally related to changes in V2. -In the case of
cavitation, however, the precise relationship between these
parameters depends upon many other parameters such as geometry,
eg. In a cavitating venturi, eg., an increase in velocity may
only extend the cavitating region without ary corresponding
change in pressure in the region of bubble collapse. In such

a case, the "velocity effect" may be greatly suppressed (28,29,32,
eg.), and may even become negative. Nevertheless for many
roto-dynamic devices, very large "velocity exponents" (-~ 6- a10)
have been observed (33, eg.).

3) Comparison of Water and Sodium Damage Rates. The

present vibratory tests allcw a direct ccmpariscn between sodium
and water damage rates in the same facility. WNo such direct
quantitative comparison for flowing systems exists to our know-
ledge, vet the vibratory results shculd be gualitatively valid.
As already mentioned, damage rate for any liguid is highly
temperature dependent for fixed suppression préssure (or NPSH),
so that a damage-rate comparison between any two liguids is
meaningless unless the relation between test temperature and
maximum damace temperature for those particular conditions is
known or specified. The most meaningful comparison between

liguids such as sodium and water is then in relation to their
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maximum damage temperatures. Under these conditions from our

»

vibratory test results, the damage rate for maximum damage
temperature for sodium is ~ 2.5 x that for water, i.e., ZIrom
engineering viewpoint® their damage rates appear to be of the

seme general magnitude, for the same NPSH. Since densitles of

water and scdium do not differ greatly, the above stated result

world also apply roughly for a comparison at fixed suprression
pressure. While no referencevelocity is involved in the vibra-

tory test, kinematic conditions are fixed for given horn amplitude
and frequency. These were maintained constant for the sodium-
water comparison.

4) Prediction of Damage Scale Effects from Bubble
Collapse Pulse Spectra. Application of the cor-

relations discussed in this paper between bubble collapse pulse
spectra and measured MDPR in laboratory devices through the use
of "cavitation erosion efficiency" will allow the prediction

of velocity, pressure, temperature, and size damage séale
effects in prototype devices, if the same acoustic outputs are
measured and reduced in the fashion described in the foregoing.
In addition, laboratory flowing tests, such as venturi, rotat-
ing disc, etc. can be used to measure the effect upon bubble
coilapse spectra of variation of these parameters, and hence
will allow the "measurement" of their effect upon the mechani-
cal component of cavitation attack. Of course this acoustic
output will not reflect corrosive effects. Thus this technigue
can be used to separate mechanical aﬁd corrosive effects in
various applications. These can also be measured in laboratory

tests, comparing liguids such as tap water, sea water, various
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chemicals of interest, etc. Since the mechanical intensity

can be measured (acoustically), the effects upon total demage

=t
8]

of corresion or other chemical attack can be inferred by

difference.

IV. CONCLUSIONS

The concept of a "cavitation erosion efficiéncy", Beny
is introduced. This is ds=fined here as the ratio between
"erosion power" as manifested by the product ¢f measured erosion
volume loss rate times a meterial parameter representing volume-
tric failure cnergy A » and the cavitation fielgd "acoustic
‘power" as measured by a calibrated micro-probe installed in the
caVitating region. "Acoustic power" as here defined consists
of the area under a bubble col;apSe.spectrum curve. Ideally,
Jeav is a function only of geometrical parameters concerning
the probe location compared to that of the damaged region.
Knowledge of Beav and the measurement of acoustic power as here
described would allow énginéering estimation of eventual damage
rate in a prototype application for any'material, using eventual
more extended laboratory results of the type presented in this
paper.

Relatively good correlation between "bubble collapse puilse
spectra", i.e., "acoustic power” and measured ércsion rate for
a vibratory cavitation faéility is shoﬁn from tests in liquigd
sodium and water‘over a broad range of temperature and suppres-
sion pressure (NPSH/P). Erosion efficiency, gcév is calculated

from this data using ultimate resilience, UR as the pertinent

material failure energy parameter (based on various previous



tests here and elsewhere), giving relatively constant p__ o

over the range of the tests. The validity of UR for this

)

o]
[
a

e
€]
0]
(1)
,..l
(3]
]
(@]
(R
b

urther verified by the present tests,since only

type 304 stai steecl was tected.

les

[
o]

n

A direct comparison of sodium and water in our vibratory
facilityv shows that sodium is ~ 2.5 x more daméging than water,
comparing resﬁlts at the meximum deinage temperature for each
ligquid, and at the same NPSH.

The possibility of an increase in damage for an increase
in NPSH, which occurs commonly in vibratory tests, also exists
for flowiné devices, i.e., there exists an NPSH corresponding
to maximum damégé rate for most devices. Thus the concept of
"optimum"'damaéevpressu;é as well as temperaiure appliés.

Measured bubble coliapée pressure pulses from a cavitating
venturi in water show the width cof such pulses to be 1-4 ns
using our direct submergence micro-probe. A typical pulse
spectrum (number vs. amplitude) shows that pulse number decreases
strongly for increased strength. Presumably it is the relatively
small number of highly energetic pulses which are predominently

responsible for damace.
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FIRST MARK CAVITATION

STANDARD CAVITATION

CAVITATION TO NOSE

VISIBLE INITIATION

RANGE OF DAMAGE ———»

SONIC INITIATION

Fig. 1 - Hypothesized bubble energy spectra for various
cavitation conditions at a constant velocity, for a
given material. Presumably, curves at higher velocity
are generally similar, but at higher n(E) and E. The
quantity n(E) = number of bubbles from those "in
vicinity" of dazmage specimen which deliver an energy
guantum E to the surface of the specimen, znd E =
energy delivered by an individual bubble to the
surface of the specimen,
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Figure 9@ - Spectrum Area vs. Temperature.
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Figure 10 - Correlation of Spectrum Area and MDPR (raw data).
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ure 14 - Spectrum of Pressure Pulses from Venturi (Ref. 30
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Figure 15 - Oscilloscope Output from U-M Probe in Venturi
(no Pulse - Shaper)
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