
(ii) The random scatter in the data is very small, as com-
pared, e.g., to that from  the previously mentioned ven-
turi tests, since the standard errors are much lower. 

(iii) For any finite set of "smooth" data, good correlating 
equations in the form of a power series of continuously 
varying parameters, such as the material mechanical 
properties, are possible. Since, in the present case, only 
a very few terms of the infinite power series were required, 
it is reasonable to presume that the correlating equations 
have at least some general physical meaning. 

Examination of the foregoing data also disclosed [25] that an 
almost perfect ranking of cavitation resistance existed in terms of 
increasing hardness as has been postulated by many previous 
investigators , whereas this was not the case for any other property 
taken singly. However, the data could not be quantitative!}' 
well correlated in terms of hardness alone, perhaps because of the 
"nonrational" numerical values assigned to this parameter. 

C o n c l u s i o n s 
Present evidence indicates a good probability that materials 

damage associated with high-velocity droplet erosion, with cavita-
tion, and perhaps also as observed in certain bearing or gear-teeth 
applications, is caused basically by the same phenomenon, i.e., 
high-velocity liquid impact. This conclusion is substantiated by 
recent theoretical studies, by the fact that the pitting is of similar 
appearance, and that it appears to be affected in a similar manner 
by a change in the applicable governing parameters. In the case 
of cavitation, various rather anomalous observations can be 
explained in terms of the jet-impact mechanism better than by the 
classical assumption of the impingement of shock waves traveling 
through the liquid from the center of bubble collapse. However, 
in most actual cases, it is quite probable that both cavitation 
mechanisms are significantly involved. 

Based on the foregoing, it is reasonable to use cavitation tests to 
screen materials for the other related applications, and it is also 
permissible to use impact tests as a rough indication of cavitation 
resistance of materials, as has been done considerably in the past. 

Cavitation damage data can be correlated in terms of mechani-
cal properties of materials assuming one test fluid. However, 
both strength and energy properties are usually involved, as well 
as apparently some property properly describing the rigidity of 
the material, since presumably the damaging mechanism is of 
extremely short range. If different test fluids are involved, a 
coupling parameter between fluid and material may also be 
necessary. 
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D I S C U S S I O N 

W . K . J e k a t 6 

Professor Hammitt has written a very compact paper on a very 
complex subject. It is therefore at the risk of adding something 
which the author may have intentionally omitted that I offer a 
comment on one facet of the paper's subject—namely, bearing 
cavitation. 

It could be asked why one should be concerned with cavitation 
in liquid metal-lubricated bearings while this concern almost 
never had to arise in connection with the millions of oil-lubri-
cated ones which have been designed. This question becomes 
even more provocative when realizing that the most common oil 
bearing—th e plain sleeve bearing—operates 'with rupture of the 

0 Worthington Corporation, Harrison, N. J. 
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film (which is synonymous with cavitation) 011 the unloaded side 
due to the eccentricity of the shaft imposed by the load. Still, 
cavitation damage of oil-lubricated sleeve bearings is very rare. 
Why should the danger of cavitation exist for a liquid metal-
lubricated turbomachinery bearing operating in space? Surely, 
the shaft would rotate concentrically because of the balanced 
gravity. 

The answer lies in the different fluid properties. A lubricating 
oil has no definite boiling point but  a boiling range. Vapor pro-
duction and collapse must be more gradual than in a liquid 
possessing a definite boiling point,  for instance, a liquid metal or 
water. I have no first-hand experience with liquid metal 
lubrication. But I can attest that a line bearing design which is 
perfectly suitable for oil can show definite cavitation damage 
when lubricated with water—even if the shaft runs concentri-
cally. The damage can show up very quickly, in a matter of 
hours. The same can happen in loaded as well as unloaded 
thrust bearings. In all these cases little good can be expected 
from changing the materials. Such bearings should be re-
designed with the aim of reducing the low pressure zones. Suffi-
cient reduction of damage by changing the bearing material can be 
expected only in cases of mild or temporary cavitation attack. 

Another fluid property which may play a role in determining 
the extent and therefore the damage caused by bearing cavitation 
is the thermal 'parameter. 

so widely used in pump practice [27, 28, 29, 30]' where 

A = latent heat of evaporation, Btu/lb 
vf = fluid specific volume, ft3/lb 
V0 = gas specific volume, ft3/lb 
cp — specific heat of fluid, Btu/deg R lb 
T = absolute temperature, deg R 

The thermal parameter is inversely proportional to the ratio of 
gas volume to liquid volume for a given pressure drop. The larger 
it is the smaller is the released gas volume. 

Summing up, we can expect that fluid properties (in addition 
to the character of boiling and the thermal parameter, we probably 
have to add density, specific heat, and heat conductivity) play a 
decisive role in the occurrence of bearing cavitation and the 
damage caused by it. Quantitative information is scarce and 
much research remains to be done. 
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M . S. P l e s s e i 8 

Professor Ilammitt has in this paper considered a promising 
and fruitful area of investigation in his comparison of the char-
acteristics of the damage produced by bubble cavitation and by 
liquid droplet impingement. If, as has been suggested, the 
damage mechanism in cavitation is through liquid impact, 
cavitation damage testing may indeed be used as a convenient 
method for testing the response of materials exposed to droplet 
impingement. It is also reasonable to expect that cavitation 
damage testing may be a very useful method for testing the im-

1 Numbers in brackets designate Additional References at end of 
this discussion. 

8 Professor of Engineering Science, California Institute of Tech-
nology, Pasadena, Calif. Mem. ASME. 

pingement resistance of materials even though the detailed 
damage mechanism may be  somewhat different. If the damage 
takes place by a shock transmitted through the liquid to the solid 
upon bubble collapse or through impact direct liquid im-
pingement, it still follows that high stresses of short duration 
are produced at the solid surface in both cases. Professor Ham-
mitt's considerations are of particular value since cavitation 
damage testing has been highly developed and is a relatively 
simple and straightforward procedure. 

Professor Hammitt has also made some useful studies of  the 
mechanical properties of solids with which damage data may lie 
correlated. In particular, his analysis shows that one cannot 
expect to find good correlation with a single property of the solid 
as has often been attempted by  others in the past. 

We are indebted to Professor Hammitt for  his careful examina-
tion and clear discussion of the problems attending cavitation 
damage and impingement damage. 

R. T. S z e w a l s k i 9 

The problem of erosion damage of turbine blading connected 
with two-phase flow, as presented by Professor Hammitt, is very 
interesting indeed. 

A similar problem as connected with wet steam flow in low 
pressure stages of steam turbines has been investigated for 
several years in Poland, at the Institute of Fluid-Flow Machines 
of the Polish Academy of Sciences in Gdansk. In November, 
1965, we had a seminar devoted to this problem, and the pro-
ceedings are now in print, being available by April, 1966. 

We can report, among other things, about some new experi-
mental techniques developed in our Institute based 011 the prin-
ciple of high-speed photography which give important informa-
tion as to the size of droplets in the axial space between stationary 
nozzles and rotating blades, and as to their velocity. We have 
also developed a theoretical method which, starting from the 
experimentally known depth of the erosion damage 011 the convex 
surface of the blades, allows one to predict both size and volocity 
of water droplets responsible for this erosion. The method also 
permits one to study the influence of different blading design 
parameters, e.g., the circumferential velocity at the tip of the 
blades, the blade length-to-diameter ratio, the degree of reaction 
in the blade root section, and several others, 011 the phenomenon. 
This is quite an important matter in order to give the designers 
the information needed 011 how to avoid excessive erosion. 

The importance of this problem, when speaking of steam tur-
bines of great output, is rising with the values  of the circumfer-
ential velocity which is now approaching 575 meters/sec, and 
which may be raised to about 700 meters/sec, if titanium instead 
of stainless steel is used, for the blading. 

It becomes clear from the method developed that by proper 
choice of the law of the blade twist, from the root up to the tip 
of the blade, the erpsion may be significantly reduced. 

Besides this procedure, there has been developed and patented 
a modification of the thermodynamic  process of expansion in the 
low pressure stages of condensing steam turbines of great output, 
which is based on increasing the quality of the working steam bjr 

means of heat transfer from an amount of steam extracted at an 
earlier stage, and forced to flow through hollow shallow-type 
nozzle blades in the diaphragm. This method seems to be par-
ticularly applicable to turbines of nuclear power plants which are 
supplied with steam of only moderate initial superheat, or even 
with wet steam. 

Alternative methods using hollow nozzle blades, as described 
previously, are based either on the acceleration of the droplets at 
the exit of the nozzles or on their suction into the hollow in-
terior space of the blades. All of these methods are being inves-
tigated. 

I suppose the experience gathered in steam turbine practice 
may be easily applied in other similar cases. 

s Technical University, Gdansk, Poland. 

Journal of Eng ineer ing for Power O C T O B E R 1 9 6 6 / 3 9 3 

D
ow

nloaded from
 http://m

echanism
srobotics.asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/88/4/393/5602689/392_1.pdf by guest on 03 June 2023



G . M . W o o d 1 0 

Professor Hammitt is to be congratulated 011 his excellent 
summary paper 011 current theories regarding the damage pro-
ducing mechanisms of cavitation and liquid droplet impingement. 
Several convincing points of argument have  been raised to 
support the concept that both types of damage are caused by the 
impact of a high velocity liquid jet on the damaged surface. This 
is indeed a major conclusion which  should lead to a better basic 
understanding of the detailed mechanisms involved. 

However, many aspects of the cavitation damage problem are 
still unresolved. A key point made by the author is that there 
are no systematic direct comparisons with identical material and 
fluid conditions between various types of testing facilities. Much 
needs to be done to identify and classify the flow regimes in-
volved for each situation. It is well known that different flow 
fields do not produce the same rate of cavitation damage for a 
given material apart from corrosion and erosion effects. This was 
clearly demonstrated in the pump test in 1400 F potassium re-
ferred  to in the paper. Two distinct types of damage were ob-
served in different regions on the unshrouded impeller. Oidy 
scattered, single-event pits were found near the leading edges of 
the vanes, whereas a concentrated zone of pitting damage oc-
curred in the rear flow channel 011 the pressure surface of the 
vanes. The rear channel damage in terms of volume loss was 
several orders of magnitude higher than that near the inlet. 
From visual tests in water with this same impeller, it had been 

10 Project Engineer, Pratt & Whitney Aircraft, East Hartford, 
Conn. Mem. ASME. 

established that a highly concentrated tip cavitation vortex 
existed in the rear channel region, whereas an interacting flow 
field of an attached cavitation bubble on the vane suction sur-
face with a weaker tip cavitation vortex existed in the inlet region. 
It is, of course, also significant that the static pressure gradient 
in the rear flow channel was much higher than in the inlet. 

In conclusion, it is fair to state that, although much good prog-
ress has been made, much remains to be done. Due to the great 
complexit}' of the problem and the number of variables involved, 
it is hoped that more effort will be devoted to identifying and 
grouping the several types of  cavitation flow regimes existing in 
the numerous laboratory testing facilities and in field tests of 
machines. Such information would do much to increase the ac-
curacj' of predicting cavitation damage in different applications 
from laboratory investigations and would vastly improve the 
correlation of data from different test environments. 

A u t h o r ' s C losu re 
I wish to thank all the discussers for their interesting and valu-

able contributions. I find no points raised in these discussions 
with  which I am not in agreement, and further comments by my-
self are unnecessary. I would, however, like to emphasize my 
agreement with Glenn Wood's last  paragraph regarding the 
necessity for identifying the critical parameters which specify the 
various types of cavitation flow regimes both in laboratorj' and 
field machines with respect to damage capabilities. Very much 
yet remains to be done in this area. 
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