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D I S C U S S I O N 
C. K , Chatten 2 

Dr. Thiruvengadam lias made a major contribution to the 
science of metallic materials development b y advancing his concept 
of strain energy as the controlling property of cavitation erosion 
damage. Several laboratories, including our own, have at-
tempted to explain cavitation erosion resistance of metals and 
alloys in terms of hardness and ultimate tensile strength. Our 
analysis revealed only general trends which were: that very 
hard materials with high tensile strength, such as Stellite 6B, 
have high erosion resistance, while soft, low tensile strength ma-
terials, as represented b y Aluminum 1100-0, have low erosion 
resistance. 

With the advent of new classes of high speed Naval vessels, 
Dr. Thiruvengadam's analysis of this perplexing problem is 

most timely. His concept of strain energy as a criterion of 
erosion resistance will assist metal fabricators in developing suita-
ble metals and alloys to fulfill specific needs. 

In a parallel effort in attempting to develop cavitation erosion 
resistant elastomerie coatings and inlays for propellers, we have 
determined that, for these viseoelastic materials, high tear 
strength is more significant than high tensile strength, ultimate 
elongation, hardness or other such property in characterizing 
erosion resistance. The following plot of erosion resistance (in 
terms of eroded volume) as a function of tear strength will serve 
to illustrate the relationship (see Fig. 19). 

2 Material Laboratory, New York Naval Shipyard, Brooklyn, N. Y. 
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Elastomerie materials, unlike metals, ma} ' undergo severe dis-
tortion which may be either recoverable or permanent. Since 
bubble collapse due to cavitation is a cyclic process, it is likely 
that the erosion process for these viscoelastie materials takes 
place in either of two ways. If the time for one cycle, i.e., forma-
tion and collapse of a bubble, is less than the relaxation time of 
the elastomerie material, then the elastomer would behave like 
a brittle material and produce conchoidal fracture in some cases. 
Conversely, if the time for one cycle is greater (lower frequency) 
than the relaxation time of the elastomer, then the energy of 
collapse transmitted to the material is released b y virtue of its 
rubbery properties. Since, however, the energy absorbed b y the 
material is never rigorously nil, it will be accumulated and stored. 
This stored energy, when it exceeds the energy of tear propaga-
tion, will result in tearing of the elastomer. Regarding the mode 
of failure, those elastomerie materials that have low tear strength 
will usually fail b y gross tearing-removal of large pieces whereas 
materials that have high tear strength usually show conventional 
erosion behavior which results in gradual removal of minute 
particles. 

Dr. Thiruvengadam merits high praise for his work in de-
veloping the concept of strain energy as a criterion of erosion 
damage of metals. Our work in attempting to derive criteria of 
the erosion damage of viscoelastic materials is merely an ex-
tension of Dr. Thiruvengadam's concept. 

F. G. H a m m i t t 3 

Dr. Thiruvengadam is to be congratulated upon a timely and 

3 Professor, Nuclear Engineering Dept., University of Michigan, 
Ann Arbor, Mich. Mem. ASME. 
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highly original paper which substantiates several significant points. 
While a unified theory of cavitation damage is certainty to be 
desired, this discusser is in agreement with the author's oral 
presentation of the paper that this objective may not be attainable 
in a general sense in the near future, since the phenomenon of 
cavitation damage involves too many independent and significant 
variables, as, for example: type of flow pattern, geometry, size, 
velocity, time of exposure, fluid property variables, structural 
material variables, corrosivity, etc., for this to be possible. 

The flow regime considered, i.e., the rythmic appearance and 
disapjjearance of a " c a v i t y " region observing the concept of 
constant Strouhal number, presumably filled with many bubbles 
if the general model presented is correctly understood, seems 
limited in its application to a flow of the type described b y the 
author, i.e., a cavitating region behind an obstruction, giving rise 
to a separated wake wherein there is no large overall pressure 
gradient. However, this discusser has never seen published ex-
perimental data indicating whether or not this concept, originally 
verified for the Karman vortex train from a given body shape but 
in single-phase flow, also applies to this particular type of cavitat-
ing flow,4 although it has no doubt been the subject of much 
speculation. Hence a further reference on this would be helpful. 

With respect to the flow around the nose of an ogive in a tunnel 
or through a venturi, there is some difference of opinion. While 
Hunsaker [40]5 reports the observation of large periodic oscilla-
tions of the boundaries of the cavitating region in a venturi, that 
approximately ( ± 2 0 percent) followed the requirements of a 
constant Strouhal number, recent tests at the University of 
Michigan with a cavitating venturi, observed with high-speed 
motion pictures, show no conclusive relation to the constant 
Strouhal number concept [41, 42], and in fact show no relatively 
large variations of the cavitating region. 

An examination of the experimental data of Knapp (author's 
reference [4]), and a calculation of the Strouhal number (based 
on cavity length) f rom his Table I, shows an extreme variation 
from 0.16 to 0.245 (about ± 2 0 percent) for tests in which there 
is about a 1.5:1 variation of velocity; a 2 : 1 variation of the ratio, 
cavity length to bodj r diameter; a 4 : 1 variation of body diameter; 
and 3 .6 :1 variation of cavity length. Hence for this particular 
type of system, and for these relatively restricted limits, there 
seems to be an approximate validity to the concept of constant 
Strouhal number based on cavity length. However, the actual 
value of the Strouhal number depends heavily upon the type of 
system. For example, Hunsaker [40] reports an approximatevalue 
of 0.4 in his venturi as opposed to the approximate mean 
value of 0.2 from Knapp above. N o value, at least in this general 
order of magnitude, appears to apply to the cavitating venturi 
tests previously mentioned at the discusser's laboratory. Hence, 
i t is this discusser's opinion that the proposed correlating model 
employing the concept of a constant Strouhal number is only 
valid over a fairly narrow range of experimental conditions. 
Also, it is presumed that equation (2) is merely meant to indicate 
proportionality, which is indeed the case in the author's previous 
paper (his reference [2]), rather than equality which would imply 
a unity Strouhal number. 

The experimental data considered b y the author apply to a 
fairly narrow range of parameters. The geometrical configura-
tions are generalty limited to either holes in rotating disks or 
cylindrical pins, normal to the flow in a tunnel throat. In 
either case the cavitating flow pattern is that of the separated 
wake region previously discussed. The data are further limited 
to a single fluid (water) at approximately room temperature. 
The velocities used in any of the correlation curves appear to 

4 That it does apply seems reasonable in that the cavitation in this 
flow regime is presumably associated with the low pressure regions in 
the center of the shed vortices. Thus it might lie assumed that the 
appearance of a constant Strouhal number oscillation in this case is 
merely an extension of the known single-phase flow vortex behavior, 
rather than being symptomatic of cavitating flow in general. 

5 Numbers 40 to 43 in brackets designate Additional References at 
end of discussion. 

cover a range of about ± 1 5 percent. The pin or hole diameters 
are varied over perhaps a 2 :1 range. In one case the pressure 
appears to be varied over about a 2 : 1 range (Fig. 9). However, 
the definition of the pressure used, whether absolute, gage, or 
above vapor, is not clear, nor where it is measured. 

Considering the foregoing, it appears to this discusser that 
the major variable in the tests is the structural material (ma-
terials of widely differing mechanical properties are used), and 
that the variation of the other parameters, with the possible ex-
ception of pressure, may not be enough to be significant. If the 
major correlation plots, Figs. 3 and 4, are considered under these 
assumptions, an examination of equation (3) shows the ordinate 
to be proportional to strain energy times volume removed per 
unit time, and the abscissa, except for the plots showing the 
effect of pressure variation, is at least approximately proportional 
to time. Within the scatter of the data, the curves seem to 
show that the product (strain energy) X (volume removed) is 
constant for a given test duration for relatively constant flow 
parameters, but over a large range of material properties. Inci-
dentally, this is approximately (i.e., to an order of magnitude) 
verified b y the water venturi tests reported in the discusser's 
paper [43] for stainless steel, carbon steel, and age-hardened 
aluminum. However, results with water on plexiglas are at com-
plete variance with those of the metals, with the plexiglas showing 
considerable immunity to water cavitation damage. Results 
with mercury on plexiglas, however, are fairly close to expecta-
tions. 

This general result appears to this discusser to be one of the 
most significant points in the paper. However, it is only reasona-
ble to point out that the scatter of the data in both figures is 
large, covering a factor of at least 3 in the abscissa over most of 
the range, and 2 in the ordinate. Also, in Fig. 3 all the points 
in the vertical, short duration part of the curve appear to be for 
aluminum, while those in the horizontal portion include all the 
materials. Hence only a single material is involved in the vertical 
portion of the curve. All the materials except mild steel appear 
to be relatively corrosion resistant. I t is remarkable that a 
highly corrodible material as mild steel can be correlated with 
the others. 

The pressure correlation (Fig. 10) for a given material and 
geometry, and substantially fixed velocity, seems to show that 
damage is approximately proportional to pressure, other quanti-
ties being fixed, at least for the material tested. This, too, seems 
a highly significant result of the work. 

The inclusion of R0 (maximum bubble radius) in the proposed 
correlating parameter reduces its possible utility in that, in 
this discusser's opinion, it is generally not capable of calculation, 
nor are meaningful scaling laws which may be applied to it 
known. Observation with suitable optical means of any cavitat-
ing region wherein a multiplicity of finite bubbles exists (reference 
[42], for example) will disclose bubbles which attain almost 
any maximum radius over a wide range, so that the maximum 
radius is actually a statistical phenomenon, governed b y some 
form of distribution curve. Hence the attainment of a given 
maximum radius is a matter of probability. Perhaps R0 should 
be defined in terms of a mean maximum radius. Also, any con-
sideration of R0 should include definition of liquid purity and gas 
content, as well as the requirement of a given liquid at a given 
temperature mentioned b y the author, since nucleation does not 
necessarily occur otherwise under the same conditions. I t 
might also be mentioned, for the sake of completeness, that the 
equations presented to describe the growth of the bubbles neglect 
viscosity and compressibility, which are admittedly usually of 
small consequence. 

This discusser does not agree that the number of bubbles 
in a single cavity is equal to the surface area of the eroded region 
divided b y /?20, as presumed in the derivation of equation (3) 
taken from the author's reference [2]. Aside from all the ob -
jections to the concept of R0 previously raised, it is felt that a 
proportionality rather than equality is indicated, and that the 
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constant required to allow a statement of equality would ho a 
function of the type of flow, geometry, etc. 

Generally the author appears to assume that the observed 
damage is a result of fatigue failure due to overlapping blows 
from shock waves generated bv bubble implosions. While this 
may be substantially true for the relatively heavy damage at-
tained in these tests, there is also the possibility of damage from 
the formation of individual craters which was observed in 
Ivnapp's tests with aluminum (author's reference [5]), in tests 
at the University of Michigan [43], etc. It is presumed that the 
"dents" mentioned by the author (Table 2) are of this type. 
However, the author's discussion of a possible incubation period, 
measured b y the elapsed time until the formation of a " d e n t " 
of a given size, is based upon the concept of the beginning of 
fatigue failure. Rather, it is this discusser's opinion that the 
formation of such a dent or crater is the result of a blow from a 
single bubble, and that the elapsed time to the appearance of a 
bubble of sufficient capability to cause such a dent is strictly a 
question of statistical probabilities. Since for stronger ma-
terials fewer bubbles, of the large total number generated, have 
such capability, the elapsed time is longer for the stronger ma-
terials. An incubation period measured in this fashion then 
is not necessarily proportional to one involving the appearance 
of significant weight loss and involving fatigue failures as meas-
ured by Leith and Thompson (author's reference [28]). 

There is some discussion in the paper of the possible existence 
of a "power law" to describe the relation between cavitation 
damage and stream velocity. Considering the complexity of 
the phenomenon and the many possible types of flows, pressure 
gradients, etc., involved, it seems most unlikely to this discusser 
that such a simple general description, with a fixed exponent, 
could apply. As a case in point, the continuing University of 
Michigan damage tests [43] in a cavitating venturi fail to show 
a uniform strong positive dependence of damage on velocity, 
and even indicate decreased damage in some cases for higher 
velocity. 

Several more detailed comments occur to this discusser. 

( « ) Comments on the general shape of the C D l { o versus .V 
curves in Fig. 3, 4, and 5, which appear quite different, would be 
useful. Are the data in Fig. 5 included also in either of the other 
figures? 

(b) What is the difference between the "Thiruvengadam 
data" in Figs. 6 and 7? If the same data, why do they appear 
linear in one case and parabolic in the other? 

(c) The data of Fig. 10 do not appear to justify a curve with 
a maximum in the ordinate as shown. 

(rf) What is meant by " T h e attenuation phase of the trans-
mission of energy," top of page 369 of paper? Attenuation due 
to what? 

(c) Considering the points for a given material in most of 
the damage curves, it appears that the rate of damage (to which 
C'pRo is proportional for a given material) first increases with 
time of exposure (to which .V is approximately proportional) and 
then decreases. The discusser's paper [43] generally shows the 
same trend for relatively short durations, but longer term tests 
show again an increase in rate of damage. 

Generally a more detailed description of the experimental 
setups involved for the various groups of data cited would be 
helpful. 

Additional References 

40 J. C'. Hunsaker, "Cavitation Research—Progress Report on 
Work at the Massachusetts Institute of Technology," Mechanical 
Engineering, April, 1935, pp. 211-210. 

41 F. G. Hammitt, et al., "Fluid-Dynamic Performance of a 
Cavitating Venturi, Part I," Report 03424-2-T, The University of 
Michigan Research Institute, October, 1900. 

42 V. F. Cramer, et al., "High-Speed Motion Picture Studies of 
Flow in a Cavitating Venturi," Internal Report No. 12, ORA Project 
03424, The University of Michigan, Ann Arbor, Mich., April, 1962. 

43 F. G. Hammitt, "Observations on Cavitation Damage in a 
Flowing System," published in this issue p. 347. Also subsequent 
damage data as yet unpublished. 

Y. Meged13 

Variations of cavitation damage with respect to time are dis-
cussed on page 369, and two patterns of damage are mentioned. 
The first pattern, which is observed after short exposures, in-
creases and then decreases with time. The second pattern, 
which is detected when damage is self-inductive, continuously 
increases with time. The author restricts this work to the first 
case. 

When cavitation damage occurs on a solid surface due to critical 
flow conditions, it is evident that the pits formed will increase the 
turbulence at the boundary, thereby inducing further damage. 
It is reasonable to assume that in most practical cases, such as 
in hydraulic structures and machinery, cavitation damage will 
be self-inductive. Furthermore, operation periods of these 
components, which are generally several years, indicate that the 
first pattern would not be encountered. Hence, self-inductive 
damage seems to be of prime practical importance and its further 
study should be emphasized. 

The dynamics of cavitation bubbles are described on page 370 
by equations derived and used by several investigators. None of 
these equations incorporates the viscosity of the liquid. Cavita-
tion damage is known to be highly dependent on the temperature 
of the liquid, hence, dependent on viscosity. According to 
Mousson the damage caused on 1S/S stainless steel is more than 
trebled by a temperature increase of 10-30 deg C. 

Is it justified to disregard the effect of viscosity on the dynamics 
of the cavitation bubble? 

R. L , T h o r k i l d s e n 7 and E . P. Cochran 8 

Dr. Thiruvengadam has made an important contribution to-
ward establishing a rational basis for defining the initiation and 
intensity of cavitation damage. 

W e believe, however, that while the suggested energy criterion 
is a major improvement over the yield stress criterion, there are 
still several factors which have been omitted from the theory. 

The first factor is the relationship between the stresses pro-
duced in a cavitation environment and those produced in the 
laboratory test which is used to determine the energy absorption 
characteristics of the material. There are two stress conditions 
which probably differ considerabl} ; namely, the rate at which 
the stress is applied and the degree of stress triaxiality which is 
accomplished. Both the rate and the degree of triaxiality are 
large in a cavitation environment, and are low and zero, respec-
tively, in a standard tensile test. As a rule, a high rate tends to 
increase fracture stress and decrease fracture strain (not neces-
sarily in equal proportion), while increased triaxiality decreases 
the ductility at the location of energy transfer to the surface. 

Second, we believe that a power criterion, rather than the sug-
gested energy criterion, may be required as a wider range of both 
materials and environments is considered. Such a criterion 
would account for the highly rate-dependent mechanical proper-
tics of materials such as plastics and elastomers. 

A third factor is the need to distinguish more exactly between 
damaging energy (due to plastic straining), energy which is 
simply stored in the material (due to elastic and anelastic strains), 
and total strain energy (as used in the paper). Again, the practi-
cal engineering necessity to distinguish between plastic and total 
energy will depend on the material considered and the thermo-

6 Graduate Student, Cornell University, Ithaca, N. Y. 
7 Supervisor-Materials Engineering Branch, Mechanical Tech-

nology Incorporated, Latham, N. Y. Assoc. Mem. ASME. 
s Manager-Administration, Mechanical Technology Incorporated, 

Latham, N. Y . 
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mechanical environment to which it is exposed. Recent studies 
of the high amplitude fatigue of materials have often shown it to 
be an important consideration in interpretation of data. 

The fourth factor is the sequential exposure of a material to 
cavitation environments with large rest periods between these 
exposures. Let us suppose, for example, that each sequential ex-
posure is severe enough to produce additional inelastic strain. 
The anelastic component of this inelastic strain may be quite 
large compared to the plastic (damaging) component. This 
anelastic strain will relax out, if the rest period between impacts 
is large enough, but, if the rest period is small compared to the 
relaxation time, it will have the effect of continuously raising the 
mean strain magnitude at the impact location. W e ask whether 
this anelastic "ratchet" may not be important in interpreting 
data for materials with more highly rate-dependent properties 
than those cited in the paper. 

The last factor which does not appear to have been given 
particular attention is the effect of superimposed stresses. In 
many applications (hydrofoils, for example), the stresses due to 
mechanical loads other than those produced b y cavitation may 
be extremely large and are usually not uniaxial. These stresses 
not only bias the stresses which result f rom cavitation, but may 
also appreciably reduce the ductility of the material, if they are 
biaxial or triaxial. The effects of superimposed stresses are a 
most important consideration to the designer, since he is con-
cerned not with a cavitation process alone, but with the reliability 
of an entire structure. 

T o summarize, we regard Dr . Thiruvengadam's anatysis as a 
major contribution. I t should be recognized, however, that 
there are several additional factors which ultimately must be 
considered in establishing a general theory of cavitation damage. 
In this respect, we strongly recommend further theoretical and 
experimental study to establish which of the foregoing factors are 
of academic importance only, and which of the factors must be 
carefully evaluated in order to generate a theory which is ap-
plicable to a wide range of materials and service conditions. 

Continued research is essential to expanding the engineer's 
ability to predict the initiation and rate of damage in design. 

Author's C losure 
The author is grateful to the discussers for their illuminating 

comments. The data presented by Mr. Chatten reveal that the 
fracture energy concept holds good for the viscoelastic materials 
also. Professor Hammitt 's discussion brings forth many valuable 
points. The author agrees with him that the Strouhal number 
need not necessarilj' be constant in all cases. But it is believed 
that this fact does not affect the corielations since they are only 
experimental and anjr variation will be reflected in C'D versus N 
plot. The second point raised relates to the range of variables in 
the actual experiments. The relative length has been varied from 
1 to 5 and the pressure range was controlled b y the inception and 
supercavitation phenomena which are the natural limits for any 
geometrical shape and velocity range. The lower range of 
velocity was limited to 100 fps because the experiments were con-

fined to fully developed damage as defined in reference (2] of the 
original paper. The maximum velocities were limited bj ' the 
power requirements. I t would be very interesting to extend this 
range for future experiments and this has been pointed out by the 
author. The pressures referred to in the body of the paper are all 
absolute pressures. They were measured at a reference point in 
the test section ahead of the model in the first case of the two-
dimensional water tunnel experiments and in the chamber for the 
second case of the rotating disk machine. 

The inclusion of Ro is inevitable since it controls the energy of 
collapse of the bubble. Though our present knowledge on this 
parameter is limited, it has been assigned a place to account for its 
role in this mechanism and it needs verification. I t is agreed that 
the number of bubbles is onfy an order of magnitude estimation. 
The author does not believe in the "single event dent formation" 
concept since it is obvious that weight loss cannot be produced by 
making a plastic dent in metals. However, the plastic dent itself 
can be produced by a single event. If there exists a bubble with 
high enough energy to produce a dent at the first impact, then it 
is very likely that there may be several bubbles producing a lower 
order of magnitude of strain amplitudes within the anelastic 
region in winch the internal energy of the material increases. The 
author had this situation in mind while discussing the incubation 
period. I t is believed that the power law can be explained in 
terms of the material response to frequency of bubble collapse 
during early stages of material deformation and fracture process. 

The Figs. 3, 4, and 5 are essentially similar except that they re-
fer to different geometries in different ranges of N with different 
scales. They are presented in this form to insure the required 
clarity. The differences between Figs. 5, 6, and 7 are explained 
clearly in the body of the paper. Fig. 6 refers to the nonlinear 
response of the material during the early stage of damage and 
Fig. 7 refers to the steady state in which the material surface has 
been thoroughly prepared by the bubble collapse so as to produce 
uniform damage rate. I t is believed that the efficiency of the 
transmission of energy to the material is affected b y the surface 
of the material itself. As deep crevices are formed, this efi icienc3 r 

decreases and therefore termed "attenuation." 
I t is true that self inductive damage is important and the basic 

laws governing this type may not be different if understood 
properly. While it is also true that damage depends on tempera-
ture of the liquid, it might be due to other factors such as changed 
vapor pressure and surface tension apart from the change in 
viscosity. 

Thorkildsen and Cochran have raised some very interesting 
points, namely, the strain rate and triaxiality. Such an order of 
sopliistication is not possible presently. But it would be neces-
sary to consider these factors as our knowledge on this phase of 
mechanism advances. The power criterion seems to be logical 
for rate dependent materials. The relaxation time also seems to 
be important for such materials. The total strain energ}' has 
been assumed to be equal to the damaging energy since the 
elastic energj' is much less as compared to the stored energjr. 
These valuable suggestions would be incorporated in subsequent 
analysis. 
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