
While a set of curves as described would only be appli-
cable to a given fluid8 and flow geometry, i.e., for example, a 
venturi of a given design, this approach appears to the writer 
to present a potentially extremely useful method for correlating 
cavitation damage results. This general type of behavior is also 
evidenced b y tests with magnetostriction devices reported b y 
Nowotn j ' [17] in which the fluid temperature is varied over the 
range between solidification temperature and boiling temperature 
at a constant pressure. I t is found that the damage reaches a 
maximum at some temperature well below the boiling tempera-
ture (as low as 50 cleg C for atmospheric pressure in some of 
Nowotny ' s work). Presumably, at temperatures near the boiling 
temperature there are very man}7 bubbles but the collapse energy 
is small, so that the damage is small. A t lower temperatures, 
there are fewer but more energetic bubbles with resultant in-
creased damage. As the temperature is reduced still further, the 
energy of the individual bubbles continues to increase, but the 
number of bubbles becomes extremely small, so that the resultant 
damage decreases. 

V Conclus ions 
A fairly comprehensive set of cavitation damage data obtained 

in a flowing sj'stem (venturi) over a relatively wide range of ap-
plicable parameters has been presented. Detailed conclusions 
regarding the effects of the variation of the different parameters 
are pointed out and discussed in the b o d y of the paper. Finally, a 
correlating model to illustrate the effects of these different 
parameters is suggested. 

It is apparent from all of the above that much work yet re-
mains to be accomplished in this field before it will be possible to 
predict with any degree of certainty the cavitation damage to be 
sustained in various fluid flow components under applicable 
operating conditions. However, in the writer's opinion, this does 
not appear to be an impossible objective, and, in fact, considerable 
progress toward attaining it is being made. 
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A P P E N D I X 
Specification of Cavitation Condit ions 

The cavitation condition for all tests is defined in terms of de-
gree of cavitation, referring (except for initiation) to the extent of 
the cavitating region. 

(а ) Sonic Initiation. First sonic manifestation beyond that of 
single-phase flow. This was detected either b y ear or electronically 
using a piezoelectric crystal. The results of these two methods 
were approximately the same. In all eases, sonic initiation 
occurred at a higher throat pressure than visible initiation. 

(б ) Visible Initiation. First appearance of a more or less com-
plete ring of cavitation. This always appears first at the throat 
exit. 

( c ) Cavitation to Nose. The approximate location of the 
termination of the cavitation region is at the upstream nose of the 
test specimen. 

(d ) Standard. The approximate location of the termination 
of the cavitation region is at the center of the test specimen. 

(e) First Mark. The approximate location of the termination 
of the cavitation region is about 1 3 / 4 inches from the throat 
outlet. 

( / ) Second Mark. Same as first mark, but at 3 V2 inches. 
(</) Cavitation to Back End. The approximate location of the 

termination of the cavitation region is at the downstream end of 
the test specimen. 

The location of these termination points is shown in Fig. 2. 
Although the termination is not sharp, the cavitation conditions 
can be quite precisely reproduced. 
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D I S C U S S I O N 
F. C . G i l m a n 9 

This is a most interesting and eagerly awaited report 011 an 
important investigation and the author is to be congratulated 
011 the carefully planned test procedures. This investigation 
gives good promise for resolving most of the remaining mysteries 
surrounding the phenomen of cavitation erosion. There are some 
questions and suggestions, however, which arise as a result of 
reading the preprint. 

Under " T e s t Apparatus" it is stated at the end of page 1, that 
the cavitation condition can be adjusted between "visual initia-
t ion" and "second mark . " Since "sonic initiation" precedes 
"visual initiation" and since the latter is included in Figs. 6, 14, 
and 18, this latter would appear to be intended. 

Near the beginning of page 34S, we read that plexiglas had 
not been tested in mercury, but under " T e s t Material Ef fects" 
the author states that, " the volume loss for plexiglas tested 

9 Senior Research Engineer, Fluid Machinery Development Sec-
tion, Worthington Corp., Harrison, N. J. 
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in mercury was found to be greater than that of carbon steel 
by a factor of about 10." 

This paper mentions a venturi section of plexiglas only. Fig. 
16 also indicates that mercury tests were run with a transparent 
test section. One would expect that a mercury test of eighty-
seven hr duration would inflict sufficient damage on the plexi-
glas venturi to impair visibility and result in significant departures 
from specified test section geometry. Would the author please 
comment on this point? 

Some findings of this report which are different from those 
of previous investigations invite close scrutiny to determine 
to what extent they may be the result of the selected cavitating 
flow system.. 

The high initial damage rate preceding the previously reported 
"incubation per iod" seems to be logically explained b y the 
author as the removal of "weak spots . " Several thoughts come 
to mind as ways to prove whether this is the correct explanation. 
Specimens might be acid etched before testing for the purpose 
of removing most of the surface weak spots. Single crystal 
material or amorphous material might be used for specimens or 
they might be coated with some extremely malleable metal such 
as gold or platinum. While the initial rate question is of sci-
entific interest, it would seem to have little practical importance. 

The second point which differs from previous thinking is that 
pits do not act as nuclei for further attack. This observation 
may be strong]}' dependent on cavitation specimen geometry. 
In pump parts we find two distinct types of cavitation erosion. 
Where low pressure regions result f rom local convexity we find 
relatively smooth guttering in the streamwise direction with an 
abrupt upstream termination and a tapering downstream fade-
out similar to effects shown b y Hobbs1 0 in his Fig. 2. Such a 
gutter seems to start at a flaw in the otherwise smooth surface. 
When erosion appears on surfaces whose form is not such as to 
induce local low pressures, we usually find damage concentrating 
in pits. On coaxial cylindrical surfaces and disk faces these pits 
may be separate holes several diameters deep and approximately 
normal to the surface. On the hub shroud and on the "work -
ing" or overpressure surfaces of the vanes the axes of the "worm 
holes" seem to depart f rom the local normal toward the impeller 
radial direction. Deep pit erosion wrould seem to support the 
view that pits do act as nuclei for further attack. I suggest 
that the pit type of erosion results largely from the superposition 
of a cyclicly varying pressure on an average pressure near vapor 
pressure. If this is so, the vibratory cavitation test may be 
well suited to predict cavitation damage in turbomachinery. 

Regarding the "Single-Event Pitting Theory , " while it is easy 
to believe that shallow craters of various sizes do result f rom 
single hydromechanical blows, it is not easy to understand how 
these individual smooth rimmed craters can be equated to mate-
rial removed from the specimen. Has not the material been 
merely redistributed on the surface? I would expect many 
overlapping blows to be required before fatigue failure would 
cause loss of material. On page 351 the pitting rate of soft alu-
minum is reported to be many times that of age-hardened alu-
minum. Have quantitative tests been made since the writing 
of this paper which would indicate that weight loss bears the 
same relationship? 

It is interesting that slabs are "peeled o f f " in a downstream 
direction. I t seems unlikely that the direct shear force or 
dynamic force resulting f rom the stream velocity would be 
sufficient to produce this result. Is it not more likely that the 
stream velocity influences the direction of impact of collapsing 
bubbles? 

J. Z. L i c h t m a n 1 1 

The author is to be commended for his contributions to a 

10 J. N. Hobbs, "Problems of Predicting Cavitation Erosion From 
Accelerated Tests," ASME Paper No. 61—Hyd-19. 

11 Materials Engineer, Naval Material Laboratory, Brooklyn, 
N. Y . 

better understanding of the mechanisms of the cavitation damage 
process. With the ever-increasing importance of high velocity 
liquid flow systems the knowledge of the significance of liquid, 
flow, and structural material parameters as they relate to cavita-
tion erosion may eventually lead to control or prevention of this 
type of material damage. 

The author suggests that test conditions under which cavita-
tion erosion data are obtained shall match as closely as possible 
the actual operating conditions of the system in which the mate-
rial will eventually be used. I t does not appear, howTever, that 
this approach parallels the expressed objective of understanding 
mechanisms of cavitation damage. Certainly this approach 
would lay open to question vast areas of investigations of erosion 
behavior based on the use of vibratory (magnetostriction) devices 
which do not resemble most liquid flow systems in respect to 
flow conditions. Y e t the use of vibratory methods b y many 
investigators, including Kerr [18],12 Leith [19, 20), Plesset 
[21, 22], Rheingans [23], and Nowotny [24], lias contributed to 
development of erosion-resistant materials for use in conven-
tional flow systems. A joint program is presently under way 
in the Naval Material Laboratory and Ilydronautics, Inc., under 
Bureau of Ships and Office of Naval Research sponsorship, to 
develop fundamental relationships between liquid, flow, and 
boundary materials parameters, correlating data obtained b y the 
different experimental methods, to permit the designer to select 
erosion-resistant materials for different conditions of operation. 

The studies reported b y the author were made in the inception 
period (early phase), damage being described as pitting, without 
measurable weight loss. I t is therefore not clear why the damage 
curves of Fig. 5 are identified as weight loss or volume loss 
characteristics. I t is noted that the pitting rate decreases from 
an initial high value to almost zero over a period of 12 hr for 
stainless steel. Knapp [25], using a body of revolution of alu-
minum 1100-0 in a water tunnel found an approximately constant 
pitting over an exposure period of 2 hr. Reasons for the initial 
decrease in damage rate reported b y the author, in contrast with 
the results obtained b y Knapp, are not apparent. 

The erosion rate of the age-hardened aluminum 6061-T6 was 
stated as being considerably higher than that of the two steel 
alloys (although actual erosion data are not given). I t is possible 
that this difference is related to the differences in ultimate elonga-
tion and bending fatigue strength. Rao and Thiruvengadam 
[26] developed an equation indicating that for any cavitating 
flow sj'stem, there is a threshold velocity which is a function of the 
square root of the bending fatigue limit. The author's observa-
tions show a similar trend, the erosion rate increasing with de-
crease in fatigue strength. 

The observations concerning the relative erosion rates in 
mercury and water confirm the conclusions of Nowotny [24] 
based on vibratory (magnetostriction) tests. Nowotny con-
cluded that the damage increased with increase in surface tension 
and density. Comparing these two liquids, the ratio of yp 
(surface tension X density) is 9f (at approximately 15C) and is 
very close to the author's estimated damage ratio of 90. 

The high erosion resistance of plexiglas in comparison with 
mild steel in water as determined b y the author was inconsistent 
with their relative erosion resistance in mercurjr. In tests using 
a rotating disk apparatus [27] the discusser found that plexiglas 
specimens mounted as inserts in a test disk showed considerably 
lower erosion resistance than mild steel in fresh water. The 
appearance of the plexiglas inserts is shown in Fig. 19. Whereas 
S A E 1016 steel showed an erosion rate of approximately 0.7 
jd /hr at 150 fps, plexiglas showed an erosion rate of approximately 
10 /ul/hr. I t is noted that plexiglas has lower ultimate elongation, 
tensile strength, and impact resistance than the more cavitation 
erosion resistant njdon 101 and elastomeric materials. The 

12 Numbers in brackets designate Additional References at end of 
discussion. 
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Fig. 19 Cavitation erosion damage of plexiglas inserts. Yi hr exposure 
125 fps 150 fps 

reason for the inconsistencies in the author's test of plexiglas in 
fresh water and mercury are not apparent. 

Future investigations to determine the validity of the hypo-
thetical relationships of Fig. IS in terms of cavitation number, 
cavity shedding frequency and other liquid, foil and materials 
parameters would contribute significantly to clarification of 
erosion resistance of materials in different environments. 
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A. Th i ruvengadam 13 

Single-event-pitting concept is an outcome of limited observa-
tions. If a low resistant, material is substituted for stainless 
steel for the same duration of test, then overlapping indentations 
might have been observed. In this case, the author's observa-
tion only points out that the bubbles having adequate order of 
magnitude of energy high enough to deform stainless steel are 
rare. In a flow system such as the Rotating Disc Machine, one 
can observe overlapping dynamic indentations on stainless 
steel in less than 15 minutes. Hence this phenomenon depends 
upon the level of intensity of the system and the material used. 

What the author means by the degree of cavitation is probably 
the relative length of the cavity. His Figs. 15 and 10 show the 
effect of relative length of cavity on the intensity of damage. 
This result is in conformity with the results of Shalnev [28]14 

and Thiruvengadam [29]. 
The author's Fig. 18 is very interesting. Similar to this 

hypothetical energy spectrum of the bubbles, there exists a spec-
trum of energy absorbed by the material. The efficiency of this 
process depends upon the spectrum of the ratio of these two 
spectra. Since it is difficult to establish one to one correspond-
ence, the discusser introduced the concept of cavitation damage 
number. The representative parameters contributing to the 

13 Research Scientist, Hydronautics, Inc., Laurel, Md. 
11 Numbers in brackets designate Additional References at end of 

discussion. 

energy of the bubble and similar parameters contributing to 
the energy absorbed b y the material are grouped separately based 
on purely physical arguments. The ratio of these two groups are 
called Cd and correlated with the number of cycles of the cavity. 
The reason why such a plot is contemplated is as follows. Sup-
pose a hard steel ball is dropped through a height over the surface 
of a material. Then the efficiency of this process (i.e. the energy 
absorbed by the material relative to the energy of indentation) 
depends upon the number of times the ball is dropped repeatedly. 
This concept is extended to the process of absorption of the energy 
of bubble collapse and the resultant fracture. Because of the 
statistical nature of the bubble collapse, existing mathematical 
approaches should be applied to derive some quantitative re-
lationships to represent the author's Fig. IS. This approach 
combined with experimental verification is presently being 
pursued b y Dr. A. T . Ellis and his group at Caltech [30]. 
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G. M. Wood 1 5 

Professor Hammitt has made a distinct contribution to the 
cavitation literature in this interesting and informative paper 
on the early phases of cavitation damage. 

I would like to offer a few comments on some of the concepts 
advanced in the paper. First, with regard to the initial rapid 
damage rate, was there any significant difference in this very 
high rate of damage, as noted in Fig. 5, between the four different 
materials tested? Particularly in the water tests, was this effect 
noted for the plexiglass? 

Secondly, in the single-event pitting theory, was there any 
measurable difference in the size of the pits due to single heavy 
blows which could be correlated in any way with the material 
properties or the flow parameter effects such as the cavitation 
condition. 

Finally, with regard to fluid effects, it is of great interest to 
note the very large effect due to the fluid density as evidenced 
by the comment that the damage rate in the mercury tests 
was about 90 times greater than for the water tests. Has there 
been any correlation made between the chemical corrosion effects 
and the mechanical impact effects in these studies? 

I wish to congratulate the author on a very fine paper and 
hope that ho will continue to present further papers on this 
very interesting work. 

Author's Closure 
The author wishes to thank the various discussers for their in-

teresting and helpful comments. The various points raised are 
discussed in order below in those cases where the author believes 
lie has something useful and significant to add. 

Mr. Oilman is correct in his supposition regarding sonic and 
visual initiation. "Sonic initiation" was intended. 

A set of plexiglas test specimens was operated in mercury 
shortly before final submission of the paper. This was included 
as an afterthought, and the removal of the contradictory passage 
earlier in the paper was neglected, for which the author apolo-
gizes. 

A plexiglas venturi was used in the mercury tests, and was rela-
tively heavily damaged. However, since the damage was located 
generally downstream of the test specimens, well below the region 
of cavitation initiation, it was felt that it did not significantly 

15 Junior Project Engineer, Pratt & Whitnev Aircraft, Middletown, 
Conn. Mem. ASME. 
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Fig. 20 Large cavitation pit with wake magnification about 90x 

influence the eavitating flow regime. It did impair visibility, but 
not to an entirely prohibitive extent Visualization, combined 
with pressure and flow readings, was used to set the cavitation 
conditions. 

The author agrees that the high initial wear rate is more of 
scientific than engineering importance The follow-up of some of 
M r Oilman's suggestions for further tests in this regard are 
planned in the future. 

The author's statements to the effect that pits do not act as 
nuclei for further attack have reference only to small shallow pits 
( ~ 1 ( ) : I diameter to depth ratio and ~ 1 0 mil diameter) of the 
type observed in these tests In tests subsequent to the writing 
of the paper a case has been observed where a pit of this general 
order, but on the large side of the range, has created a wake of 
small pits. A photomicrograph of this configuration is included 
as Fig. 20. 

The actual removal of material from crater type pits has been 
verified b y careful analysis of the profit-order traces of many pits. 
The presumed mechanism is a "metallic splash" due to the inertia 
of the metal moving away from the crater center when high 
pressures are imposed, or a high shear of the surface layers caused 
b y the rapid outflow of an impinging liquid jet at the center of the 
crater. Both of these mechanisms have been suggested b y pre-
vious investigators [31] working with liquid or solid particle 
impacts. The removal of metal from the surface in such cases 
has been shown b y high-speed motion pictures [32]. 

N o more quantitative data are available as yet on aluminum 
weight loss. 

The probability of the stream velocity influencing significantly 
the direction of impact of shock waves from bubble collapse on 
the surface was neglected because of the very low Much number 
of the flow. However, it may be a possibility. 

In answer to Mr. Lichtman's comment, the author still be -
lieves that it is highly desirable, considering the very complicated 
nature of the cavitation phenomenon, that the test conditions 
match actual operating conditions as closely as possible, and that 
the application of data from vibratory devices is, in many cases, 
highly questionable. The author agrees that the development of 
fundamental relationships to allow a useful correlation of data 
obtained from different types of experimental devices is certainly 
highly desirable, and is also generally the objective of the study 
in the author's laboratory. 

Although the pitting in these tests was not sufficient to provide 
a measurable weight loss within the precision of the available 
equipment (0.1 nig) the weight loss was calculated from the pit 
tabulations as explained in the paper. That there actually was a 
weight loss is proved b y the irradiated tracer run, and by de-
tailed proficorder traces as mentioned in reply to Mr . Oilman. 
The reason for the present tests differing from those of Dr. I inapp 
are not known, except that his were of much shorter duration, 
and may have corresponded only to the initial high damage rate 
period of these tests. The many disagreements of this type which 
exist in the literature are to the author evidence of the extremely 
complex nature of the phenomenon. 

Concerning the agreement between the estimated relative wear 
rates with mercury and water, and Nowotny 's prediction based on 
the product of density and surface tension, it is the present 
opinion of the author that this is largely coincidental, since the 
justification of the application of this parameter does not seem 
reasonable to the author. Further tests with fluids of other 
physical properties are required to shed more light on this 
situation. 

Mr. Lichtman's comments on the relative resistance of plexi-
glas and mild steel in his rotating disk facility are of interest. The 
relative immunity of plexiglas in a water venturi system similar to 
the author's was confirmed b y the observations on a similar 
facility b y Dr. Wislicenus at Pennsylvania State University 
[33]. The author believes that his explanation for this immunity 
in the water venturi, given in the paper, is probably correct for 
systems where cavitation damage is only moderately intensive, 
but breaks down for situations where the damage intensity is 
much higher, and much more energetic blows to the surface are 
apparently available; as, for example, in the venturi mercury 
tests, or in Mr . Lichtman's rotating disk (where damage occurs 
much more rapidly than in the venturi). 

The author agrees with Dr. Thiruvengadam that the lack of 
overlapping indentations in the present tests is a result of a com-
bination of relatively short duration, materials of high resistance, 
and a not very damaging cavitation field (as compared to the 
rotating disk-type facility). Nevertheless, even for heavily over-
lapping damage, it still appears likely that debris in sizes at least 
equivalent to that of the present pits leaves the surface as single 
events. 

The "degree of cavitation" is defined in the Appendix and is 
indeed related to the length of the eavitating region, which is 
certainly not a single cavity in this case, but is filled with discreet 
bubbles. The author believes the results shown in Figs. 15 and 
16 are explained, as in the paper, b y the existing local pressure 
and numbers of bubbles, and hence can be translated to other 
geometries only through these parameters. 

The author agrees that a more generalized approach to an over-
all correlating model, than for example Fig. 18, should consider 
the efficiency of energy transmission from the bubbles to the ma-
terial. The author feels that Dr. Thiruvengadam's model re-
garding " the number of cycles of the cav i ty" cannot be applied 
here because the " c a v i t y , " i.e., presumably the vaporous region, 
does not go through a collapse and growth cycle, but, as shown b y 
high-speed movies, has relatively steady-state boundaries. 

The proposed model of a dropping steel ball is interesting. N o 
damage to the surface would occur unless stresses in excess of the 
endurance limit were reached, and the mechanism of damage 
would only involve plastic deformation if the yield stress were 
exceeded. If the ultimate stress were exceeded, the damage 
would again differ in kind. It is believed that the analogs of all 
these eases, and possibly some others, occur in an actual eavitat-
ing field and that the important material parameters differ for 
the different cases. Tims the author doubts the possibility of any 
overall correlating material parameter. 

In regard to Mr . W o o d ' s first question, substantially zero 
damage was observed with plexiglas-water tests throughout. 

N o further information is available with respect to his second 
question, but it is planned to investigate these points further as 
the investigation proceeds. 

The author doubts that chemical corrosion is an important 
effect in the mercury or water tests on stainless steel which are 
reported herein, and from which the damage ratio between water 
and mercury was estimated 

Additional References 
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