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A M3DEL FOR PITTI NG PRODUCED BY CAVITATION 

* 
Sobeih M. A. Selim 

The p r e s e n t  p a p e r  i s  concerned  w i t h  t h e  mechanism of  

c a v i t a t i o n  e r o s i o n .  A the01 e t i c a l .  model f o r  t h e  f o r m a t i o n  

of a s i n g l e  p i t  produced by a  shock wave r a d i a t e d  f rom t h e  

c o l l a p s e  c e n t r e  o f  a  c a v i t a t i o n  b u b b l e  i s  p r e s e n t e d  and 

t h e  model deve loped  t o  g i v e  t h e  a v e r a g e  s u r f a c e  s l b p e  of 

t h e  e r o d e d  s u r f a c e .  T h i s  model i n c l u d e s  many p a r a m e t e r s  

c o n t r o l l i n g  t h e  c a v i t a t i o n  damage such a s  t h e  c a v i t a t i o n  

number, f l o w  v e l o c i t y ,  i n c e p t i o n  c a v i t a t i o n  number and 

m a t e r i a l  p r o p e r t i e s .  The model p r e d i c t s  a  c r i t i c a l  v e l o c i t y  

below which no p i t t i n g  c a n  o c c u r .  P r e l i m i n a r y  e r o s i o n  

e x p e r i m e n t s  were  conduc ted  i n  w a t e r  t u n n e l  u s i n g  p u r e  

aluminium specimens s u b j e c t e d  t o  c a v i t a t i n g  f l o w  produced 

by a c i r c u l a r  c y l i n d e r .  The s u r f a c e  d e f o r m a t i o n  p roduced  

on specimens was a n a l y s e d  by a s u r f a c e  f i n i s h  measur ing  

d e v i c e .  From t h e  s u r f a c e  p r o f i l e s ,  t h e  s u r f a c e  s l o p e  and 

p i t  r a d i u s  were  computed. Tho r e s u l t s  were compared w i t h  

t h e  t h e o r e t i c a l  model and a  good agreement  was found.  T h i s  

agreement  means t h a t  t h e  r o l e s  p l a y e d  by c a v i t a t i o n  number 

and  v e l o c i t y  a r e  c o n s i s t e n t  w i t h  t h e  p r e s e n t  model. 

x L e c t u r e r ,  Department of Mechnical  Power E n g i n e e r i n g ,  

F a c u l t y  of Engineer ing  and  Technology, Menoufia 

U n i v e r s i t y .  



I NTRODUCT I Oh! . 

Many i n v e s t i g a t i o n s  a g r e e  t h a t  c a v i t a t i o n  e r o s i o n  i s  

t h e  r e s u l t  of  t o t a l l y  mechanical a t t a c k  [ 1 , 2 , 3 ] .  The 

mechanical c a v i t a t i o n  damage i s  due t o  t h e  h i g h l y  t r a n s i e n t  

impos i t ion  of  very  i n t e n s e  and h i g h l y  l o c a l  f o r c e s  on t h e  

s u r f a c e .  It i s  expec ted  t h a t  t h e r e  w i l l  D e  two t y p e s  of  

damage produced by a  c a v i t a t i o n  bubble  c o l l a p s e ;  one  i s  

t h e  e f f e c t  of t h e  shock wave r a d i a t e d  from the  c o l l a p s e  

c e n t r e  and t h e  o t h e r  i s  t h e  m i c r o j e t  formed when t h e  bubble  

c o l l a p s e s  n e a r  a  s o l i d  s u r f a c e .  Such a  m i c r o j e t  i s  generated 

when t h e  bubble  c o l l a p s e  becomes s u b s t a n t i a l l y  nonsymmetric- 

all.;. The m a t e r i a l s  s u b j e c t  t o  t h e  impact  of t he  shock wave 

o r  m i c r o j e t  undergo p l a s t i c  deformation and become workhard- 

ened. Many i n v e s t i g a t o r s  showed t h a t  t h e  damage was due t o  

p l a s t i c  deformation caused by t h e  impact o f  m i c r o j e t s  

developed by t h e  c o l l a p s e  of  bubbles  n e a r  t o  a  s o l i d  s u r f a c e  

[ 1 , 4 , 5 ] .  This  t heo ry  i s  i n  c o n t r a s t  t o  t h e  shock wave 

p r e s s u r e  t heo ry  of Rayleigh [6]. Preece  e t  a 1 .  [ 3 ]  s t a t e d  

t h a t  t h e  s u r f a c e  deformat ion  of  f a c e  c e n t r e d  c u b i c  me ta l s  

i n  a  v i b r a t o r y  system i s  by shock waves and t h a t  t h e  material 

removal i s  by d u c t i l e  r u p t u r e  from t h e  l i p s  of t h e  c r a t e r s .  

Shima [ 7 ]  and Yoshiyaki [ 8 ]  r e p o r t e d  t h a t  t h e  damage w a s  due 

toshock  waves, m i c r o j e t s  o r  bo th  depending on t h e  d i s t a n c e  

of t h e  s o l i d  s u r f a c e  from t h e  c o l l a p s e  c e n t r e s .  Rao e t  a x . ,  

[ 9 ]  and  ise en berg e t  a 1 . , [ 1 0 ]  a l s o  a r e  of t h e  view t h a t  t h e  

damage may be  due t o  e i t h e r  shock waves o r  m i c r o j e t s  caused  

by t h e  c o l l a p s e  of bubbles  n e a r  s o l i d  s u r f a c e s .  Knapp [IS] 

and Thiruvengaclam [12]  s u p p o r t  t h e  shock wave mechanism 

concept .  

In  o r d e r  t o  q u a n t i f y  t h e  damage produced it i s  usua l  

t o  p o s t u l a t e  t h a t , a  p a r t  of t h e  energy s t o r e d  by t h e  

c a v i t a t i o n  bubble  appea r s  a s  energy d i s s i p a t e d  i n  p l a s t i c  

work. Attempts have been made on t h i s  b a s i s  t o  c o r r e l a t e  



f low c o n d i t i o n s  and e r o s i o n  r a t e  [ l 3 , 1 4 , 1 5 ] .  Gene ra l l y ,  

a l l  t h e s e  a t t e m p t s  s u f f e r  from t h e  fundamental  weakness 

t h a t  it i s  very d i f f i c u l t  t o  e s t i r n a t l  a c c u r a t e l y  t h e  

amount of energy from c a v i t a t i o n  bubble  which l o s t  by 

r e f l e c t i o n  from t h e  s u r f a c e  and reborlnd of ..he y o l l a p s e  

bubble ,  i . e ,  t h e  energy  which never  r e a c h e s  t h e  s u r f a c e .  

The re fo re ,  t h e  i n t e n t  of  t h i s  work i s  t o  e s t z h l i s h  a 

s imple  model f o r  t h e  format ion  of a s i n g l e  c a v i t a t i o n  p i t  

produced by a  shock wave r a d i a t e d  f r m .  t he  c e n t r e  of 

c o l l a p s e .  Th i s  rrtoclel based on the) i 2 c : ~  of momentxm t r a n s f e r  - 
from t h e  shock wave t o  t h e  damaged s u r t a c e .  

THEORETICAL COVSIEEKATiC>!S 

The g e n e r a l  k inema t i c  f e a t u r e s  of a shock wave c > l l i s i o n  

on a smooth, p l ane  s u r f a c e  w i l l  b e  d e s c r i b e d  on t h e  b a s i s  of 

c u r r e n t  a n a l y s i s  and cxperirnentai  observations. 

When d u c t i l e  m a t e r i a l s  a r e  s u b j e c t e d  t o  impact  by a  

shock wave t h e  d e f o r ~ m t i o n  can h- c a t e g o r i z e d  as  fo l lows :  

1.' E l a s t i c  2 .  E l a s t i c  p l u s  p1ac;r:i.c 3. Hydrodynamic, i .e., 

v i s cous -For  e l a s t i c  defor inat ion ( c a t e g o r y  1) t h e r e  i s  no  

appa ren t  damage a f t e r  ircpact., wiicreas f o r  c a t e g o r y  2 a 
permanent defora t~nior l  c c c u r s .  I n  c a t e g o r y  3  t h e  combinat ion 

of m a t e r i a l s  p r o p e r t i c s  and i m ~ . a ; : t  co r ld i t i ons  i.r? such t h a t  

t h e  s o l i d  responds a s  a V ~ S C ~ ~ S  f l u i d .  T h i s  o c c u r s  p r k r i l y  

i n  "hypersonic  h p a c  t s  " s ~ c h  a s  f o r  exa~fiple,  c o l l i s i o n s  

between meteoro ids  and  s p a c e c r a f t .  Th i s  t y p e  of c o l l i s i o n  
i s  n o t  concern  f o r  m o s t  o the r  i . v y s  o f  eng.i.neering a p p l i c a -  

t i o n s .  

Characteristic s t a g e s  ic7- I impC-tct of  a  chock wave 

of speed l s  wi th  a  p1al.c ri; 1 a L _ f 3 r e  a t  rest are shown 

i n  F igu re  I.. Th*? 03-- -? ;  1 ;,l;,-tct sequence can  be  d i v i d e d  i n t o  



two phases:  t h e  p r e s s u r e  bui ld-up phase and t h e  p r e s s u r e  

r e l e a s e  phase.  The s o l i d  s u r f a c e  i s  a t  res t ,  i t s  i n i t i a l  

v e l o c i t y  i s  ze ro ;  and t h e  impact  v e l o c i t y  of t h e  shock 

wave i s  i t s  i n i t i a l  v e l o c i t y  vs. It  i s  assumed for s i m p l -  

i c i t y  t h a t  t h e  p r e s s u r e  behind t h e  shock wave, PSI  i s  

l i n e a r l y  r e l a t e d  t o  t h e  a c o u s t i c  p a r t i c l e  v e l o c i t y ,  Vs ,  

i . e . ,  Ps = P C  V . Upon c o n t a c t  t h e  wave w i l l  be  r e f l e c t e d  
0 0 s  

from t h e  s u r f a c e  and t h e  p r e s s u r e  w i l l  r i s e  t o  P and t h e  

p a r t i c l e  v e l o c i t y  w i l l  f a l l  t o  u .  The d i s c o n t i n u i t y  i n  t h e  

v e l o c i t y  a t  i n i t i a l  c o n t a c t  i s  t h u s  u f o r  t h e  s o l i d  s u r f a c e  

and(Vs - u ) f o r  t h e  shock wave. On app ly ina  t h e  ~ r i n c i p l e  of 

conse rva t ion  of momentum a c r o s s  t h e  r e s u l t a n t  p r e s s u r e  r ise 

i s  g iven  by 

where C and 3 a r e  r e s p e c t i v e l y  t h e  speed of sound and 

d e n s i t y  of t h e  l i q u i d ,  A u i s  t h e  d i s co r i t i r . u i t y  i n  t h e  

shock wave v e l o c i t y  and e q u a l s  t o  (vs  - u )  , 4 P i s  t h e  

r e s u l t a n t  p r e s s u r e  r ise and e q u a l s  t o  (P-Ps) .  S u b s t i t u t i n g  

t h e  va lues  of P  = P - PSI Ps = C V, and u = Vs - u 
i n  equa t ion  ( l ) ,  t h e  v e l o c i t y  of deformation ( u )  i s  g iven  

by t h e  fo l l owing  e x p r e s s i o n ,  

I t  i s  p o s t u l a t e d  t h a t  t h e  i d e n t a t i o n  p r e s s u r e  remains 

c o n s t a n t  a t  t h e  v a l u e  neces sa ry  t o  produce t h e  p l a s t i c  

f low which e q u a l s  t h e  y i e l d  s t r e s s  ( Y )  of t h e  s o l i d .  There- 

f o r e ,  on r e a r r a n g i n g  equa t ion  ( 2 )  t o  g i v e  t h e  v e l o c i t y  of 

deformation a s  fo l l ows  

= 2 vs - u 0 

where Y / f C  = uo i s  t h e  c r i t i c a l ' s h o c k  wave impact  v e l o c i t y .  



For impact v e l o c i t i e s  l e s s  than u it would be  expected 
0 ' 

t h a t  shock wave impact would cause pure ly  e l a s t i c  s t r a i n  

i n  t h e  s o l i d .  However, a t  impact v e l o c i t i e s  h igher  than 

u p l a s t i c  defom.at ion of t h e  s o l i d  occurs .  In o t h e r  words 
0 

t h e  deformation can only occur when Vs > 4 uo o r  when 

P s >  '5 y. 

After  i n i t i a l  c o n t a c t  t h e  shock wave has ideltted t h e  

s o l i d  s u r f a c e  t o  a  depth X. The depth a t  t h e  ceri t re  of t h e  

p i t  can be found from t h e  product  of deformation v e l o c i t y  

and time a v a i l a b l e  f o r  deformation, i n  equat ion  l o r n ,  

I f  the  small de lay  caused by t h e  propagation of a r e l e a s e  

wave i n  the  s o l i d  i s  neg lec ted ,  t h e  t i m e  a v a i l a b l e  f o r  

deformation (T 1 w i l l  c o n s i s t  of the  time f o r  t h e  wave t o  

spread from t h e  c e n t r e  of impact t o  t h e  p o i n t  where deforma- 

t i o n  ceases  p lus  the  time f o r  t h e  r e l e a s e  wave i n  t h e  l i q u i d  

t o  t r a v e l  from t h e  edge t o  t h e  c e n t r e .  Thus t h e  t i m e  a v a i l a b l e  

f o r  deformation,  T , i s  given by ,  

From f i g u r e  (1) it can b e  seen t h a t  r i s  given by,  

s u b s t i t u t i n g  equation ( 6 )  i n t o  ( 5 ) ,  t h e  a v a i l a b l e  time f o r  

deformation i s  given by, 

S u b s t i t u t i n g  equat ions  ( 3 )  and (7) i n t o  ( 4 )  t he  depth ( x )  

i s  obtained by 



Assuming t h a t  t h e  shock wave i s  a t t e n u a t e d  a s  l / r  where r 

i s  t h e  d i s t a n c e  from t h e  c o l l a p s e  c e n t r e ,  t h e n  t h e  edge 

o f  t h e  d e f o r m a t i o n  r e g i d n  may be  d e f i n e d  by thl: c i rc le  

when t h e  p l a s t i c  f l o w  c e a s e s  and t h e  shock s t r e n g t h  h a s  

f a l l e n  t o  + Y .  I f  t h e  c o l l a p s e  c e n t r e  i s  a d i s t a n c e  L  

from t h e  s u r f a c e  and P  i s  t h e  shock s t r e n g t h  a t  t h e  
S 

s u r f a c e ,  t h e n  t h e  p r o d u c t  PS.L r e p r e s e n t s  t h e  e f f e c t i v e  

s o u r c e  s t r e n g t h .  I f  t h e  r a d i u s  o f  t h .  d e f o r m a t i o n  r e g i o n  
is w a l l  t h e n  

and hence t h e  r a d i u s  "a"  i s  g i v e n  by 

* o f  t h e  r e s u l t i n g  Hence t h e  a v e r a g e  s u r f a c e  s l o p e ,  i . e . ,  - 
a 

p i t  can  be'  found by combining ( 8  ) and  ( 9  ) i .e.  

Assuming t h a t  t h e  impac t  v e l o c i t y  o f  t h e  shock wave i s  

p r o p o r t i o n a l  t o  t h e  bubble  w a l l  v e l o c i t y  ( R O ) ,  i . e . ,  v N 
S 

RO. R a y l e i g h l  s [ 6 ]  t h e o r e t i c a l  s t u d  ~ e s  have i n d i c a t e d  

t h a t  t h e  magni tude o f  t h e  b u b b l e  w a l l  v e l o c i t y  (RO) and  

t h e  p r e s s u r e  d i f f e r e n c e  ( h p b )  c a u s i n g  t h e  collapse of  t h e  

c a v i t a t i o n  b u b b l e  a r e  r e l a t e d  by ,  

where 'b i s  t h e  d i f f e r e n c e  between t h e  p r e s s u r e  o u t s i d e  

t h e  b u b l e  and i n s i d e  t h e  b u b b l e  a t  t h e  b e g i n n i n g  o f  t h e  

c o l l a p s e .  According t o  r e f e r e n c e  [16] t h e  p r e s s u r e  

d i f f e r e n c e  Pb i s  g i v e n  b y  



where U and  6 a r e  f l u i d  v e 1 o c i . t ~  and  t h e  c a v i t a t i o n  number 

a t  t h e  t h r o a t  o f  t h e  c a v i t a t i n g  body, Gi i s  t h e  i n c e p t i o n  
c a v i t a t i l m  number a t  t h e  t h r o a t  o f  t h e  c a v i t a t i n g  body. 

Hence, s u b s t i t u t i n g  e q u a t i o n  ( 1 2 )  i n t o  (11) and  u s i n g  t h e  

assumpt ion  t h a t  Vs& R o I  t h e  impac t  v e l o c i t y  o f  t h e  shock 

wave (V ) i s  g i v e n  S y  
S 

where k i s  c o n s t a n t .  s i m i l a r l y  it i s  assumed t h a t  t h e  

c r i t i c a l  v e l o c i t y  t o  p roduce  p l a s t i c .  work (uo = Y/ p C) is  

g i v e n  by t h e  f o l l o w i n g  e x p r e s s i o n  

= k uo (1 + 6 )' (1 + ci)' 
0 

(14 

Combining e q u a t i o n  ( l o ) ,  (13)  and ( 1 4 ) ,  t h e  a v e r a g e  s u r f a c e  
X s l o p e  (-1 o f  t h e  r e s u l t i n g  p i t  i n  terms o f  t h e  a  

c o n d i t i o n  is a i v e n  bv  

f l o w  

where k  = 2k/C and Uo i s  t h e  c r i t i c a l  f l o w  v e l o c i t y  t o  
1 

produce p i t .  kl  and U c a n  b e  e s t i m a t e d  f rom r e l e v a n t  t e s t  
0 

r e s u l t s .  

EXPERIPIENTAL APPARATUS 

P r l i m i n a r y  e r o s i o n  tes ts  w e r e  c o n d u c t e d  i n  a  c a v i t a t i o n  

r e s e a r c h  w a t e r  t u n n e l  w i t h  a  p a r a l l e l  s i d e d  working s e c t i o n  

o f  4 0  x 20 mm c r o s s  s e c t i o n  a t  t h e  F a c u l t y  o f  E n g i n e e r i n g  

and Technology, Menoufia U n i v e r s i t y .  D e t a i l s  o f  t h e  d e s i g n  

and d e c r i y t i o n  of t h i s  t u n n e l  c a n  be found  i n  El-Danaf [17]. 

The t u n n e l  was d e s i g n e d  s o  t h a t  t h e  f l o w  r a t e  and  p r e s s u r e  



- 2 4  - 
i n  t h c  working s e c t i o n  c o u l d  b e  v a r i e d  i n d e p e n d e n t l y .  The 

f l o w  r a t e  th rough  t h e  t e s t  s e c t i o n  c o u l d  b e  c o n t r o l l e d  by 

a  by p a s s  v a l v e  and t h e  p r e s s u r e  by a  c o n t r o l  v a l v e  conn- 

e c t e d  t o  a n  e x t e r n a l  compressed a i r  s u p p l y .  Tile c a v i t a t i o n  

w a s  produced by a 2 5  mm d i a m e t e r  c y l i n d e r i c a l  body f i t t e d  

c e n t r a l l y  i n t o  t h e  working s e c t i o n  of t h e  c a v  t a t i o n  t u n n e l  

a s  shown i n  F i g u r e  ( 2 ) .  The e r o s i o n  c7-.s d e t e r ~ i i n e d  u s i n g  

a p l a t e  o f  m a L e r i a l  o f  s i z e  4 0  x 1 4 0  nun and o rnrn t h i c k  

mounted on a  s i d e  w a l l  o f  t h e  working s e c t i o n  The 

m a t e r i a l  used  was p u r e  Aluminium and t h i s  i s  :]as chosen  

becal lse  i t  e x h i b i t s  a l m o s t  p e r f e c Q l a s t i c i t y  and i s  v e r y  

- ~ i s i l y  e r o d e d .  The specimens  

t o  g i v e  a  f i n e  f i n i s h  on t h e  

For  t h e  f i r s t  s e r i e s  o f  

t u n n e l  was r u n  a t  a  c o n s t a n t  

a p p r o p r i a t e  t o  c o n d i t i o n s  i n  

were  p r e p a r e d  by p o l i s h i n g  

whole s u r f a c e  of  t h e  specimen. 

t h e  c a v i t a t i o n  t e s t s ,  t h e  

c a v i t a t i o n  number , 6, 
t h e  t h r o a t  and deEined  by 

P - P" 
6 = ------ 

+ f u2 
where P and U a r e  r e s p e c t i v e l y  t h e  p r e s s u r e  and v e l o c i t y  

i n  t h e  t h r o a t .  The v a l u e  o f  G c h o s e n  was 0 . 0 6  c o r r e s p o n d i n g  

a p p r o x i m a t e l y  t o  t h e  maximum n o i s e  r a d i a t e d  f rom t h e  c o l l a p s e  

of  t h e  b u b b l e s ,  and t h e  t h r o a t  v e l o c i t y  was v a r i c d  over t h e  

r a n g e  19 t o  30 m/s. The second  s e r i e s  o f  t e s t s  c o n s i s t e d  

o f  r u n i n g  t h e  t u n n e l  a t  a c o n s t a n t  v e l o c i t y  of  26 m / s  and 

v a r y i n g  t h e  c a v i t a t i o n  number o v e r  t h e  r a n g e  0 . 0 2 5  t o  0.03. 

The e x p e c t e d  e r r o r  i n  t h e  c a v i t a t i o n  numl~er  i s  a b o u t  

+ 6 %  . While  t h e  p o s s i b l e  e r r o r  i n  t h e  f l o w  v e l o c i t y  i s  - 
a b o u t  L 1 % .  

EIEASURMENT O F  SURFACE DEE'OmfATION 

The e roded  specimens  were  a n a l y s e d  u s i n g  a  FORSTER 

P r o f i l o g r a p h  Model 5815 a t  t h e  F a c u l t y  o f  E n g i n e e r i n g  and  

Technology,  Helwan U n i v e r s i t y .  The s u r f a c e  p r o f i l e s  were  

used t o  f i n d  t h e  s u r f a c e  s l o p e  and t h e  a v e r a g e  p i t  r a d i u s .  

The s c a n n i n g  d e v i c e  u s e d  t o  measure  t h e  s u r f a c e  r o u g h n e s s  



hcis a  diamond s t y l u s  w i th  a  rounded t i p  abou t  10 pm. The 

s t p l ~ i s  speed and t h e  o p e r a t i v e  l e n g t h  of  t r a v e r s e  were 

hspt rhe  same f o r  a l l  t h e  t e s t s .  T h i s  was accoinplished 

hy s e t t i n g  t h e  speed of  t h e  s t y l u s  a c r o s s  t h e  specimen 

s u r f a c e  e q u a l  t o  0.5 m / s  and t h e  o p e r a t i v e  l e n g t h  of 

t r a v e r s e  equa l  t o  8 mrn. 

The s u r f a c e  s l o p e  was ob t a ined  from t h e  s u r f a c e  

p r o f i l e s ,  I t  was e s t i m a t e d  by sunning t h e  modulus of  

the  l a t e r a l  xovement of  t h e  s t y l u s  and d i v i d i n g  by t h e  

l e n ~ t h  of  t h e  t r a c e ,  On assuming t h a t  t h e  ave rage  p i t  

clep-ch was tw ice  t h e  c e n t r e l i n e  ave rage  dep th ,  t h e  ave rage  

p i t  r a d i u s  was deduced by d i v i d i n g  t h e  ave rage  p i t  dep th  

by t h e  p r e v i o u s l y  c a l c u l a t e d  ave rage  s u r f a c e  s lope .  

F u r t h e r  d e t a i l s  of t h e  method used t o  a n a l y s e  t h e  s u r f a c e  

p r o f i l e s  a r e  g iven  i n  appendix 1. The expec ted  e r r o r  i n  

the s u r f a c e  s l o p e  i s  approximate ly  -+ 8% and i n  t h e  aver -  

Gge p i t  r a d i u s  i s  abou t  + 6 % .  - 
Photographs of some e r o s i o n  specimens w e r e  t aken  

us ing  o p t i c a l  m e t a l l u r g i c a l  microscope which i s  provided 

wi th  a camera. 

!'XPERIMENTAL RESULTS AND DISCUSS I O N  

Typ lca l  f i y u r e s  ( 3 )  t o  ( 6 )  show t h e  e f f e c t  o f  expo- 

s u r e  t ime on t h e  s u r f a c e  roughness  f o r  t h e  235min c i r c u l a r  

z y  Lhnder with s i d e w a l l  specimens. F i g u r e s  (3)  and ( 4 )  are 

f o r  t e s t s  conducted a t  a c o n s t a n t  c a v i t a t i o n  number of 

G , O G  and v a r i o u s  f low v e l o c i t i e s  nf  3C!m/s and29 m / s .  

T.!hile f j g u r e s  (5 )  and ( 6 )  a r e  f o r  t e s t s  conducted a t  a 

c o n s t a n t  flow v e l o c i t y  of  26 m / s  and d i f f e r e n t  c a v i t a t i o n  

numbers of 0.09 and 0.025. Gene ra l l y ,  t h e s e  f i g u r e  indicate 

t h a t  t h e  s u r f a c e  roughness  and t h e  number o f  p i t s  ircrease 

wi th  cime. 

From t h e  s u r f a c e  p r o f i l e s  de te rmined  by F ~ R S T E R  

F ro f i l gg raph ,  t h e  s u r f a c e  s l o p e  and the  p i t  r a d i u s  were 
-PI-  



c a l c u l a t e d  and p l o t t e d  a s  f u n c t i o n  of  exposure  t i m e .  

F igure  ( 7 )  shows t h e  v a r i a t i o n  of  s u r f a c e  s l o p e  wi th  

exposure t i m e  a t  v a r i o u s  flow v e l o c i t i e s  ranged from 

19 m / s  t o  30 m!s w i th  a  c o n s t a n t  c a v i t a t i o n  number of 

0.06. In  g e n e r a l  F igu re  ( 7 )  i n d i c a t e s  t h a t  t h e  su.r,face 

s l o p e  i n c r e a s e s  w i t h  t i m e .  I t  a p p e a r s  t h a t  t h e  s u r f a c e  

s l o p e  v a r i e s  l i n e a r l y  w i th  exposure t ime ,  t h e  b e s t  f i t  

s t r a i g h t  l i n e s  t o  t h e  d a t a  can be c a l c u l a t e d  u s i n g  

l e a s t  squa re s  a r e  shown i n  F igure  ( 7 ) .  It i s  r ea sonab le  

t o  assume t h a t  t h e  i n t e r c e p t  of t h e  s t r a i g h t  l i n e  a t  z e ro  

t i m e  on t h e  s u r f a c e  s l o p e  a x i s  g i v e s  t h e  l e v e l  e s t a b l i s h e d  

very  soon a f t e r  t h e  s t a r t  of exposure  , sinci :  t h e  impact 

t ime i s  ve ry  smal l .  

The v a r i a t i o n  of  t h e  s u r f a c e  s l o p e  a t  zeco t i m e  w i th  

f low v e l o c i t y  a t  c o n s t a n t  c a v i t a t i o n  number Ls -shown i n  

F igure  ( 8 ) .  Also t h i s  f i g u r e  shows e q u a t i o n  (15)  a p p l i e d  

t o  t h e  exper iments  a t  '5 c o n s t a n t  c a v i t a t i o n  number of 

0.06 wi th  va ry ing  f low v e l o c i t y .  A s  shown i n  F igure  ( 8 )  

a  good c o r r e l a t i o n  i s  i n  f a c t  found between t h e  ~neasured 

and t h e  c a l c u l a t e d  s u r f a c e  s l o p e  u s i n g  e q u a t i o n  ( 1 5 ) .  

The c o n s t a n t s  kl  and Uo i n  equa t ion  (15 )  were computed 

us ing  t h e  measured s u r f a c e  s l o p e  a t  30 m / s  and  2 3  m/s 

These c o n s t a n t s  a r e  k = 1.53 x  s/m and Uo = 13.6 m / s .  1 
I t  is  c l e a r  t h a t  t h e  t h r e s h o l d  v e l o c i t y  below which no 

p i t t i n g  on Aluminium can  occur  i s  13  . G  m / s .  

F igure  ( 9 )  shows t h e  v a r i a t i o n  of t h e  average  p i t  

r a d i u s  w i th  exposure t i m e  a t  v a r i o u s  f low vel.ocit ies.This 

f i g u r e  i n d i c a t e s  t h a t  t h e  average  p i t  r a d i u s  may be  inde-  

pendent o f  exposure  t i m e .  Ti lerefore ,  t h e  mean va lues  were 

determined and p l o t t e d  a s  a  f u n c t i o n  of f low \ > e l o c i t y  a t  

c o n s t a n t  c a v i t a t i o n  number as  shown i n  F igu re  ( 1 0 ) .  

F igure  (10 )  i n d i c a t e s  t h a t  t h e  mean va lue  of  p i t  r a d i u s  

v a r i e s  w i t h  f low v e l o c i t y ,  sh~lwing a s l i g h t  i n c r e a s e  wi th  



flow v e l o c i t y .  A b e s t  f i t  l i n e  u s i n g  l e a s t  squa'res 

i n d i c a t e s  t h a t  t h e  s l o p e  i s  very  sma l l .  

F igure  (11) shows t h e  v a r i a t i o n  of t h e  s u r f a c e  s l o p e  

w i th  exposure  t i m e  a t  v a r i o u s  c a v i t a t i o n  number numbers 

w i t h  c o n s t a n t  f low v e l o c i t y  of 26 m / s .  Th is  f i g u r e  shows 

a  s i m i l a r  t r e n d  t o  t h a t  shown i n  F igu re  ( 7 ) .  The v a l u e s  
of s u r f a c e  s i o p e  a t  z e r o  t ime  found by u s i n g  Che method 

of  l e a s t  s q u a r e s  a s  a  f u n c t i o n  of  c a v i t a t i o n  number a r e  

shown i n  F i g u r e  ( 1 2 ) .  F igu re  ( 1 2 )  shows t h a t  t h e  s u r f a c e  

s l o p e  a t  z e r o  t ime  v a r i e s  wi th  c a v i t a t i o n  number, showing 

an i n c r e a s e  w i th  i n c r e a s i n g  the  c a v i t a t i o n  number. Also 

F igure  (12)  shows t h e  equa t ion  (15 )  a p p l i e d  t o  t h e  

experiments  a t  a  c o n s t a n t  f low v e l o c i t y  of 26 n/s wi th  

vary ing  c a v i t a t i o n  number. A good c o r r e l a t i o n  i s  i n  

f a c t  found between t h e  measured and c a l c u l a t e d  s u r f a c e  

s l o p e  u s ing  equa t ion  (15 )  . This  agreement  means t h a t  t h e  

r o l e s  played by c a v i t a t i o n  number i s  c o n s i s t e n t  w i th  t h e  

p r e s e n t  a n a l y s i s .  

F igure  ( 1 3 )  shows t h e  v a r i a t i o n  of  ave rage  p i t  r a d i u s  

w i th  exposure tille a t  v a r i o u s  c a v i t a t i o r l  nunae r s  and 

c o n s t a n t  f l ow  v e l o c i t y  of  26 m / s .  Th is  f i g u r e  shows 

c o n s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  i n d i c a t i n g  t h a t  t h e  

average  p i t  r a d i u s  i s  probably  independent  o f  t i m e .  

F igure  ( 1 4 )  i s  a  p l o t  of  mean p i t  r a d i u s  v e r s u s  c a v i t a t i o n  

number. A s  shown i n  F igu re  ( 1 4 ) ,  t h e r e  i s  c l e a r l y  a 

d e c r e a s e  i n  t h e  mean p i t  r a d i u s  wi th  i n c r e a s i n g  c a v i t a t i o n  

number. The r ea son  f o r  t h i s  i s  t h a t  a s  t h e  c a v i t a t i o n  

number i n c r e a s e s  t h e  maximum bubble  s i z e  d e c r e a s e s  and 

t h e r e f o r e  i t  a p p e a r s  t h a t  t h e  mean va lue  o f  p i t  r a d i u s  

may be  p r o p o r t i o n a l  t o  t h e  maximum bubble s i z e .  If it is  

assumed t h a t  t h e  r e l a t i o n s h i p  between t h e  mean p i t  r a d i u s  

and c a v i t a t i o n  number i s  a power law, it can be  shown by 

t h e  method of l e a s t  squa re s  t h a t  t h e  index  which g i v e s  
-0.31 

t h e  b e s t  f i t  i s  - 0.32 ( i . e .  a,- f? 1 .  



CONCLUSIONS 

1) A s imple t h e o r e t i c a l  model h a s  been developed t o  

d e s c r i b e  t h e  format ion  of  s i n g l e  p i t  produced t,y a  shock 

wave from c a v i t a t i o n .  The b a s i c  accomplisment of  t h i s  

i n i t i a l  e f f o r t  h a s  been t o  be  a b l e  de t e rmine  t l ~ e  s u r f a c e  

s lope  of t h e  c a v i t a t i o n  number, f low v e l o c i t y ,  i n c e p t i o n  

c a v i t a t i o n  number and m a t e r i a l  p r o p e r t i e s .  Th i s  e f f o r t  

w i l l  p rov ide  a  f i r m  founda t ion  f o r  t h e  development of  more 

complett- model of t h e  e r o s i o n  mechanism i n  which t h e  r a t e  

of weight  , l o s s  can b e  p r e d i c t e d .  

2 )  A c r i t i c a l  f low v e l o c i t y  of  13.6 m / s  below which 

n o t  p i t  occur  on pure  Aluminium s u r f a c e  g i v e s  t h e  b e s t  

agreement wi th  exper iments .  

3 )  The r e s u l t s  i n d i c a t e s  t h a t  t h e  s u r f a c e  s l o p e  i s  

dependent on t h e  f low v e l o c i t y  and c a v i t a t i o n  number a s  

expected from t h e  t h e o r e t i c a l  model. The p i t  r a d i u s  i s  

found t o  i n c r e a s e  s l i g h t l y  wi th  v e l o c i t y  b u t  v a r i e s  

i n v e r s e l y  a s  c a v i t a t i o n  number. 

4 )  A good agreement between t h e  exper iments  results 

and i . .heore t ica l  a n a l y s i s  was observed.  

REFERENCES 

[ l ]  IIammitt, F .G . , ; "Col lapse  Bubble Damage t o  S o l i d s ,  " 

C a v i t a t i o n  s t a t e  of knowledge, Ed. by Robertoson, 

J. and Wis l icenus ,  G.F., ASME, New York, NY,1969. 

[ 2 ]  Hammitt, F . G .  : "Cav i t c+ t ion  and Mul t iphase  Flow 

Phenomena", McGrew H i l l ,  I n t  . Book Co., New Yorks, 

1980. 

[ 3 ]  Vyas, B .  and Preece ,  C.M.: "Cavi tc+t ion of F.C.C. 

Meta l s" ,  Metal1 T rans . ,  Vol.8A1 J a n . ,  1977. 



14 ]  Robinson, M .  J .  and Ilammitt, F.G1, : " D e t a l i e d  Damage 

C h a r a c t e r i s t i c s  i n  a C a v i t a t i n g  V e n t u r i " ,  T r a n s  

ASME, Jr of  Bas ic  Engr . ,  No.7 Ser.D, Vo1.89, 

March 1967. 

[ 5 ]  Brun ton ,  J . H . ,  R o c h e s t e r ,  M.C., :"Erosion o f  S o l i d  

SurEaces  by t h e  Impact o f  L i q u i d  Drops",  i n  E r o s i o n ,  

Ed. ,  by C.M.Preece, V o l , l G ,  Academic P r e s s ,  New York. 

1979. 

[GI R a y l e i h ,  LordI1'On t h e  P r e s s u r e  Developed i n  a  L i q u i d  

During t h e  C o l l a p s e  o f  a S p h e r i c a l  C a v i t y " ,  Phil .Mag.,  

1917 ,34 ,  94. 

[ 7 ]  Shima e t  a l .  ,: " ~ e c h a n i s m  of Impact P r e s s u r e  G e n e r a t i o n  

from Spark - Genera ted  Bubble " o l l a p s e  Near a wal.?",  

A l A A  J r . ,  Vo1.21, No.1, Jan .1983 .  

[ 8 ]  y o s h i y a k i  Tsude e t  a i . , : " ~ x p e r i m e n t a l  s t u d i e s  o f  shock 

G e n e r a t i o n  a t  t h e  C o l l a p s e  o f  C a v i t a t i o n  ~ u b b l e " ,  

B u l l e t i n  JSME, Vo1.25, No.210, Dec.1982. 

[ 9 ]  Lakshmana Rao e t  a l . , : " P r e d i c t i o n  o f  C a v i t a t i o n  

Eros ion  and  t h e  Role o f  I t a t e r i a l  P r o p e r t i e s " , J r .  

I n s t . E n g . ( I n d i a i  C i v i l  Eng.Div. ,  V58, Sep./Nov. 

1977. 

[ l o ]  E i s e n b e r g ,  P . e t  a l . ,  : " C a v i t a t i o n  a n d  Impac t  ,Eros ion  

Concepts" ,  ASTM, STP 474,  1970. 

i l l ]  Knapp, R.T., :"Recent I n v e s t i g a t i o n s  of C a v i t a t i o n  

and C a v i t a t i o n  Damage", Trans.ASME, V01.77~1955.  

[12] Thiruvengadam, A., :"Theory of E r o s i o n " ,  H y d r o n a u t i c s  

I n c  .Tech.Rept . ,  IGirch,1967. 



K l a e s t r u p  K r i s t e n s e n ,  J . e t  a l . , : " A  Simple  Model f o r  

C a v i t a t i o n  Eros ion  of M e t a l s " ,  J r . P h y s . D . l p p 1 .  

Phys . ,  V o l . l l ,  1978. 

Kato,  H . ,  : "On t h e  P r e d i c t i o n  ?<lethod o f  C a v i t a t i o n  

Eros ion  From bIodel T e s t " ,  I A H R  Syn::)osium on 

Two phase  Flow and C a v i t a t i o n  i n  Power G e n e r a t i o n  

Sys terns, Grenoble ,  March 1 9  76 .  

Raabe, J . : " T h e o r e t i c a l  Approach of Eros ion  Rate  

VErsus Speed and C a v i t y  s i z e  on Wal l -a t - t ached  

C a v i t a t i o n  " , ASME Symposium on C a v i t a t i o n  E r o s i o n  

i n  F l u i d  Systems,  B o u l d e r ,  Co lorado ,  J u n e  1381.  

Sel im,  S . M .  ; "A T h e o r e t i c a l  Study on C a v i t a t i o n  

Eros ion  Fate1', ASME symposium on C a v i t a t i o n  i n  

Hydrau l ic  S t r u c t u r e s  and  Turbomachinery , FED-Vol . 
2 5 ,  Albuquerque,  New Mexico, J u n e , l 9 8 5 .  

El-Danaf, R .A.  : "Study of  C a v i t a t i o n  I n c e p t i o n  i n  

F l u i d  Flow", M.Sc.Thesis ,  Mech.Power Eng.Dept. ,  

Plenouf i a  U n i v e r s i t y ,  J u l y  1 9 8 5 .  

APPENDIX 1 -.- 

A n a l y s i s  of S u r f a c e  P r o f i l e s  

The e r o s i o n  specimens w e r e  a n a l y s e d  u s i n g  a OORSTER 

P r o f i l o g r a p h  Model 5815 t o  g i v e  t h e c e n t e r l i n e  n v e r a q e  

d e p t h  d i r e c t l y  and  t o  p roduce  s u r f a c e  p r o f i l e s ,  which 

were  t h e n  u s e d  t o  f i n d  t h e  a v e r a g e  modulus s u r f a c e  s l o p e  
X 

( )  . T h i s  i s  d e f i n e d  by 

where AY i s  t h e  o r d i n a t e  d i f  f e r c n c e  between a d j a c e n t  



t u r n i n g  p o i n t s  and 1 i s  t h e  l e n g t h  of t h e  samplf:. This  

d e f i n i t i o n  can  be expanded f o r  ease  of computat ion t o  

g i v e ,  

Where t h e  s i g n s  a l t e r n a t e  r e g a r d l e s s  of the number of 

t u r n i n g  p o i n t s  cons ide red  (See F ig .  A )  . 

Fig.A. D e f i n i t i o n  Sketch f o r  ave rage  
s u r f a c e  s l o p e .  

Average P i t  Radius 

T h i s  can be  de f ined  a s  

a  = R / ( n - 1 )  

where n  i s  t h e  number of Y co -o rd ina t e s  cons ide red .  It 

can be a l s o  c a l c u l a t e d  from average  s l o p e  and average  

depth  of p i t  a s  fo l lows  

Average Depth 
Average r a d i u s  = Average s l o p e  

The average depth  can be  ob ta ined  from t h e  fo l lowing  

expres s ion ,  



Average Depth = 2 I A Y \  
n - 1  

The v a l u e s  of t h e  average  p i t  dep th  c o r r e l a t e  w e l l  w i th  

t h e  c c n t r e  l i n e  ave rage  recorded  by t h e  F ~ R S T E R  P r o f i l -  

oyraph,  be ing  approximately equa l  t o  two t imes  t h e  c e n t r e  

l i n e  average .  Therefore ,  t h e  ave rage  p i t  r a d i u s  can be  

a l t e r n a t i v e l y  de f ined  i n  terms of t h e  c e n t r e  l i n e  ave rage  

( C L A )  as fo l l ows ,  

2 x CLA 
Average radius = Average Slope 
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Fig 1 :Sketch of con tac t  geometry between 

shock wave ~ z l d  a s o l i d  surface.  

ALMUFtIIIIUM SPECDEN / 

GAVITATING CYLINDER 

F ig  2 P o s i t i o n  of cylinder and specimen i n  
the t e s t  s e c t i o n  of tho Water T u n e l .  
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Fig 3 Photographs and p r o f i l e s  of t y p i c a l  damaged specimens 
a t  va r ious  exposure t imes, U=30 m/s and 6 = * 0 6 .  
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F i g  4 Photographs and p r o f i l e s  of  t y p i c a l  damaged specimens 
a t  v a r i o u s  exposure t imes ,  U =19 m / s  and 6= .06. 
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pxposure t ime 80 min. 

. -- . 

Fig  5 Photographs and p r o f i l e s  of  typLcel damaged speclmeco 
a t  variou5 exposure t imes$ U = 26 m / ~  and 6, ,09. 
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Exposure time 55 mir~ ,  

f i g  6 Photographs and prof i les  of  t y p i c a l  damaged specimens 
a t  various e x p o ~ u r e  times, 17 =26 m / s  aud 6s.025. 
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SURFACE SLCPY AT ZERO EXPOSURE TIME 
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