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ABSTRACT

The mechanisms of mechanical cavitation and liquid
impingement damage are reviewed. In the light of available ex.
pPerimental and photographic evidence it is concluded that the
predominant mechanisms in real flow situations of mechanical
cavitation damage and liquid impingement damage are very
probably the same, i.e. liquid jet impingement in both cases,
Numerical data relating to the microjet diameter and velocity
in the cavitation case is presented,

A comprehensive data set involving only metallic ma-
terials, but with tests conducted in several types of cavitation
facilities as well as liquid impact facilities, is used to obtain a rela-
tively simple best fit correlation in terms of conventional me-
chanical properties of materials. It is concluded that no very
precise correlation of this type with general applicability even
for metallic materials is possible, and that a standard error of

estimate factor for a new material is of the order of 2.5.
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IMPACT AND CAVITATION EROSION AND
MATERIAL MECHANICAL PROPERTIES

I. INTRODUCTION

The detailed mechanisms whereby cavitation or liquid
impingement cause damage to even the strongest of materials are
undoubtedly extremely complex. In the case of either phenomenon,
mechanical effects are apparently usually predominant, although in
both cases corrosive effects are also more or less important,

While either phenomenon as encountered in the field may often in-
clude both significant corrosive and mechanical influences, the
combined phenomena in the present state of the art seems too com-
plex for useful basic study. Hence, most laboratory investigations

of cavitation or liquid impingement have been conducted with ma.-
terial-fluid combinations and intensities suchthat mechanical effects
predominate, The present paper concerns only the basic mechanisms
involved in mechanical attack from either cavitation or liquid im-
pingement. In addition, the correlation of volume loss rates from
cavitation or liquid impingement with material mechanical properties

is discussed along with the statistical merit of various correlations.

II. MECHANICAL DAMAGING MECHANISMS IN CAVITATION
AND LIQUID IMPINGEMENT,

A. Bubble Collapse Contours

As is well-known to cavitation researchers, it has been
usually assumed from the time of Rayleigh's original bubble collapse
analysis(l) until recent years that mechanical cavitation damage re-
sults from the imposition of essentially spherical shock waves pro-
mulgated through the liquid from the site of bubble collapse onto
adjacent material surfaces. Theoretically, extremely high shock
wave pressures are possible during collapse, and even more im-

portant, during subsequent rebound, This is true as recent numerical



studies have shown, even when the real fluid properties of com-
pressibility and viscosity are considered(z' 3). In addition,it is
to be expected on theoretical grounds that the bubble centroid
will move appreciably toward an adjacent surface during collapse(4’ >)
so that the shock wave attenuation to be expected if the bubble cen-
ter were stationary(z' 3) is reduced. However, the probable impor-
tance of this mode of collapse and damage in real flow situations
is greatly reduced in the author's opinion by the fact that it requires
a very large ratio, about 103 to 104 (3) between initial and final
bubble radius to generate shock wave pressures of the magnitude
necessary to explain observed pitting in strong materials. Recent
experimental evidence, some of which is briefly reviewed below,
indicates the improbability of such collapse radius ratios in real
flow situations, as well as the likelihood of the production of damage
in many situations by a liquid microjet which forms as a result of
the asymmetric nature of bubble collapse in real situations, In
those cases where cavitation damage is the result of microjet im-
pingement it is clearly closely analogous to liquid drop or jet im-
pact damage, except perhaps for the effect of scale, i.e., the drop
or jet has a diameter which is probably many times greater than
that of the microjet in cavitation. It is then probable that the micro-
jet velocity must be greater than that in the impact experiments
if damage to equally hard materials, as is observed, is to occur.

The collapse of a cavitation bubble through the radius
ratio necessary to produce the observed pitting requires that a high
degree of spherical symmetry exist. It has been shown theoretically(é)
that a spherical collapse is unstable even if asymmetric influences
are minimal. In an actual flow situation involving cavitation damage,
very strong asymmetries are caused by the proximity of a wall

(necessary if damage is to occur), pressure gradients, velocity

gradients, influences of turbulence, etc. Thus a spherical collapse



through more than a small radius ratio is unlikely before a micro-
jet develops. This has been shown experimentally to be the case by
various previous investigators”' 8, 9,10, etc.). Fig. 1 shows recent
frames from a high-speed motion picture sequence obtained in our
laboratory showing a spark-generated bubble in a water venturi
collapsing adjacent to a knife-edge of aluminum, which is oriented
parallel to the flow. It is clear that the effective radius decreases
by a factor of about 10 before a microjet is formed. This then
impacts the soft aluminum at about 100 m/s, which is sufficient to
cause a crater. The bubble centroid moves appreciably toward

the wall during this sequence. After the impact the bubble ''re-
bounds'' to an appreciable fraction of its initial size. It is possible
to locate the single crater formed by such a single microjet impact,
In this experiment, where the important parameters are under very
close control, it is thus possible to produce a crater with a single

(1, e.g.) with random

bubble implosion. Actual flow experiments
cavitation fields normally showing a ratio of 104 to 105 between bubbles
observed to collapse adjacent to surface and individual craters
actually formed. The fact that such a large ratio is found for a ran-
dom cavitation field, but that for carefully controlled collapse a

unity ratio can be obtained (Fig. 1) is indicative of a very great sen-
sitivity of damaging potential to precise bubble collapse parameters.
Such a high level of sensitivity seems much more likely if the bubble
collapses in the microjet mode rather than with spherical symmetry,
since bubble orientation then becomes a variable parameter, in ad-
dition to bubble size, position, and gas content,

B. Non-Photographic Experimental Evidence of Damaging
Bubble Collapse Mode

As mentioned above, Fig. 1 shows a spark-generated
bubble collapsing in a microjet mode with the production of a crater

in the adjacent aluminum wall. However, a second crater is also



produced directly beneath the spark electrodes, presumably by the
shock waves radiated from the growing bubble. Thus this experiment
also shows that the shock wave mechanism, at least for a growing
bubble, can produce damage, and in fact provides a method for stt'ldying
either shock or jet produced damage. In flowing fields, however, it
seems unlikely for the reasons already discussed that bubble collapse
can proceed in such a manner that shock wave damage will be a pre-
dominant mechanism, There is at present no direct proof of this
statement, but some experimental evidence in its supbort from our
laboratory is shown in Figs. 2 and 3,

Fig. 2 shows craters produced by cavitating water on a cad-
mium-plated stainless steel cylinder placed across the diffuser of a
cavitating venturi. The cadmium thickness is 0.6 microns (0.6 x
10_3 mm) and the full crater diameters are about 0.1 mm. The cad-
mium-plate is completely removed from the central region (about 1/2
the full diameter) so that the under-lying stainless steel is exposed.
This region is surrounded by an annular area from which the cadmium
is partly removed. This damage disposition suggests the impact of a
microjet which accelerates radially after impact (a common observa-
tion for the impact of actual liquid jets(lz)), and washes away the cad-
mium plate. However, we found in experiments where hard steel
balls were shot at the surface (about 100 m/s) that a spherical shock
front as thus provided would merely press the cadmium down into the
surface rather than remove it.

Presumably the cavitation craters were produced by a micro-
jet of diameter less than that of the central region. If the diameter of
the jet were about 1/2 that of the central region, the jet diameter would
be about 0,02 mm (20 microns). The diameter of the microjet shown
in Fig. 1is about 60 microns, but this spark-generated bubble is lar-
ger than typical cavitation bubbles, Previous comparisons we have made
between actual jet and cavitation pit profiles in stainless steel indicated

(1D

. a probable microjet diameter of 1-25 microns. These various



estimates probably cover the actual range of microjet diameters
in typical flow cases.,

Fig. 3 shows a cavitation crater produced in plexiglas in
the cavitating water venturi. This crater has an overall diameter of
about 12 microns, with a central impact region of about 4 micron
diameter., Assuming that the jet which produced this crater had a
diameter no more than that of the central region, the microjet dia-
meter would be about 4 microns, i.e., of the same general order
of magnitude obtained from the previously discussed estimates.

The plexiglas crater shown in Fig. 3 is very similar to
damage observed in plexiglas from the impact of large-scale drop-
lets or jets. Fig. 4 shows such a crater of about 0.8 mm diameter.
As is typical for plexiglas, there is a central relatively undamaged
area directly under the droplet impact and the droplet diameter is
about that of this region. Since this material is stronger in com-
pression than tension, failure does not occur in the region of impact
where the stress is compressive, but in a region at a considerably
larger diameter where tensile stresses predominate. The very
strong similarity in form between the very small cavitation pit and
the much larger droplet impact pit in the plexiglas is evident, thus
indicating the strong likelihood that the cavitation pit was formed by
microjet impingement rather than shock wave imposition. Since the
impact region of the cavitation pit is indeed damaged, whereas it is
not damaged inthe case of the droplet impact (about 300 m/s), the
cavitation microjet impact velocity must be somewhat greater than
this value in this case.

Another segment of the experimental evidence from this
laboratory favoring the theory of microjet rather than shock wave
cavitation damage is the fact(m that the craters from individual
bubble collapse on steels in our venturi were observed to be ''tipped',

i.e.,, their axis was not perpendicular to the surface. Similar



non-symmetrical craters are observed in the plexiglas tests

(Fig. 5). This type of crater could easily be formed with a non-
perpendicular jet impact. In fact this has been observed with larger
drop impacts on plexiglas (12). However, it seems intuitively un-
likely that such craters could be formed by the imposition of spherical

shock waves, the local sound velocity being much greater than the

flow velocities in the vicinity of the crater.

III., CORRELATION OF DAMAGE RATES WITH MEC’HANICAL
MATERIAL PROPERTIES

A, General Considerations

Many papers have been published over the last 30 to 40
years on the relationship between cavitation or liquid impingement
damage and material mechanical properties. However, no good
correlation, valid over a broad range of materials or test para-
meters has emerged. This lack of a precise correlation with
mechanical properties of materials is no doubt due to many fac-
tors among which can be included:

a) Corrosion effects are always present to some extent;

b) Most mechanical properties are measured under
semi-static conditions, but failure under cavitation
or liquid impingement occurs in a few microseconds;

c) Cavitation or impingement attack does not closely
resemble any of the laboratory-induced failures used
to measure various mechanical properties.

d) The modes of failure under cavitation or impingement
differ drastically between even metallic materials,
and even for the same material depending upon the
intensity of attack,

Nevertheless, it is useful to attempt a simple correlation

over as broad a range of material and test conditions as possible to



obtain an idea of the possible precision and generality of such fits,

As explained in the following we have recently completed such an

attempt.

B. Mechanical Property Correlations

Since it seems likely that the basic mechanical damaging
processes in cavitation are very similar to those in droplet or jet
impingement, we have used a data set which includes vibratory
cavitation tests (with both vibrating specimen and stationary speci-

13)

men) from our own laboratory, venturi cavitation tests( from the

Indian Institute of Science, Bangalore, India, and rotating arm and

(14) (15)

disc impact tests from Dornier Systems and Electricite de France
In all cases the material mechanical properties are well known, and
in many cases identical materials were used which were cut from
the same piece of stock. Common materials linking all data sets
existed, and the volume loss rates per unit exposed area (MDPR)
were normalized to those common materials. In all cases the maxi-
mum volume loss rates were used. The resulting 33 normalized
MDPR values(lé) and all pertinent mechanical properties are listed
in Table 1. The last two items, Stellite 6-B and a tool steel,were
not considered in the correlation since their properties differ very
substantially from those of the other materials and therefore they
appear to be special cases,

It is recognized that for any such data set it would be
possible to generate a good correlating function in terms of any
selected mechanical property or group of properties if sufficient
degrees of freedom in the fitting function were used, i.e., a power
series with a large number of terms might be used. However,
since the physical model behind such a polynomial fit would be
weak, it is not likely that the resulting correlation would fit new
data points. For this reason, it was desired to use as rational and

simple a model as possible. It was thus assumed that the maximum



(09]

volume loss rate would be inversely proportional to the energy
required to remove a unit volume from the material. Thus it was
desired to find the best material property which could be derived
from the conventional mechanical properties and would have units
of energy per unit volume. Our own past experience in this re-
gard(n), as well as suggestions of other investigators,(l& 19) led
us to assume that the mechanical energy property to be investi-
gated would be a combination of ultimate resilience UR = (ultimate
tensile strength)Z/Z(elastic modulus), as suggested by Hobbs,(lg)and

strain energy to failure SE (19, etec.)

, which is the total area under
conventional stress-strain curve., Ultimate resilience is the area
under the stress-strain curve if failure were entirely elastic, i.e.,
if brittle failure occurred. Observation of damage surfaces leads
to the conclusion that this may be the case. We thus attempted a

least mean square regression analysis fit of the type

1
—_— - C.SE
MDPR Co T CURHC,

Eq. (1) was investigated by computer, with the following

results:

a) The correlation coefficient with SE alone was very
poor compared to that with UR,

b) The correlation coefficient with UR and SE together
was only slightly better than that with UR alone.
Since in addition SE is much more difficult to evalu-
ate for many materials of interest than is UR, SE was
henceforth dropped from the correlation,

c) The best fit value for CO was close to zero, so that
its inclusion improved the fit only slightly., Hence

Co also was dropped.



d) If UR is raised to an arbitrary exponent in the re-
maining relation, the best value for this exponent
is very close to unity,

It thus appears that the physics of the model, which assumes a

first power energy relation, is essentially correct. Results (a),

(b), and (c) above were previously reported(lé)'
As a result of our own work above, we recommended

the simple relation, eq. (2), that reciprocal maximum volume

loss rate is proportional to ultimate resilience

1

MpPR . OUR (2

However, the fit is by no means precise. The correlation coef-
ficient obtained was 0. 811 and the standard error of estimate,
taken as a factor of the actual value, 2.52.

Other papers appearing at approximately the same time
or subsequently have suggested that improved correlations can be

13)

obtained in terms of UR x (Brinell hardness)( or UR x (elastic

rnodulus)2 (20). We have investigated these suggested correlations
for our own data set, and the results are shown in Table 2. The
correlation coefficients are of the same order of magnitude but
appreciably less than those for the simple UR relation, eq. (2),
and the standard error of estimate factors considerably greater,

Fig. 6, 7, and 8 show the actual data, standard devia-

tion cone, and best fit line.

IV. CONCLUSIONS

From this investigation we conclude the following:
a) The mechanical component of cavitation damage in
flowing systems is most probably predominantly the result of

microjet impact generated by the asymmetric collapse of bubbles



10

close to solid objects. The asymmetries are the result of the
proximity of the object to be damaged, pressure gradients,
velocity gradients, ete. Thus cavitation damage and droplet or
jet impingement damage is basically very similar,.

b) A precise correlation between cavitation and im-
pingement damage rates and conventional material mechanical
properties which will have general applicability to a broad range
of materials, even if only metallic materials are considered, is
not possible, for a standard deviation less than a factor of about 2.52.
Certainly, individual materials, such as Stellite 6-B can differ
from the prediction by a much larger factor (™10 for Stellite),

¢) The best such correlation is in terms of the first
power of ultimate resilience, Slight improvements may be pos-
sible in terms of more complex functions, but the improvement

is not great.
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2569 a

Selected Frames from a Sequence Taken at 550, 000
Frames/Second of a Spark Generated Cavitation
Bubble Near a Splitter in a Venturi, Exposure 1.8
ps/Frame, Flow Right to Left, Magnification 5 x.
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2569 b
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2443

Figure 2. Craters Produced by Cavitating Water on 0.6 pm
Cadmium-Plated Stainless Steel, Magnification
180 x.
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Figure 3. Crater Produced by Cavitating Water in a Venturi
on Plexiglas, Magnification 4, 000 x.
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Figure 5. Non-Symmetric Craters Produced by Cavitating
Water in a Venturi on Plexiglas, Magnification 4, 000 x.
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TABLE 2

Correlating Relation Correlation Standard Error of
Coefficient Estimate Factor

1l = C (UR) 0.811 2.52

MDPR
" = C (URxBHN) 0. 716 2.57
2
" = C (URXE") 0.684 2.86
b
I = C UR 0. 811 2.57
(b = 0.9985)
X = C (SE) 0,498 3.30

" = C (Hardness) 0,742 2.75






