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\!New results from cavitating venturi water tests are used to reinforce

the concept of "cavitation erosion efficiency'", previously developed
here from tests in a vibratory facility with both water and sodium.('379').‘9
This concept emerges from a technique herein described to allow a priori
prediccion of eventual cavitation erosion rates in flowing machines.
Bubble collapse pulse height spectra obtained from submerged microprobes
are correlated with measured erosion rates in given laboratory and/or
field devices to allow this prediction. Preliminary results from such
correlations, along with other measurements of the effects of gas content,
velocity, and cavitation condition upon "mechanical" cavitation intensity
as measured by the pulse height spectra, are here presented.

New results from vibratory facility tests in tap water and synthetic
sea water upon three materials of variable corr&dibility (304 ss, 1018
carbon steel, and 1100-0 aluminum) are also presented. The ratio between
maximum erosion rates for the salt and fresh water tests are found to
increase toward unity as the mechanical cavitation intensity is increased,
i.e., increased MDPR. This is expected on theoretical grounds.

Finally, the relation between incubation period and maximum MDPR is
examined from the vibratory test results, and found to depend upon the

material properties as well as the fluid-flow conditioms. ~

it |
'_-/‘ )

AGCESS!IN o

s White Sectise |
e Buit Sxctica 4
SNANNOURCED O

DISTRIBUNICR /A¥LY

T pet




T W TV PN TR

I. INTRODUCTION !
One of the major difficulties facing designers of liquid-flow machinery |
where cavitation is a possibility, is the present almost complete inability
to predict eventual cavitation damage rates, or even their probable existence,
from reasonably practical laboratory tests. Hence very expensive long-term
cavitation damage tests in near prototype scale conditions are often necessary.
The primary purpose of the University of Michigan research here described is
to provide new data and techniques from laboratory-scale work to help to
bridge this gap in predicting capability.
It is hoped to attain this goal by using relatively more sophisticated
acoustic techniques than have been generally applied to this problem in the
past. The relationship between general cavitation noise and erosion has been
recently studied in several laboratories (1-7, eg.) for the purpose of predict-
ing eventual damage rates. While no very general ;uccess has been attained,

a relatively good relationship between noise level and damage rate for specific

units has been observed. We hope to improve the general utility of acoustic

measurements for damage prediction by a more pertinent and sophisticated
analysis of the acoustic data. Rather than using total noise amplitude, or
amplitude within a fixed frequency band (1-4, eg.), we have analyzed the noise
in terms of a spectrum comprising the number of pressure pulses and their
individual amplitude. Our initial results used a relatively standard cavitation
damage "vibratory facility" (8,9), and produced quite "good" correlations
between spectral "areas" and measured damage rate (MDPR = "mean depth of
penetration"), as shown in Fig. 1. We further (8,9,eg.) presented these

results in terms of a "cavitation erosion efficiency" (Fig. 2), which we defined
to be the ratio between measured acoustic power in the cavitation field and

"erosion power". This latter term we defined to be the product of volume loss
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"ultimate resilience".

rate and material failure energy, here considered to be
This "cavitation erosion efficiency" (Fig. 2) was found to be numerically
very small, as would be intuitively expected, but also remained relatively
constant over a broad range of test temperature and pressure (8,9, eg.),
strengthening our belief in the probable validity of the concept. Figure 2
(8,9) is typical.

Similar instrumentation installed in flow machines would allow an a priori
prediction of eventual damage rates to be encountered in such machines. Such
a prediction is not otherwise possible within the present state of the art.
Somewhat related preliminary results are also reported from Japan (5,6, eg.)
and Russia (7).

The present article provides related preliminary results from a water

venturi system, as opposed to our previous water and sodium (8,9, eg.)

vibratory facility results. It also presents new vibratory results designed

to separate mechanical and corrosive cavitation erosion, using tests in fresh
and salt water with materials of differing degrees of corrosivity, tested over
a range of mechanical "intensities'". Presumably the pulse spectra measure such
mechanical intensities, but are insensitive to corrosive intensities. This
portion of the present work will be discussed next.

II. SALT AND FRESH WATER VIBRATORY TESTS (10)

Three materials of varying corrodibility were tested in synthetic sea water
(2.4% by mass NaCl) and in Ann Arbor tap water. These were 1100-0 aluminum,
304 stainless steel, and 1018 (cold-rolled) carbon steel. The "mechanical"
cavitation intensity was varied for these tests by varying either/or suppression
pressure* or liquid temperature. Two and three bar suppression pressures
were provided by compressed air cover gas, and liquid temperature was varied

from 20 to 105°C. Peak to peak horn amplitude for these tests was 1.5 mils

*Suppression pressure = P-P, = NPSH x ¢s P, = vapor pressure
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(38 pm), and horn frequency 20 kHz in all cases. Maximum MDPR** and
incubation period*** were measured for each condition. All raw data and
other full test details and results are reported elsewhere (10).

Figures 3 and 4 show the relation between the maximum MDPR ratio between
fresh and salt water tests, and maximum MDPR itself, for 304-SS and 1018
carbon steel, respectively. For simplicity and reproducibility, the calculated
least mean square best fit lines are shown, rather than best curves. For all
three materials (10) the ratio increases toward unity for increased MDPR,
which indicates for these tests primarily an increased mechanical intensity.
The trend was greatest for carbon steel (Fig. 4) as might be expected, and
least for aluminum, with 304-S§ (Fig. 3) intermediate.

Figure 5 shows the relation for these tests between incubation period and

maximum MDPR for 304-SS. Again the best least mean square fit straight line

E is computed and shown. It would be expected on intuitive grounds plus much

previous test experience, that increased MDPRmax would correspond to reduced
incubation period, both corresponding in general to increased cavitation ;

intensity for a given material, or to weaker materials for a given intensity.

However, the inverse trend is shown in Fig. 5 for 304-SS and is even more
pronounced for 1100-0 aluminum (Fig. 6). The curve for carbon steel, not
shown, is similar to that for 304-SS (10). However, the correlation

coefficients are low so that these trends may not be meaningful,

Figure 7 combines data for all materials in terms of Incubation Period vs.
i MDPRhax' In general the expected overall trend of decreasing
incubation period for increasing MDPRmax is shown, but there is an unexpected

intermediate minimum when results for all material are combined on the

**MDPR = mean depth of penetration rate based on total surface area.
***Incubation period is here defined as the intercept on the abscissa
of a curve of weight loss vs. test duration of the tangent drawn from
the maximum slope portion of the curve.
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same plot. This is caused by the strong inverse relationship for aluminum
as compared to the other materials. These results all indicate that the
relationship between incubation period and MDPRmax differs substantially
according to the material tested.

III. VENTURI PRESSURE PULSES AND DAMAGE (11)

A. Apparatus and Procedures |

The venturi tests were made in our High-Speed Water Loop (12), capable
of throat velocity up to A' 65 m/s. ?igure 8 is a schematic of this facility.

While there are no valves in the loop, any desired cavitation condition and

throat velocity can be attained through adjustment of pump speed and surge

; tank (connected to the low-pressure tank) cover gas pressure. Some degree of
K deaereation (to ~ 30% STP) is possible through a bypass stream into a vacuum
spray tank. Air content is measured by Van Slyke, Any desired "degree of 4

cavitation” in the test venturi can be obtained by a suitable adjustment of

surge tank pressure and pump speed. A cooler is installed within the downstream
tank to allow some control and adjustment of liquid temperature, by balance
between input pump-work and cooler heat loss.

Figure 9 shows the plexiglass venturi used for the present test series,

including positions of acoustic microprobes, damage specimens, and the extent

of the cavitating region for cavitation conditions I and II. The venturi

had been used for previous tests of a somewhat different type, and hence the
additional complicating features, which are not pertinent to the present work.
As indicated in Fig. 9, the erosion sample and the two microprobes are located

in the same plane, which is normal to the venturi axis at a point downstream

of the throat exit. Thus, assuming axial-symmetry, the erosion specimen
(located flush with the venturi diffuser wall) sees the same cavitation field

as the two microprobes, which are also flush with the wall. Thus a direct
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correspondence is obtained between pressure pulsations as measured by the
two microprobes, and erosion and pitting, at an identical flow field location.

For cavitation condition II, the apparent end of the cavitating region is
the plane of the probes and erosion specimens (1100-0 aluminum for the
present tests). For cavitation condition I, the visually apparent cavitation
ends 35 mm upstream of the probe position (Fig. 9). Of course some more
energetic and larger bubbles no doubt penetrate further.

Figure 10 shows the pressure microprobe designed and developed here
(U-M probe). It was designed for use in liquids (such as liquid sodium) at
temperatures to ~’600°C. Sodium high-temperature tests were in fact performed
in our vibratory facility (8,9), although such temperature capabilities were
not required for the present tests. However, the necessity for high temperature
performance with this probe did limit its natural frequency to ~ 0.1 MHz.

It was calibrated against a commercial Kistler probe, Model 601aA » Wwhich
also proved to have a natural frequency of about the same magmitude, Both probes
were used in the present work, to investigate the degree of axial-symmetry of
the cavitation field.

Ideally, the pulse height spectra for the various system conditions would be
obtained via a multichannel-analyzer (MCA). However, the complexity of the
actual signal (Fig. 11) makes this approach difficult. On theoretical and
experimental grounds (13, eg.), it is most likely that in many cases the rise
time of the pressure pulses seen by the probes is well less than 1 J8, perhaps
as little as 20 nanoseconds (13). Since the period of the resonant vibration
of each probe is ~ 10 jus, it is clear that these cannot faithfully follow the
pressure pulsations generated by the collapsing bubbles. Thus a single nearby
collapse will generate a probe signal rise characteristic of its own natural

frequency, no doubt seriously truncating the actual pulse amplitude. In




o

addition, the initial impulse upon the probe will be followed by probe
"ringing" as seen clearly in Fig. 11, where the simultaneous outputs of
both probes are displayed, and seen to be quite similar. The small background
noise in the absence of large pulses is probably primarily due to fluid

turbulence and otner noises of electronic origin.,

It is apparent from Fig. 11 that a simple MCA counting circuit would register

many collapses for each actual collapse due to the ringing of the probes.

M b Ak bl e

Thus a pulse-shaping circuit would be required for an eventual automatic device
of this type for measuring cavitation mechanical intensity. For the moment

we have preferred to postpone this approach in favor of a more "manual" one
capable of providing much basic information on the actual signals obtained,

and hence on the actual features of the bubble collapse, before launching

into the design of a more automated MCA-type circuit. An alternative overall

approach would be the development of microprobes of higher natural frequency,

and this avenue may be pursued in the future. However, the final probe design

must possess sufficient ruggedness to allow its application in various field
conditions, so that eventual frequency response may be limited to the approxi-
mate range now obtained.

For the present study, pulse height spectra were developed by means of
oscilloscope photographs and a threshold triggering circuit. Low frequency
input, not of interest for cavitation bubble collapse, was suppressed by a

high-pass filter set at frequencies < 90 kHz. Very numerous scope photos

were taken for each of the different system parameters investigated because
of the very large variations in pulse counts at different amplitudes: 106-107/min.
for low amplitudes vs. 10/min for large. From the viewpoint of cavitation
damage it is of course only the large amplitude pulses which are of interest.
This is confirmed by the already well known observation from high-speed

motion-picture studies that only one in 4/104-106 bubbles, appearing to collapse
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near the surface, produces a visible crater even in soft materials (14,15, eg.).
Simple numerical calculations based upon such prévious motion pictures from
our venturi (14, eg.) indicates that the number of bubbles traversing the

venturi is such that on the average they should be well-separated, so that

generally there should be little acoustic interference between different

bubble collapses.

B. Experimental Results and Discussion (11)

1. Pulse Details

Figure 11 shows oscilloscope output from the Kistler and U-M probes
for cavitation condition I and downstream pressure of 1 bar (gage) for as20°C
water so that vapor pressure is negligible. Throat velocity for this condition
(Table 1) isaJ12 m/s. It is assumed that each of the individual pulse groups
are due to the collapse of single bubbles. In those cases where each probe
registered approximately identical outputs, it is p;esumed that the bubble

collapse occ =d approximately equally distant from the two probes; i.e.,

not adja= 2ither. This is the case for the first collapse in the
upper nd photo. The second collapse seen by the Kistler in that case
was apparently not seen by the U-M probe, thus presumably taking place close |

to the Kistler in that case. However, detailed examination of many such photos

indicated no systematic difference between the two probe positions, thus confirm-

ing the essential axial-symmetry of the flow. Also as observed in the upper

right-hand photo and elsewhere (Fig. 11), the first peak in each group is

often not the highest. This may indicate that the registered amplitude is
often severely truncated by the insufficiently fast response of the transducers.

Further examination of Fig. 11 indicates the validity of the assumption that

only single bubbles are in general active at a given time; hence the relatively

large time-axis spacings between the pulse groups.
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Figure 12 shows a direct comparison of the pulse count spectra generated
from the Kistler and U-M probes exposed to the same cavitation field.
While there is some slight difference between the spectra so formed, it is
not great. In this particular case the U-M probe "sees'" a somewhat greater
number of collapses than does the Kistler,
2. Pulse Count Spectra
a. General
Figure 12 shows typical pulse count spectra generated from each
probe in terms of "counts"/min. vs. peak pressure (psi). As already explained,
the "counts" are the number of bubble collapses registered by the transducer.
Pulse groups such as are shown in Fig. 11 are considered to correspond to a
single collapse and thus form a single "count'". Obviously some personal
judgment is required for interpretation and some imprecision will result
when the pulse count spectra are determined in th1§ way. However, these are
necessary disadvantages at this stage in the development of our technique,
Figure 13 compares pulse count spectra in terms of counts/min. vs. peak
pressure (maximum observed amplitude from transducer output) for various
of the conditions tested, investigating the effects of throat velocity
(downstream tank pressure), extent of cavitating regime (cavitation conditioms
I or II - see Fig. 9), and gas content. The investigation of none of these
effects is as yet complete. However, the preliminary results here presented
show the interdependence of the pulse count spectra on all of these dependent
parameters of this experiment.
b. Gas Content Effect
Gas (primarily air) content for these experiments, measured by
conventional Van Slyke apparatus, was varied between a maximum of slightly

more than saturation at STP ( ie, ~ 2.0 vol.%) to a fraction of that value




(a 0.6%, saturation at STP, i.e.ar 1.2 vol.%). For most of the runs the
lower gas content was used, producing the upper three curves in Fig. 13.
High total gas content (w4 2.0 vol.%) somewhat in excess of saturation (STP),
was used for the lower three runs depicted (Fig. 13). A direct comparison
is possible between the upper condition II curve for 25 psig back-pressure,
and the lower condition II curves for 1 bar and 5 bar. It is apparent that
the number of counts producing any given peak pressure on the transducer
was reduced by a factor ~ 102 for the higher air content runs. If it is
assumed that the spectral areas (areas under N vs P curves) are roughly pro-
portional to count number at a given peak pressure, and that damage rate is
roughly proportional to spectral area (8,9,eg.), then damage rate (MDPR)
would be reduced by n1102 by such a change in gas content. No definite
conclusions of this type can yet be drawn from the present work, since no
quantitative erosion measurements have as yet been made. However, it has
long been known (15-17, eg.) that an increase of air content in this range
does significantly reduce MDPR.

c. Throat Velocity and Downstream Pressure

Throat velocity increases with downstream pressure for a given
cavitation condition (as shown in Table 1) in this venturi facility, and of
course the expected strong increase of MDPR with velocity is well known
(15-18, eg.). This effect is strongly illustrated also in Fig. 13 for the
three high air content runs in the lower portion of the curve sheet. However,
the effect is opposite for the two low air content rumns at cavitation condition
I in the upper portion of the curve. Again, since no quantitative damage
data has been obtained in these tests, no final conclusions can be drawn.
However, only a small velocity-damage effect was observed here in previous

tests (14) with the same venturi geometry.
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d, Cavitation Condition Effects

The effect of cavitation condition, i.e., extent of cavitating
region (Fig. 9), for fixed downstream pressure, i.e,, approximately fixed
velocity (Table 1), is shown in Fig, 13, by comparing two of the upper
curves (25 psig back-pressure). The pulse count at large peak transducer
pressures (important for damage) are greater by ~ 10 x for condition II.
Thus the more fully developed cavitation condition II produces a higher
pulse spectra than the cavitation condition closer to inception, i.e, I.
This is partially because the probes are also located at pecgition II (Fig. 9).
Thus presumably less damage would be caused by condition I than by condition
II to damage probes located at II. This result occurs in spite of the fact
that the bubble collapsing pressure at the probe position (II) is greater for
the less developed cavitation. Even though the cavitation region vusserved
with the unaided eye in condition I does not extend to the probe #usition,
presumably a sufficient number of large and energetic bubbles do penetrate
that far. This conclusion is consistent with previous damage tests in this

venturi (14,15, eg.).

e. Probe and Actual Surface Peak Pressure Amplitudes (11)

The peak pressure amplitudes seen by the microprobes (Fig. 13, eg. -

3 see ref. 11 for full details and other examples) extend up to aJlOz psi,
obviously much too small to be damaging even to the 1100-0 aluminum specimens
used. Yet considerable damage was obtained (Fig. 14) for many of the condi-
tions tested in runs of only 15 min. duration. It is thus obvious that the
measured pressure amplitudes are much smaller than those actually existing

{ on the surface. In our opinion there are two major reasons for this discrepancy.
The first and most obvious is geometrical. The active area of the probes

(#5 mm dia.) is much greater than the presumed microjet or shock-wave
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diameter from a bubble collapsing on, and/or rebounding adjacent to,

the damaged surface (19, eg.). In a previous study here by Kling (19, eg.)
using 106 Hz motion pictures, the jet diameter appeared to be ~ 0.1 mm
from an initial bubble diameter ~# 3 mm. Thus the jet (or impinging shock)
area is probably /!-1102—104 that of the probe, giving a possible pressure

multiplying factor of this order of magnitude, on geometrical accounts.

A second reason for the discrepancy between measured and actual surface
pressures is the "inefficiency" of the probes themselves in recording possible
nanosecond rise times (13, eg.),since probe natural frequencies are ~ 0.1 MHz.

It is impossible to assign a definite value to the effect of the probe inefficiency,
but we believe the factor could well be >»10. Thus there may well be a total

L factor ~ 103—105 between measured and actual surface pressure magnitudes,

so that peak surface pressures ~~ 105—107 psi are indicated. Consideratiomns

such as damage to very hard materials make this range appear credible. Thus

the present probes are not suitable for measuring actual surface bubble-

collapse peak pressure amplitudes. However, the results should be at least

roughly proportional to those measured and the pulse-count spectra can be

used for damage prediction, once they are "calibrated" in an actual cavitation

flow. This will be accomplished in the present study when actual MDPR and

§ pit-count data become available, hopefully in the relatively near future.

3. Pulse Count Spectra and Erosion

Figure 15 shows the pulse count spectra developed for six different
system conditions taken on the same day, using the same loop water, to avoid
any variations on that account. At the same time, 1/4 in. (6.4 mm) diameter
1100-0 aluminum damage specimens were inserted flush with the wall at the

same axial position as that of the microprobes (Fig. 9), and exposed to 15 min.

of cavitation in each case, during which time the pressure pulse spectra

5
|
E
|
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were generated. Thus in this condition there is one-to-one correspondence
between the pulse spectra and the damage observed. Figure 16 is a schematic f
representation of the damage obtained, and Fig. 14 shows scanning electron
microscope pictures of the damaged specimens. No exact pit counts or
weigh loss measurements were made for these initial damage tests. However,
it is apparent that significant damage was obtained only on specimens #4,5,
and 6, and that these correspond to spectra showing appreciable numbers of
counts in the higher peak pressure region. This is particularly true of

#4 and 6, while #5 is somewhat more marginal. A close examination of #5

shows less damage than for #4 and 6. Thus at least a qualitative correlation
between pulse count spectra and observed damage was obtained for these pre-

liminary tests. More precise damage tests are planned for the near future.

IV. CONCLUSIONS
1. Cavitation damage tests in a vibratory facility in synthetic sea water
and tap water, over a range of temperature and pressure conditions, with

three materials of varying degrees of corrodibility, indicate that the ratio

between maximum MDPRs for salt and fresh water tests increases toward unity
as the "mechanical" cavitation intensity is increased, either by increasing
suppression pressure or varying liquid temperature toward the maximum damage

condition. This result is expected on theoretical grounds.

2. The expected trend of increased incubation period for reduced maximum

MDPR is verified for these vibratory facility tests for all the materials considered

togethered,ie., 304-8S, 1018 carbon steel, and 1100-0 aluminum. However, it is clear that i

precise nature of the relationship between incubation period and maximum

T T Y T

MDPR depends on the properties of the materials themselves.
3. A technique involving pulse height spectra from submerged pressure
microprobes has been developed and used in a cavitating water venturi to

measure cavitation bubble collapse "mechanical" intensity, and to correlate




this parameter with observed erosion, Only a qualitative correlation has

yet been obtained in the venturi, although more precise correlations were
previously obtained here using a more preliminary version of the same system
in our vibratory facility (8,9).

4. Pulse height spectra have been used in the present study to measure
the effect upon "mechanical" cavitation intensity of various parameters
such as total gas content, throat velocity, and cavitation condition (extent
of cavitating region). The results are reasonably consistent with previous
expectations in these regards.

5. The microprobes used (one developed here for high temperature use
and one commercial) are suitable for the purpose of providing a practical
means of measuring mechanical cavitation intensity, and thus providing an
3 priori prediction of eventual erosion rates, pertinent to various flowing
laboratory and field devices. The resultant pulse.height spectra can be
used to measure a 'cavitation erosion efficiency" which compares acoustic
power delivered to an erodad surface with erosion power, defined as the
product of material ultimate resilience and volume loss rate (8,9).

6. The microprobes used are not capable of following in detail the pres-
sure pulsations resulting from bubble collapse in a cavitating field , due
to insufficient time response rate. However, for probes of practical
utility and adequate ruggedness, it may not be possible to improve this
situation greatly. The present probes appear adequate for the purpose of

damage prediction.
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1 ATM

Table 1

Summary of Venturi Test Parameters

\ v

Pout

_out L 1L

(psig) (m/s) (m/s)
Q 11.6 14.7
10 13.7 16.8
25 18.9 22.9
50 28.9 36.6

outlet pressure from venturi
venturi throat velocity at cavitation condition - 1
venturi throat velocity at cavitation condition - II

14,7 psi
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Fig.3. Ratio of Maximum MDPR(s), Fresh/Salt Water vs, Maximum MDPR(s)

for Fresh Water (SS-304) @
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Fresh Water

Fig4 - Ratio of Maximum MDPR(s), Fresh/Salt Water vs, Maximum MDPR(s)
for Fresh Water (C/S1018) :

Cs -1018 i

Slope = 0.084
Y-Intercept = 0,455
Corr. Coef, =0,7255
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Fig. 5 -Incubation Period vs. Maximum MDPR for SS-304
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Fig. 6 -Incubation Period vs. Maximum MDPR for 1100-0 Alum,
-in Vibratory Facility -

slope=,0462
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Fig. 12 Comparison of U-M and Kistler Microprobes

Integral Distribution of Pressure Pulses
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Fig. 14
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Fig. 14 cont.
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