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SUMMARY 

Cavitation erosion 1s an important problem ln many hydraulic 
and rnarlr.e engineering systems. This report deals with some of 
the engineering aspects of thls problem, especially from a de-

tgner ' s pol t of view. Preliminary design as well ag redesign 
would be greatly aided by the development or model test1~ ~ tech­
niques . As of now there are no scallng laws governing thls 
phenomenon. It ls the obJectlve or thls report to develop such 
scaling laws and to investigate the feaslblllty or modeling 
cavitation erosion. The three important parameters to be scaled 
are the exposure tlrne, speed and slze. 

It appears practical to conduct model tests over a shorter 
time by using a weaker material ln the model. However, selection 
of model materlaJ depends upon several factors such as corrosion, 
structural strength, reproducibility of results and the techniques 
employed tn the manufacture of models. 

The velocity scale and size scale are governed by six 
nondimen t onal ratios, namely, the erosion number, the relative 
nuclei s i ze, the Weber number, the cavitation number, the cavita­
tion incepti on umber and the degree of cavitation. These scaling 
laws ind 1cate ttiat 1 t i po 1b le to mode 1 erosion ln .the labora­
t ory ad t o pr~d1 ct ~e prototype performance. In addition, these 
call g law exp lat . many curre ntl • available experimental 

ob e rva i o F 0 • example , both Knapp's sixth power law for the 
depe dence of r os 1on t r ~n tty on velocity, and reported con-
trad i ti o hi law~ the. i nfl uence of the cavitation number 

. . 
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and the effect of model size can all be explained reasonably 

well with these new scaling laws. However, it i s recogni zed 

that cavitation erosion is a complex process; the analys i s 

presented in this report has many limitations and s implifying 

assumptions. Further investigations are required to remove 

some of these limitations. 

INTRODUCTION 

Cavitation erosion is a serious problem in hydraulic 

turbines, pumps (1,2), valves, control devices, hydraulic struc­

tures, sluices, energy dissipators (3), ship propellers, hydro­

foils (4), bearings (5), diesel engines (6), aircraft engines , 

torque converters, sonar domes, acoustic signal devices and 

processing and cleaning equipment, to mention only a few. 

Cavitation erosion is caused by the collapse of bubbles at or 

near solid boundaries which guide high speed flows. Good state­

of-the-art reviews of the details of this phenomenon are avail­

able in References (7), (8) and (9). 

With increasing requirements of higher speeds and s maller 

sizes for liquid-flow systems, the designer is confronted with 

cavitation erosion as an important limitation. Figure 1 s hows 

the various engineering aspects of this problem from a de 1gner' 

point of view. Basic research on bubble growth a nd collap e, 

material erosion and environmental interaction ha ge erated 

much needed fundamental knowledge. The relative re 1 · ance of 
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many materials has also been catal01ued ualna one ot several 
s creening tests. TestA c0111110nly used includes (1) the vibratory 
tes t s , (2) the rotating disk teat, (3) the Venturi teat and 
(4) the Jet impact test (8). Baalc research combined with 
s creening tests has led to several uaetul protection techniques 
which include the use or more realatant •t•rlala (inlays, 
overlays and elastomeric coatlnaa), and the cathodic protection 
and air injection methods (10). 'ffl••• protection techniques are 
s uccessful in some instances but not ao useful ln other cases. 

Recent experiences wlth tull scale •J•t- ah011 that ln sOlllf'. 
cases even the most resistant •t•rlal •aa ••••rely eroded in 
short operational periods C•). It the eroelon la serious at 
design conditions, the operational requlre•nta such as capacity, 
power and speed mlght be relaxed. Ha.ewer, lt the deal1n ls 
hopeless in terms or erosion lntenalty, then redesl1n ls 1enerally 
recommended. During redesign, one •0Uld correct obvious mistakes, 
avoid cavitation ir at all poaalble and provide air vents at 
problem areas. It would be hlahly dealrable to verity the re­
des ign (or a preliminary desi1n) wlth the help or a model test 
before cos tly manuract.ure is inlt1ated. Such model tests would 
hopefully lead to t he necessary modlrlcatlons to a design so that 
t he eros ion intensity levels are wlthln the capability or the 
candidate mat erial. As or now there la no acceptable model test­
i ng t echnique, a l though some attempts have already been initiated 
i n t hi di rec t ion (11,12,13). It la the purpose or this paper to 
cons lder t he feasibility or developing such model tests and to 
xamine t he caling laws governing the cavitation erosion phenomenon. 
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PRIMARY CONSIDE A IONS GOV · R IIN 'l'H~ 
FEASIBILITY OF MOD •'J, N CA I 'I'A'l'I ON I· I O 0 

The importance f deve 1 lr e; mo e 1 e., ., i n o v o ~; . How­
ever, the feasibility of ~uch t :. r de ends o h o ec onomt 
aspect s and techntca l cons tderat on Por ex m l e, he o. f 
the test fac1lity depends up on i t "i e, whi ch i tu r gove r nJ 
the auxiliary machinery component uch a pump a nd mot or. Model 
size and tes t speed determine the capacity and co. t f the~e 
components. Similarly operating cost are governed byte. tin 
time an~ model costs . 

In technical terms, the fea ibility of model tes tin depend 
upon the knowledge or the following three important. caling 
parameters in addition to several other cons iderations : (1) time 
~c~le, (2) velocity s cale, and (3) s i ze s cale. The technical 
considerations dealing with these cale are disc u ed ln the 
following sections. 

Time Scale 

Usually prototype sys tems are required to operate w thou t 
erosion for a long time, typical ly greater han 1 , O hour . It 
becomes e ssential to develop callng t echn lque wlth wh1 h ne 
could shorten the test duration for the mode e . t . r , .m.., 
well established that the rate of ero ion n nli eo. r f'u C l o 
or the exposure period (8,10 ,14 ). The rat e of ero creas e . ., 
from negl1g1b le value , reache a maxim m, t n d a., e . and 
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levels off t o a teady value. A typical curve is s hown in Fig­

ure 2. Such relations for a spectrum of materials are shown in 

Figure 3. The eros ion time for these materials varies over a 

time s cale from a few minutes to a few days. 

Recently, Thiruvengadam (15) investigated the relationship 

between the relative rate of erosion (the ratio between the rate 

of eros ion and the peak rate of erosion) and the relative ex-

posure time (the ratio between the exposure time and the time 

corres ponding to the peak erosion rate (Figure 4). A recently 

developed theory has also been correlated with these experimental 

data. This approach offers the possibility of using a weaker 

material to learn about the erosion potential of the prototype 

material at comparable intensities of erosion. The selection of 

materials for the model will be governed by several requirements 

s uch as s tructural strength, environmental effects, reproducibility 

of res ult s and techniques employed in the manufacture of the 

models , in addition to the cons iderations involving test duration. 

The influence of corros ion on mode 1-prototype correlation ·is 

currently unknown. 

Veloci t y a nd Size Scale 

The next impor t ant parameters are velocity and size scales. 

Knapp ( 16 , 17) conduc ted pioneering experimen_ts to re late the rate 

of ero ion with ve locity a nd size. He meas ured the number of 

pit per ni t area per uni t time on an ogive body made of soft 

---
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annealed aluminum at various pEed. 1 1 a wa 

found that the number of plt / ec/1r 1 ( 

tensity) varied as the slxth p wer f 

cavitation number (Figure 5). He : omp&red t 

with his measu~ements in a full cale hyd 

1n the field. His field mea urement at e 

• 

close to the laboratory measurement. at e · am e c 

ure 5), in spite or the different ge:omet ry a d L e r 

. pp 

d 

(f 

r1 d 

system. From these investigation. Knapp c l ded e 1 -

tensity ls dOlely a runct1on of peed a 1d d ,:,;) dep rd p r 

the size or shape or the flow syste m. 

However, experiments by Shalnev (18) ad T 1 e gadam { ) 

showed that the rate or erosion varied s 1gn1f1can y w 

lencth or the cavity (cavitation cloud) at a g1 e, 

These observations ral.sed cerious doubts ab , K ap ' l 

slons. In order• to further understand the e Effe . , add 1 a 

experiments were conducted at the u. s. Na al App led S 

Laboratory using their rotating d1 f k e r· 

ot 0.375 inch diameter were dr l 1 erJ at; var • 

circular dlsk made of 304 ~ ta1n lt ,. . ee a d r o 

at a chamber pres sure of 1 p g ( .o). 
apparatus may be found 1n Re fere ,ce 2 . ~ r 

Figure 6. Since the dept of o 'lar 1 a o 

er d d 

a 

a 

. ., 

e , 

the depth of erosion averaged 0 v r 

against th£ peripheral p ed 1 1 lg• I I I 1t r pp I •> 
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lxth p wer law , th6 rate or era 1On Increased wl th velocity to a maxim and then decrea ed with lncreaslng velocity. Th~se 
app re tly c ntradtctory re ul" s whl -h were the 01 .y data avail­
a led ring the early lxties , warrant~d a more detailed 
l e - lga l o of he e effects. 

her ta ing fo11 apparatus fully d~scribed in earlier 
referen e ( 22 , 3) wa pec1fically developed for these studies. 
Ftgure 7 how a overall view of thls faclllty. Systematic 
experlffM!nt were conducted on NACA 16-021 nydrofoils using this 
apparatu. Two l ze of the fo11 (~ inches and 1-1/2 inches in 

ord length)~ e te t ed. The rate of erosion was de termined 
a r nctto1 or expo ure time for each set of test conditions, 
la 1 g ver c~mulatl~e expos re periods ,ranging from 10 hours 
t 7 hour dependtr,g pon the intensity of ero. ion. A typical 
plo of rate or eroslon as a function of exposure period ls shown 
1 Flgure 8. Both veloc 1 t ~· and pressure were var led indepen-
de lya thee experlmental resul ts have been reported in Refer-e ce a d 13. 

he e lnves t1gat1o lear l.Y ~s tab llshed that the rate of 
er , 1 • depE;, ded grf'a lJr 0n the expo u re time, c lar1 fy ing some r he C r over le n t 1 a pect of the phenomenon ( 24) . . he re wa a , tr a l pe l Od during whic ther€ was o mea-·ra e welgh • 0 110 1( g 1e incubat i on period, there was p r d of a ce ra 1g r o 1 ra tes . Af t er r·each1ng a maximum 
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a d 

1 •1a r 1g 1 d pe 

value, the rate of e r os i on d~c r ea e d w 

steady state. The max i mum rate of e. r ,J 

on the cavitation n~mber at a given vei e e . s n r t e 

increased with decreasir,g cav1 ati n number e c .1ed 

value and then decreased with f ur .er red c ! n 
cavitation number as shown t n Fig 1-l r e 

represented by the ordinat e of th1 

.e i , ,. I, i y 

f i gur~ 1~ g1v~ . y 

1 = Al_ S 
e ~t e 

ax mm 

f 

f' 

where 6Y is the average depth of e ros i on over t r e er ded a rea in 
a given exposur~ interval of ~t, a nd S i s t hE ~ro 1 , re gtt e 
( 26). 

The results shown i n Figur e 9 demonc- t rate that t. e i nten t t y 
of cavltatlon erosion depends upon t he veloc ty a nd the t ze of 
the foll 1n addition to t he cav1tat1on number . For e xamp le , t he 
three inch foll at 175 fp s has a peak 1n en 1 t of 1. 2 ,..J/m.a w 1ch 
occurs at a cavitation number f o. O; w~er~a f or t~e 1- 1/ 2 i nch 
foll at the same velocity the peak 1 t e 1t i. oc1 y o . w/m.i a 
a cavitation number of O. 36. The max 1mum ate r c 

the optimum cav 1 tat ton • mber a.n,• p l•)t ed aga 1 f 

Figure 10. The solid lin i n h i f ig ur e corre 

sixth power law. An unde r .a.r a 1ng o f t he elo 
and the size s cale e ffe ~ observed he 

Es p d g o 

l 1 y 1 

K app' s 

a l e f f 

crucial to the event ua devel0pm a of q ~ f 
predicting ca.vi tat i on e r o 1 f l wi ig ~ 1~ .1 s 1a o 
vated by this object ive . 
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SCALING LAWS FOR CAVITATION EROSION 

Spherical Collapse 

It ts now generally accepted that high pressures caused by 
the collapse of bubbles produce deformation and material failure. 
As earl:,' as 1917, Rayleigh (27) attempted to show that such high 
pressures are possible during bubble collapse. Rayleigh's 
analysts of an empty bubble collapsing 1n an incompressible 
liquid predicted 1nf1n1te bubble wall velocities and collapse 
pressures (Figure 11). He obviated this difficulty by intro­
ducing a perfect gas obeying Boyle's la~ in the bubble. Further­
more, he knew that a satisfactory theory should take into account 
the compressibility of the liquid. Realizing the importance or 
compressibility effects 1n bubble collapse, several investigators 
including Hickling and Plesset (28) and Ivany and Hammit (29) 
considered this effect in their calculations. While surface 
tension tends to increase the rate of collapse, . compressibility, 
v1scosU·y and noncondenstble gas 1n the bubble tend to slow down 
the collapse rate (30). The influence of viscosity on collapse 
rate ts negligible except for large bubbles. 

Nonsphertcal Collapse 

Recent attention has been directed toward an understanding 
of nonspher1cal collapse. However. interest in the formation 
of 11qu1d Jets artstng out of non pher i cal collapse may be 
traced to early tnve ttgators . For example, Eisenberg (31), 
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as early as 1950, hypothesized the formation of 11q u1d Je t 

caused by the "unsymmetrical collapse of cavitation bubb le 

in a pressure 1radient." Suvorov (32) and Naude and El lis (33) 

observed experimentally the formation of s uch Jet s during the 

later stqes or bubble collapse. Naude ar.1 Ellis (33) photo-

1raphed such Jets and the indentations caused by thes e Je ts . 

Hancox and Brunton (34) and Thiruvengadam et al (35) have s hown 

that multiple impacts by water Jets can cause eros ion even at 

impact speeds in the ranee of 100 fps. More recently, Benjamin 

and Ellis (36), Tulin (37), Mitchell and Hammitt (38) and 

Plesset and Chapman (39) have all contributed to the unders tand­

tn1 or the Jet impact mechanism. It is interesting to note that 

the theoretical prediction or the micro-Jet formation in front 

of the primary Jet (Fi1ure 12) ts very similar to the expert­

mental "Monroe Jet" observations of Bowden and Brunton (40). 

Indentation and Rate or Erosion 

tr the stress caused by the collapse of the bubble exceeds 

the yield strength of the material, a permanent dent may be 

produced by a single impact. However, even tr the collaps e 

stress is less than the yield strength, a de.nt may s t111 be 

produced after several collapses due to fatigue failur~ or the 

material. The actual fracture of a particle from the s urface of 

the material may be produced from overlapping i ndentations caused 

by the col lapse of many bubbles. For a sing le impact , the dept h 

of indentation,~'• may be approximately related to t he s t r eng t h 
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or the material, Se, the impact preseure, Pi and the size or the 
shock or Jet, R, by the following relationship* 

b,y' • S • P • R e i (2) 

If•• use the simple analogy or a hardness test (41, 42, 43), the 
atrencth, Se, corresponds to the appropriate hardness or the 
material. For the case or multiple impacts with a frequency or 
r, the rate ot indentation may be approximated by 

(3) 

The lett aide or relation (3) represents the intensity or erosion, 
aa 1iven by relation (11, whereas the right side is the intensity 
or bubble collapse. These ideas were initiated as early as 1960 
(44, 45). The details or the derivations for relations (2] and 
(3), including assumptions and limitations, are contained in the 
appen'1ix. 

• The sign• means "is proportional to". All the constants of proportionality are omitted in the derivations since we are interested only in nondimensional ratios . . 
For a sufficiently shallow indentation or predominantly plastic character, the diameter of indentation, dis proportional to /R•AY'• This result, when used with conventional relationships for hardn~ss, will lead to relation (2). Ideal plasticity is assumed. If the impact stress 1s much larger than the yield strength of the material, deep craters and associated plastic flow are produced on the surface of the material. This analysis is mainly applicable to materials that are neither too soft no.r too strong, i.e., with yield strengths of the same order of magnitude as the impact stress. 
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The intensity of bubble collapse depend upon tnree pa ram­
eters, namely the impact press ure, P1, the t ze of he bubb le or 
Jet and the frequency of impact. The approach t n t h1 repor t t s 
to relate these three parameters to hydrodynamic cnaract ert tics 
such as velocity, pressure and size of the sys tem. A hown in 
Figure 13, we can classify the bubble collapse mechani sms i nto 
three categories, spherical collapse, macroJet impact and micro­
Jet impact. Rayleigh (27) and several other investigators con­
sidered the spherical collapse in detail. Plesset and Chapman 
(39) among others have considered the macroJet and m1croJet. 

Spherical Collapse 

The collapse pressure due to spherical collapse, P , i s 
C 

given by 

p • p (~)" 
C o RC 

where P and R correspond to initial pressure and radius and 0 0 • 
Rc is the final collapse radius. If the center of ~ollapse is 
or the order or the initial radius , the impact pres s ure, pi, is 
given by 

(5] 

allowing for a (1/radius) attenuat1or, ( 46). Th! r e l ative rad iu , 
R

0
/Rc, depends upon many factors i nc lud1 ng surface ter t on , 
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nonconden ible gas , heat trans fer effects and compress ibility 
f the l iquid (3 0). For example, the influence of noncondensib le 

gas obeying Boyle' s law was given by Ray l eigh ( 27) as 

[6) 

where Q ts the partial pressure of the gas at the beginning of 0 

the collapse. Similarly, other effects may also be evaluated 
( 11). 

Jet Impact 

The pressure caused by the jet may be classified into two 
categories: (1) the stagnation pressure developed by a long jet 
acting for a large duration, and (2) the water hammer pressure 
resulting from a short jet or small duration. According to 
Plesset and Chapman (39), velocity or the jet is proportional to 
,trr. Then the s tagnation pressure 1s proportional to P, whereas v~o o 
the wa t e r hammer pres s ure is proportional to C ~; C ls the 

0 
sound pee and p ls the density of the liquid; 

QC 

i o (for the case of stagnation 
pressure) 

Pi • C ~ ( for the case of water 
0 hammer pressure) 

(7] 

(8] 
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Growth of Bubbles 

The initial size of the bubble a t the begi r ng oft e 

collapse is related to the time available f or growth a nd the 

pressure difference between the ins ide and the ou t i de o:..· the 

bubble (47), Figure 14. The growt h time, rg , i d ire ctly 

proportional to the length of travel of t he bubble and in ­

versely proportional to the trans lational ve locity of the 

bubble. The travel length is proportional t o the cavity le ngth 

which is proportional to the model length at a give n cavitati on 

number. Experimental observations by Ivany, Hammitt and Mi tche l 

(48) show that the bubbles move at approximately the s ame s peed 

as the liquid. The pressure causing growth i s related t o the 

difference between the vapor pres sure, p, and the minimum pres -
v 

sure, pmin" The surf&ce tension is neglected, but it is poss ible 

to account for it. These relationships may be written a s fo llows : 

R CIC T ,/Ff~ 
0 g p 

t 
T CIC 

g V 
0 

( 10) 

Ap °' p -
V pmi n ( 11 ) 

Combining these equations and using the well kn own relation s f or 

the cavitation number, o, and the minimum pressure ccefficie 

C , given by 
Pmin 
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a = [12] 

and 

[ 13] 

and assuming that o1, the cavitation inception number is 

0 - -1 
C (See Johns on ( 49)) 

pm1n 

we get 

(15] 

Moreover, the radius of the jet, Rj, 1s assumed as: 

(16] 

Frequency of Bubble Growth and Collapse 

As discussed earlier, the rate of erosion is related to the 

number of bubbles collapsing per unit time at a given location. 

The number of bubbles that collapse 1s r ~lat ed to the number of 

bubbles that become unstable and grow. Some of the parameters 

that affect the bubble instability are : 



HYDRONAUTICS, Incorporated 

l. Nuclei size , 

2. Surface ten 1 n, 

3. Velocity, 

4. Pres s ure, and 

5. Size of the m del. 

Recently Johnson ( 49 ) co 1d.ered h e parame er and 
demonstrated that bubble maller han t ne cr1 1 al 1 e d ot 
grow under a given set of flow cond1t1 1c ( 1g 1.1re 15 ). o 
example, bubbles of the order of 10- • 1 . n d1amet~r may 0 

grow at speeds less than 60 fp s wh~rea tr1ey may e come critical 
at a speed or 120 fp& .. as shown 1n Ftg re: 15 . 

In n
0 

is the cumulative number of nucle:1 . ha t pas . a give 
point in a given time 1r.terval . then one ca p lot a di tri io 
or sizes or these bubbles a hown ln Flg re The relati ve 
nuclei size is d/d where d i s the mean diameter and n 1 the 
cumulative number corresponding to the diameter d. A of n w, 
there are no systematic measuremen t~ of ch di tri ut1on i 
practical flow systems. However, lf we a · ume that the n cl 1 

size is governed by a Weib ull type of d1 t.rlb utlon , then 

r 
n 

0 

"'- exp [- (~) ] ( 17 J 

where a is the Weibull shape parame t er. l t 1 ea ily re c g 1 ed 
that the Weibull distrlbutlo~ give t e - 1mp exp e 1a l di -
tr1but1on when a .. 1, the Raylflg r. di t r i t 1o whe n -= 2 , a d 
approximates the normal dlst r1b ut1o w 1e. a = 3. 57 (50 ). 
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According t o J ohn on {49 ), 

where 

Then 

where 

d* = 3(p 
V 

d* ·= the cri t ical diameter of the nucleus, and 
'Y = the urface tens ion of the liquid. 

w -
JpV Id 

0 

'Y 

d* 8 - = 
d 3 (o

1 
- o) !pV

0
3 d 

2.67 
= W (o - o) 

1 

1s the Weber number. 

[ 18] 

(19] 

(20) 

If n* corresponds to d*, t hen a simple exponential d1str1but1on 
f or the nuclei s i ze wo u ld yie l d : 

Phy 1cally , one ca 

n* 
- = n (21] 

(22] 

in f er t at n 1s related to the flow speed 0 
and the mean i e of the c e1. J-ience, 
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V 
CX -

d 

V 

-[wt r] n* ex -=. exp 
d 

Scaling Law~ for Cavi t ation Er 

So far, we have d1scu • ed t e re l 

impact pres sure j the i ze of le 

of bubbles collapsing per un i t ime. 

section that the inte n 1ty f u e , 
J. 

these parametE:rs . For example, he jet impa 

Relation ( 25) i s o al . d com 

[ 2 4 J . Ag a 1 n ., 

But 

• 
' 

p ex p 
1 o 

½ I :a 
0 

' _, 

e , 

a"' 

p << p f r pra. lea 1 • r; 
V 

Then 

p r::s 
0 

2 

r I 1 l ' L 

1 

d 

pr1.;d C f' 

r e ,. -~ 

t s 1 

( f' [' )!' l )I) • 
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Hence 

(26] 

Rearranging (26] in non-dimensional groups, we obtain, 

(27] 

as an expression for the erosior, number, ®, for the Jet impact 

case; where 

I 
El 

e 
= - Erosion number (28) 

lpV 3 
0 

6 
cf 

= t - Relative nuclei size (29] 

lpV 1 d 
w 0 

= 
'Y 

- Weber number (30] 

Po - p 
V a = - - Cavitation number (31) 

fpV a 
0 

P1 - p 
V 

al = 
lpV I 

0 

- Cavitation inception number (32] 

~a= (ai - o) - Degree of cavitation (33] 
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Similar results for the wat er hamme r pr e ~s r pr d ed 
microjets and for s pherical shocks produce d 
are summarized in 'l'ab le 1. 

" P er1 l 0 1 p e 

If we examine the cas e of wat er hamme r pre re , he J 

where 

and 

O ( ) i [-2. ] 8 • 6M 60 exp wtio; 

M • V /C • Mach number, 
0 

C • the speed or sound 1n the liq uid. 

For the case or spherical 6hock, we get 

O ( i [ 2 (po) 2 . 7 ] 8 • ~ Ao) exp 3 ~ - W { Ao 5 

where Q
0 

is the partial pressure or nonconde n 1. b le ga 

bubble at the start of collapse. 

i n the 

Surface tension, compres s 1.bi l ity and tr,erma l effe ct may 
also be included for the case of spherical collapse. A di -
cusslon or these effects ls available in Refere ce 11 . 

In essence, this section of the report l e~d t s ome f 

[3 ) 

(3 5) 

the important scaling laws governing t he phenome non of avi t a t 1 n 
erosion. It 1s n~ '.! essary to ver i fy the e 1.,; a,l i g param er 
with carefully planned experiments . l n the me a . 1me , a a empt 
was made 1n the next section to see if the € c •• al1 g law w d 
explain the available experimental re ul t~ . 
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ANALYSIS AND DI SCUSSI ON OF RESULTS 

Accordlng to Figure 9, t he intensi ty of erosion increases 
with increas ing cavitation number, reaches a maximum and then 
decreas e s to a negl1g1ble value at the cavi t ation 1ncept1on num­
ber. Such a behavlor is compatible with relat ions (27), (34), 
and (35). Figure 17 shows a plot of the value of 8•6 (Product 
of the erosion number and the relative nuclei size) as a functlon 
of cavitation number for various values of the cavitation incep­
tion number. These values are computed from t he relationship 
(27) for a particular value of the Weber number. It is easily 
recognized that the experimental results in Flgure 9 are 1n 
conformity with the theoretical results in Figure 17 qual1tat1vely. 
According to Figure 17, the 1ntens1t y would increase, reach a 
maximum and then decrease when cavitation parameter 1s varied, 
keeping all the other non-d1mens1onal ratios constant . 

The experimental results in Figure 9 further show that the 
s i ze of the hydrofoil has an 1nfluen cP on the intensity of erosion 
as well as on the cavitatio n. number at which the maximun intensity 
occurs . Th1s behavior is also compatible with relations (27), 
[3 4] and [35). Changi~g the s i ze of the foi l changes both the 
relative nuclei s i ze, 5 , and the cavitation i ncep t ion number , o1, 
t hereby affecting the degree of cavitation, Ao. The experimental 
res ult s s how t hat t he maxlmum i ntensity for the 3-in. chord 
hydrofoil at 175 fps l s about one half of that of 1-1/2 1n. chord 
hydrofoi l at the same speed. 

. -
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The next important parameter i s the velor:: i t . Or exper i ­
ments as well as earlier experimen t s of other 1 1v e tiga or . h ow 

that the intensity of erosion is proporti o al o ( 
0

)e; the va l e 
of the exponent, e, has been reported to var y a ywhere fr om 3 t 

10 (18, 19, 51). This variation i the veloc i ty e xpo en t a n 
also be explained by plotting NS/o(Ao)½ a a f unc tl o of We er 
number for various values of Ao, from Eq ua io . [ 27 ) a s ow i n 
Figure 18. For nuclei s izes on the order of 10- 5 ft in wa t er. 
for a speed range of 100 to 200 fps, the Webern mer wo uld be 
on the order of 20 to 80. For most of the exper i me nt the deg ree 
of cavitation (Ao) was close to op tim m (aro nd 0 . 1 ). Keep ing 
6, o, and Ao constant, we see 1n the shaded region in Fig ure 18, 
that the following approximate relation ex1 t : 

From Equation [30], 

W • V 1 
0 [37] 

and from Equation (28] 

1 « sv .1 
e o (38 ] 

Combining Equations [36), [37) and (38 ), w~ find tat 

I • e 

which is a Justification for Knapp' 

6 

0 
[ 

ixt. power l aw f or tr e de-

pendence of erosion on veloci t y. S im1l a t' y , tte o he .. vale of 
velocity exponents can be explained dEpe r d1 g upon ,e va h .. e o f 

] 
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W and Aa for each specific experi.ment Table 2 shows the range 
of nuclei size, veloci t i es and Weber number s th.at are of interest 
i n model-prototype correlaticms . As shown in Figure 18, the 
erosion number, e, becomes inaependent of Webe r number for W > 1000 
and 6a ~ 0.1. The nucle i s ize and surface t er s ion have to be con­
trolled in order t o keep 6 constan t and a t the s ame time to mai n­
tai n W > 1000. 

The discussions above have attempted to p~obe into some of 
the important experimental results 1n te rr s of the scaling param­
eters suggested in this repor t . T~e rol~a played by cavitation 
number, veloc1 ty e.nd size of the sy.e tern a re cc,mpatible with the 
analysis. The ph,enomenon of cavi tat i "n e r,"ls i or is a very complex 
process. The discussions and analyses present~d in this report 
are 0nly a first step, with much. mv r e r ema ni g tn be understood. 
Ti1ere are severa.l 11ml. tations to t hE: se a ~al yses which are enumer­
ated in the next Lection . 

LI MITATI ONS AND ASSUMPTl ~--

(1 ) Tie complex..1ty ,._ f th -• pt .ent'.\mencn ,J f cavitation 
e r os on nece s1 ta t es sev~ra l s mpl f ying a s sumpt 1,,ns that have 
been impl citly a d e ..w..p lic t1 · mad in this paper. Although 
t he ~e a seumpt ns 1::e-m tn b· phys .. cal ly r eali stic , furt her in­
vestigati0ns a re r cq ?red t ~ ve~i f y t ~~m 
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(2) The inf l uence of corro i on on ~e o g t er m 
erosion behavior of candidate mat eria l a rE l a t, 1 ·e y lower 
erosion intensities i s not we l l unde r s tood . T i i a e r i o limitation in time scaling. 

(3) The phenomena. of bubble col ap e 1 a tl t ica l 
in nature. Similarly, the fract ure of o lid par t i c le from t he 
surface of the material is also a s tati s tica l process . Ass ig n­
ing a strength value or an energy value to t he re s i s tance of 
the material in this context ls cont rovers ial, t o ay t he leas t. 
The author's approach, represented by r~lat i on (3 ) i s one of 
many different approaches, concepts and ideas t hat are forth­
coming from several contemporary investigator b. 

(4) The primary objective of our curre nt effort l s 
the derivation or nondimensional paramet ers tha t may s erve as 
scaling laws. Within the range of exper1me~t a l dat a curr ently 
available tor analysis, these scaling laws have been shown t o 
be meaningful. However, it remains to be se~. how f a r tr1es e laws may be extended. 

(5) The role of noncondenslble gas . compress 1b1 11t y, surface tension, viscosity and heat tra ri sfe r effec t 1n t he 
nonspherical collapse are currently being 1r vest 1gat ed. Pless e t 
and Chapman (39) have discus sed the relati ~e i nf l e nce of t hes e parameters. 
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(6) As di~cussed earlier, the inception of cavitation 
depends both on free nuclei as well as on su rface nuclei (52). 
Only the case of fre~ nuclei has been consiaered ln thls report. 
However, it ls possible to extend the same approach to the 
su rface nuclei case. It is also necessary to investigate dif­
ferent nuclei distribution functions. For example Figure 19 
s hows the influence of the Weibull shape parameter for a given 
degree of cavitation; the shape paramet~r has no appreciable 
infl 11ence for Weber numbers greater than 30, which is the prac­
tical range. 

(7) Similar to the statistical distribution for 
bubble growth, there is likely to be another d1str1bution for 
the number of bubbles collapsing near the material surface. 
Future investigations may also have to take this aspect 1nto 
consideration. 

(8) Presently available experiment al results on the 
effects of cavitation parameter, velocity and size of the model 
are compatible with the approximate analysis using the stagnation 
pressure caused by t he dynami c action of the Jet. Additional 
investigations are needed to explore the implications of the 
water hammer pressure and s r.ock wave cases . 

(9) 1t is recognized tnat wnat is present~d in this 
paper 1s only a step toward an important goal of developing 
techniq ues for modeling cavitation eros ion to help designers 
and engineers . 
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CONCLUDING REMARKS 

The importance of model tests to determi ne the i nten ity 
or erosion or full scale systems is obviou . lme s cale, ve loci ty 
scale and size scale are the thre@ important cales in modeling 
cavitation erosion. The techr. ical feas ibili ty of s caling t hee 
parameters is discussed in this report. 

A weaker (less re&istant to erosion) material may be used 
to learn about the erosion potential of the prototype. Thi ap­
proach otters the possibility of shortening the time required t o 
test models in the laboratory. However, the s election of mcdeling 
materials will be governed by several factcrs including corros ion, 
structural stren,th, reproducibility of result s and model making 
techniques. The influence of corrosion on model-prototype cor­
relation is currently unknown. 

The analysis presented shows that the intensity of cavitation 
erosion experienced in a flow system is related to the following 
six scaling parameters: 

1. 

2. 

8 -
~. s 
6t e 
iPV a 

0 

-d 
5 - - · t 

- Erosion number 

- Relative nuclei i ze 
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3. w = - Weber number 
'Y 

4. 
po - pv 

- Cav1tat1on number 0 :::: 

!pV a 
0 

5. 
P1 - Pv 

- Cav1tat1on inception number 01 -
tpV a 

0 

6. Ao• (a1 - a) - Degree or cavitation 

The eros1on number represents the efficiency of erosion. It 
depends upon the cavitation number, the degree of cavitation and 
the relative nuclei size at a given Weber number. For given 
values of the relative nuclei size, the cavitation number and 
the degree of cavitation, the erosion number varies as an ex­
ponential functior of the Weber number. At large values of the 
weber number, the erosion number becomes independent of the 
Weber number. These results are compatible with available ex­
perimental observations. For example, Knapp's sixth power law, 
observed contrad1ct1ons to this law, effect of cavitation number 
and effect of s i ze of the model can all be explained reasonably 
well with the pres ent analysis. 
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These lnvest1gatlons lead to some g 1de l1 e. 1 he s 1 c -
tlon of the velocity s cale, model s i ze scale) the n cle i s i ze 
scale, the surface tension of the te t liquid a nd t he degree of 
cavitation during the planning t&ge of am del t e t pr gram . 
As pointed out earlier, there are ~everal 11m1tat1 n to hi e 
approach. Further carefully planned experimental re earch t 
required before any final recommenda tion ca e made . 1 1 
fair to conclude that the feasib ility of cond 1 c t i ng rel able 
model tests seems very promising. 
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APPENDIX 

1. Indentation and Rate of Erosion 

Force• Rap (force causing indentation) 1 

Res1st1ng force• daS (For perfectly plastic case) e 
where d ts the diameter of 1ndentat1on (See Figure 13). For 
small indentations, equating (Al1 and rA2] 

Hence, (see Figure 13) 

Ay'•S •PR e 1 

For multiple indentations at a frequency of r, there will be 
N • f • At indentation ln an interval, At. Then, 

N • Ay'. s ac p 1 • R • f • At e 

~·. s ac P R . f ~t e 1 

Let t.y = N~y', the depth eroded in At. 
Then, 

~- s ac p . R • r ~t e 1 

(Al] 

(A2] 

(A4] 

[A5] 

(A6] 

[A7] 
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2. Bubble Size 

(A8) 

.(, 
T • -g V 

0 
[A ] 

[A lO ] 

[A l 1 ) 

(Al ) 

ac .(, ""\ / ( -C - a) 
V Pmin [A 13 ] 

If we assume C = -o1 (Johnson (4 9 )) 
Pmin 

Then 

[A1 4-) 

3. Jet Size 

p R 3 ex: pR 2 L . V a 0 0 j j j [A 15 ] 
I where 

RJ = Radiu of the jet , 

LJ = Length of the Jet, and 
VJ = Velocity of the jet . 
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If 

[A16) 
n 

(A17) 
Then, 

[A18) 

4. Number of Bubbles Growing and Collapsing 

Johnson ( 49) [A19] 

[A20) 

If n* corre~ponds to d*, then 

fA21) 

[A22] 

If * ex f d n ex V /d, then 
0 

V 
0 

f ex -=- exp 
d [ 

2. 67 ] 
- W(cri - cr) [A23] 
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Rayleigh d1str1but1on for the nuclei 

0 2.67 V [ } a] 
f • i exp - { W ( o 1 - o l 

Approximate normal d1str1but1on for the nuclei 

0 2. 67 V [ )3. 57] 
r • i exp - ( W ( o 1 - o l 

5. Intensity of Collapse 1f we use Water Hammer Pressure or 
the Jet 

Then 

p • p 
0 O 

p << p 
V 0 

1 • tc O pV It O (o -e o d i 
½ [ 2. 67 ] o ) exp - W ( o i - o } 

• ipV 3 

0 

C . - . 
V 

0 

t - o(o 
- i d 

! [ 2.67 ] - o) exp - W ( o i - o) 

(A 4] 

(A25] 

(A27] 

(A28] 
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6. Intenstty of Collapse if we use the Shock Wave Pressure 

(A29] 

(A31] 

(A32] 
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TABLE 2 

Range of Nuclei Size, Velocity and Weber Number 
for Laboratory Experiments and for Prototype Operations 

Mean Nuclei Size 

cf, ft 

* 

p • 1.98 slugs/ft3 

'Y = .005 lb/ft 

Velocity 

V , fps 
0 

50 

100* 
200* 

50 
100 
200 

50 
100** 
200** 

50 
100 
200 

Weber Numb~r 
.l.PV 8 d w = 2 0 

y 

5 

20* 
80* 

50 
200 
800 

500 
2000** 
8000•• 

5000 
20000 
80000 

Range of valueslikely for experiments in the laboratory. 

** Range of values likely for prototype operation. 
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FIGURE 1 - ENGINEERING ASPECTS OF CAVITATION EROSION
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FIGURE 5 - COMPARISON OF TURBINE PITTING RATE WITH WATER 
TUNNEL TEST RESULTS (KNAPP, 1956)



HYDRONAUTICS, INCORPORATED

ROTATING DISK APPARATUS (U. S. Navy Materials Lab.)

o
X

E
E

I

zo
ooocm
LLI
U.o
Cl.
LU
Q
UJo
<cm
LU
>
<

Material: 304 Stainless Steel 
Pressure: ISpsig
Time: 48 hrs.

14.0 -

12.0 -

10.0 -

8.0 -

6.0
100 no 120 130 140

VELOCITY, ft/sec

150 160 170

FIGURE 6 - EFFECT OF VELOCITY ON RATE OF DEPTH OF EROSION
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NACA-SHAPE 
REMOVABLE INSERT 
HOLDER

TEST SPECIMEN

FIGURE 7A - ROTATING FOIL FACILITY SCHEMATIC
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