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Summary

Venturi cavitation erosion tests were performed and correlated with
bubble collapse pulse height spectra measured by a microtransducer. The
effects of the throat velocity and the cavitation number o (referred to the
downstream pressure and throat velocity) on the erosion rate (MDPR)
were studied. The velocity damage exponent was 4.11 for 0.62 < 0 < 0.80,
while the MDPR is almost independent of velocity for o = 0.85. The MDPR
decreases with increased ¢ for 0.62 < ¢ < 0.85. The data were reduced to
“acoustic power” (from pulse height spectra) and ‘“‘erosion power’’ (the
ultimate resilience multiplied by the MDPR). A near-linear relationship
was found between these. Their reciprocal ratio n.,~ 7 X 107!!, For ¢ =
0.62, the data deviated from the others, possibly because of the work
hardening of the eroded surface.

1. Introduction

One of the major present problems for cavitation research is the almost
complete inability to predict field erosion rates, or even their probable
existence, from existing laboratory tests [1]. One possibility to help over-
come this difficulty is to measure and count individual bubble collapse
pressure pulses and to correlate this result with measured erosion rates
from the same facility. Such a study has been previously made [2- 4], and
results have been presented in terms of ‘‘acoustic power” and ‘‘erosion
power”’, Erosion power is defined as the power needed to erode the mate-
rial and to cause the observed pitting or volume loss. The reciprocal ratio
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(i.e. the erosion power divided by the acoustic power) between these quan-
tities was termed the ‘‘cavitation erosion efficiency’ 7.,,. This was found
to be essentially constant: 7.,, ~ 6.8 X 107!! over a very limited test range
for 1100-O aluminum [2]. These tests were conducted in the University of
Michigan Venturi facility (Fig. 1), which was also used in the present tests.
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Fig. 1. Venturi details.

The present study was undertaken to examine the applicability of this
method for predicting erosion rates for various cavitation flow conditions.
Tests were conducted at two throat velocities (36.3 and 49.0 m s™!) under
cavitation numbers o =0.62, 0.70, 0.80 and 0.85, defined with reference
to downstream pressure and throat velocity (0 = (pq — p,)/3pV? where pq
is the downstream pressure, p, the vapor pressure, V the throat velocity
and p the liquid density). Bubble collapse pulse height spectra (PHS) were
measured using the already-developed system [2 - 4]. PHS results reduced
to acoustic power were compared with erosion power measured on test
specimens inserted in the diffuser region (Fig. 1).

2. Experimental procedures

The cavitation tests were performed in a high speed closed-loop Venturi
tunnel. The cylindrical Plexiglas Venturi (Fig. 1) has a throat diameter of
12.7 mm (0.5 in) and a 6° total cone angle around a cylindrical throat
section. Two specimens, located in the same axial plane, were tested simul-
taneously (Fig. 1, specimens 1 and 2). A microtransducer was located in
the same axial plane. The test liquid was Ann Arbor tap water at about
26.7 °C (80 °F), which was degassed by a cold water vacuum deaerator
before each test to a total air content moderately below saturation at stan-
dard temperature and pressure.
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The specimens and microtransducer (Kistler model 601 A) were mount-
ed flush with the diffuser wall in the general region of cavitation bubble
collapse as determined visually (Fig. 1). Of course, the cavitation cloud
length depends to some extent on ¢ and V. The approximate extent of cavi-
tation (“cavitation condition’) is set by adjusting the downstream pressure
for a fixed velocity, which was determined from flow measurement. The
specimen material was 1100-O aluminum (commercially pure annealed
aluminum) machined from bar stock of 6.35 mm (0.25 in) diameter (Fig. 2).
The cavitated surface was polished before the tests with emery papers of
successively finer grades (to grade 600). Mass loss versus time tests were
performed to measure the mean depth of penetration rate (MDPR) (i.e. the
volume loss rate divided by the area) for various flow conditions (Figs. 3
and 4).

Details of the bubble collapse PHS acquisition system are reported
elsewhere [2].
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Fig. 3. Cumulative mass loss vs. time (V = 49.0 m s~ !; uncertainty in cumulative mass
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Fig. 4. Cumulative mass loss vs. time (V = 36.3 and 26.0 m s~ !; uncertainty in cumulative
mass loss, £0.05 mg).
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3. Experimental results and discussions

3.1. Mass loss tests

The cumulative mass loss versus time under various cavitation condi-
tions is shown in Figs. 3 and 4. Tests were carried to total duration of 8 h,
and specimens were weighed at least hourly. Curves for specimens 1 and 2
distinguish results from the two specimens located at the same axial but
different angular positions. Marked rate differences between specimens
1 and 2 occurred, especially for low ¢. Similar results had been found pre-
viously [4 - 6]. Thus these differences do not result from the present experi-
mental procedure but probably from flow asymmetries due to characteristics

of the tunnel and the erosion process.
Effects of ¢ on the mean MDPR (full test duration) at fixed velocity

are shown in Fig. 5. In the present tests, the MDPR decreases for increased
o for 0.60 < 0 < 0.85, which is the usual result for most machines (see for
example ref. 1). However, damage must vanish for very low ¢ because of
the low suppression pressure py — p,, even though the number of bubbles
is then at a maximum. Therefore, this portion of the curve is hypothesized
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Fig. 5. Effect of cavitation number ¢ on the MDPR (uncertainty in MDPR, +0.2 um
h™):0,V=49.0ms 1,0, V=36.3ms !;® V=260ms

Fig. 6. Effect of velocity on the MDPR (uncertainty in MDPR, 0.2 yum h™!): 0, g =
0.62; 0, 0=0.70; @, 6=0.80; ® 0=0.85;1, 0= 0.56 [7];], 0=0.61, 0.62 [7];7, 0=
0.76 [7].

by the broken lines in Fig. 5. This speculation is verified in the vibratory
tests (see for example ref. 1),

The velocity effect on the MDPR at constant ¢ was explored (Fig. 6).
The logarithmic curve slope is almost the same for ¢ = 0.62 and 0.70, giving
a ‘‘velocity exponent” of 4.11, which is consistent with our previous results
[7]. However, the MDPR for the highest o tested (least developed cavitation)
is independent of velocity (discussed later).

Figure 7 shows the effect of 0 on the cloud length for various velocities.
The cloud length increases for decreasing ¢ as expected, almost indepen-
dently of velocity. This result is consistent with that of other researchers [8]
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and, if length is truly velocity independent, it follows “classical’’ cavitation
scaling laws. However, more careful examination (Fig. 7) shows that, for
decreased velocity, cloud length does increase to some extent. Thus a cavita-
tion “scale effect” occurs. For 0 = 0.80 and 0.85, the erosion specimens are
out of the apparent cavitation cloud for all velocities, while they are well
within it for 0 = 0.62 and 0.70. However, high speed photographs (see for
example ref. 1) show that more energetic bubbles often penetrate beyond
the steady state cloud termination. That erosion damage for o = 0.85 is
almost independent of velocity may be due to the fact that specimens are
located downstream of the region of apparent bubble collapse. Damage for
low ¢ was much more severe and was heavily dependent on velocity. The
usually expected exponent of about 6 was not obtained in these tests,
which is consistent with other Venturi tests elsewhere (see for example
refs. 1 and 7).

3.2. Bubble collapse pulse height spectra

The effects of acquisition time on PHS are shown in Fig. 8. The choice
of acquisition time (1 - 30 min) has little effect (Fig. 8). Since 10 min
suffice to obtain good results, it was chosen to reduce the test time to a
reasonable value to assure stable data.
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PHS data under various cavitation conditions are shown in Figs. 9 - 11.
While PHS for ¢ = 0.62 are strongly affected by throat velocity, they are
independent of velocity for the higher values of ¢ (0.80 and 0.85), which is
consistent with MDPR results (Fig. 6).

Acoustic power was calculated from the PHS data. The energy e per
unit surface area radiated by a pressure wave is given [9] by

— 1 r 2
e= ;50f {p(t)}? dt (1)

where C is the sonic speed in the liquid, p(t) the instantaneous pressure and
p the liquid density. An integration time interval AT of 2 us was chosen on
the basis of high speed photographs of bubble collapse in a similar Venturi
[10]. Constant p, and thus square pulses, is assumed during this short
period. Then egn. (1) becomes

AT

=_2 2
e pCp (2)

For a large number of bubbles it is assumed that e has a distribution
fi(e) so that
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Fig. 9. PHS (V=49.0ms™!): 0, 0= 0.62;0, g = 0.70;9, g = 0.80; ®, ¢ = 0.85.
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E= [ efi(e)de (3)
0

The distribution f,(p) of p is given by the PHS data (Figs. 12 -14). The
next step is then to obtain the relationship between f;(e) and f(p).
Since e is a monotonically increasing function of p for e = 0 (eqn.

(2)), f1(e) is given [11] by

dp
fl(e)=f2(p)(d— (4)
e
From eqn. (2),
dp  pC
de 2 AT
and
pC
fi(e) = 5 Asz(p) (5)

Substituting eqns. (2) and (5) into eqn. (3), the total energy for a large
number of bubble collapses can be given in terms of the pressure distri-
bution:
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Fig. 13. Bubble collapse pits for 1100-0 aluminum (optical microscopy): (a) 36.3 ms !,

¢=0.62 1min;{b)49.0 ms™!, ¢ =0.70, 10 min. (Magnifications, 70x.)
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Figure 12 shows the relationship between acoustic power and erosion
power on a logarithmic scale. The latter is here defined as the product of
the ultimate resilience (the ultimate resilience is given by the tensile strength
squared divided by twice the elastic modulus) with the MDPR. Except for
o = 0.62, the data points are approximated by a curve. In the lower acoustic
power range below 1.4 X 10° W m™2, the erosion power has almost a con-
stant value. This may be because part of the damage is due to corrosion
rather than mechanical erosion. The erosion power increases with acoustic
power in the regime above 1.4 X 10° W m™2, having a gradient of about 1.
This means that the erosion power increases linearly with acoustic power,
which is consistent quantitatively with our previous result that 7., ~ 6.8 X
107! (broken line) [2]. Data points for ¢ = 0.62 deviate substantially from
the others.

For example, the number of collapse pulses for ¢ = 0.62 and V = 36.3
m s~! is much higher over the whole range of amplitudes than that for
0=0.70 and V=49 m s™! (Figs. 9 and 10). The eroded surfaces at the
beginning of these tests are shown in Fig. 13. The number and size of pits
for 0 =0.62 and V = 36.3 m s ! are larger than those for ¢ = 0.70 and V =
49 m s !. However, the erosion power is almost the same for all these
conditions (Fig. 12). A schematic representation combining Figs. 9 and 10
is considered in Fig. 14. If regions I and II are assumed to represent pit
formation and work hardening respectively, the total number of pulses
for work hardening, as well as for pit formation, is much higher for ¢ =
0.62 and V=36.3 m s ! than for 0 =0.70 and V =49.0 m s”!. However,
pit sizes become smaller for ¢ = 0.62. The erosion rate remains the same.

It was previously reported that pure aluminum was work hardened
by vibratory cavitation [12]. Therefore it is considered that the deviation
of the data points for 0 = 0.62 may be caused by the work hardening of
the eroded surface.

4. Conclusions

The following major conclusions can be drawn from these Venturi
tests.

(1) The volume loss rate (MDPR) decreases, at constant velocity, with
increasing ¢ within the range tested. However, the MDPR increases with
velocity for the lower values of ¢ tested (0.62 < ¢ < 0.70).

(2) The relation between erosion power and acoustic power was ap-
proximated by a single curve, except for ¢ = 0.62. The ratio of erosion
power to PHS acoustic power above 1.4 X 10° W m™2 (i.e. the cavitation
erosion efficiency 7.,,) was about 7 X 10™!!, which is consistent with the
previous result. However, the results for ¢ = 0.62 deviated substantially
from the others. This suggests that work hardening of the eroded surface
should be taken into account, if the erosion is to be estimated from the
acoustic power.



130

(3) In the lower acoustic power range (less than 1.4 X 10° W m ?),
the erosion power has an almost constant value. This may be because damage
was affected substantially by corrosion rather than by mechanical action
alone.
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Appendix A: Nomenclature

C sonic velocity
e energy per unit area of acoustic wave
E total energy per unit area of acoustic wave for many bubble collapses

fi(e) distribution function of energy e



f2(p) distribution function of pressure p

p
Dy

Pv
P

AT

Q© <M

pressure of acoustic wave

downstream pressure

vapor pressure

acoustic power

time interval of pressure wave

sampling period for pulse height spectra
throat velocity

liquid density

(Pa — pv)/5pV?, cavitation number
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