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I 

SUMMARY 

This t e c h n i c a l   r e p o r t   s u m m a r i z e s   t h e   r e s u l t s  of experimental  

a n d   a n a l y t i c a l   i n v e s t i g a t i o n s  on m u l t i p l e   l i q u i d   ( w a t e r )   i m p a c t  

e ros ion   o f  1100-0 Aluminum and 316 s t a i n l e s s   s t e e l   u n d e r   c o n t r a c t  

No. NASW-1608. An e x i s t i n g   r o t a t i n g   d i s k   f a c i l i t y  was modified 

so t h a t   s i x   s p e c i m e n s   m i g h t   b e   s i m u l t a n e o u s l y   t e s t e d   a t   t h r e e  d i f -  

f e r e n t   v e l o c i t i e s .  High  speed  motion  pictures  as  well   as  con- 

v e n t i o n a l  movie films w i t h  s t roboscop ic   i l l umina t ion   were   t aken  

t o  show t h e  phenomenon of  l i q u i d   j e t   i m p a c t  w i t h  t h e   t e s t   m a t e r i a l  

i n  a q u a l i t a t i v e  manner. 

Using t h i s  f a c i l i t y ,   t h e   t h r e s h o l d   i m p a c t   v e l o c i t y   a t  which 

v i s i b l e   e r o s i o n  was obse rved   a f t e r   t en   mi l l i on   impac t s  was de- 

termined.  The th re sho ld   wa te r  hammer s t r e s s  on t h e   m a t e r i a l   c o r -  

r e spond ing   t o  t h i s  t h r e s h o l d   v e l o c i t y ,  was c o r r e l a t e d  wi th  t h e  

high  f requency  endurance limit c o r r e s p o n d i n g   t o   t e n   m i l l i o n   f a t i g u e  

c y c l e s   u s i n g   t h e   m a g n e t o s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .  The r a t i o  

be tween  the   fa t igue   endurance  limit and  the   th reshold   water  ham- 

mer s t r e s s  i s  1 . 7  f o r  1100-0 aluminum  and 3 .0  for 316 s t a i n l e s s  

s t e e l .  

P mathematical   theory of eros ion   has   been   recent ly   deve loped  

t o   p r e d i c t   t h e   r a t e   o f   c a v i t a t i o n   e r o s i o n   a s  a f u n c t i o n  of ex- 

posure   t ime.  This  t heo ry  was ex tended   t o   mu l t ip l e   l i qu id   impac t  

e ros ion .  I n  t h i s  theory ,  i t  i s  i m p o r t a n t   t o  know t h e   v a l u e  of a 

pa rame te r   ca l l ed  t he  shape  parameter ,  a .  I n   t h e   o r i g i n a l   t h e o r y  



I 

i t  was assumed t h a t  t he  shape  parameter  was t h e  same a s   t h a t  ob- 

t a i n e d   i n   f a t i g u e   p r o b a b i l i t y   d i s t r i b u t i o n   ( W e i b u l l   d i s t r i b u t i o n ) ,  

However, t h e   p r e s e n t   i n v e s t i g a t i o n s  show t h a t   t h e   W e i b u l l   s h a p e  

parameter   as   ob ta ined   f rom a h i g h   f r e q u e n c y   f a t i g u e  t e s t  co r -  

r e s p o n d i n g   t o   t e n   m i l l i o n   l i f e   c y c l e s  i s  about  0.5 whereas t he  

s h a p e   p a r a m e t e r   r e q u i r e d   t o   p r e d i c t   t h e   e r o s i o n   r a t e s  i s  3 . 0  f o r  

aluminum  and 5 . 0  for 316 s t a i n l e s s   s t e e l .  The i m p l i c a t i o n s   o f  

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

p r o b a b l e   r e a s o n s   f o r   t h e   v a r i a t i o n   i n   t h e   s h a p e   p a r a m e t e r   a r e  

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

c a l   a p p l i c a t i o n s  i s  a l s o   b r o u g h t   f o r t h .  

An a n a l y s i s   o f   t h e   r e s u l t s   o b t a i n e d   i n d i c a t e s   t h a t   t h e   p e a k  

r a t e  of e r o s i o n   v a r i e s   a s  t h e  f i f t h  power o f   t h e   v e l o c i t y  o f  

impact   and  the time a t  which t h e   p e a k   r a t e  i s  o b s e r v e d   v a r i e s   a s  

t h e   o n e - f i f t h  power o f   t he   impac t   ve loc i ty .  

Scanning  e lectron  microphotographs  of   eroded  specimens  both 

by cavitation  and  by  l iquid  impingement  were  compared.  The  pro- 

ces s  of mate r i a l   r emova l   s eems   t o   be   ve ry   s imi l a r   i n   bo th   t he  

k i n d s   o f   e r o s i o n   f u r t h e r   j u s t i f y i n g  the  u s e   o f  a common theo ry .  
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INTRODUCTION 

The   problem  of   e ros ion   caused   by   mul t ip le   l iqu id   impacts  

can  become a s e r i o u s   o n e   i n   t h e   d e v e l o p m e n t   o f   f u t u r e   s p a c e  

n u c l e a r  power s y s t e m s .   I n   a d d i t i o n  i t  i s  a l s o   i m p o r t a n t   i n  wet 

steam or v a p o r   t u r b i n e s   a n d   i n   r a i n   e r o s i o n   o f   a i r c r a f t   a n d  

missiles. The o b j e c t i v e s   o f   t h e   p r e s e n t   r e s e a r c h   p r o g r a m   a r e  

t h e   u n d e r s t a n d i n g   o f   t h e  mechanism  and t h e   q u a n t i t a t i v e   e v a l u a -  

t i o n  of two a spec t s   o f   mu l t ip l e   l i qu id   impac t   e ros ion ,   name ly :  

( i )  t h e   i n i t i a t i o n   o f   e r o s i o n  and (ii) t h e   r a t e   J f   e r o s i o n .  

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

problem  of   cav i ta t ion   e ros ion ,  the  above two aspects  were  con- 

s ide red   i n   dep th   (Refe rences  1 and 2 ) .  Some o f   t h e   s i g n i f i c a n t  

ideas   genera ted   th rough  those   e f for t s   were   ex tended   to  t he  under- 

s t a n d i n g   o f   m u l t i p l e   l i q u i d   i m p a c t   e r o s i o n .  

S p e c i f i c a l l y   t h e   m a j o r   t a s k s   o f   t h i s   r e s e a r c h   p r o g r a m   a r e  

a s   fo l lows :  

1. To d e t e r m i n e   e x p e r i m e n t a l l y   t h e   t h r e s h o l d   v e l o c i t y  

of  impact on two mater ia l s   namely  1100-C aluminum  and 316 s t a i n -  

l e s s  s t e e l .  

2 .  To d e t e r m i n e   t h e   h i g h   f r e q u e n c y   f a t i g u e   s t r e s s e s  

f o r   t h e s e  two m a t e r i a l s .  

3. To r e l a t e   t h e   w a t e r  hammer stresses corresponding 

t c  t h e   t h r e s h o l d   v e l o c i t i e s  wi th  the  high  f requency  endurance 

limit o f   t h e s e   m a t e r i a l s ,  
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4.  To d e t e r m i n e   t h e   r a t e  o f  e r o s i o n   a s  a f u n c t i o n  of  

exposure time f o r   t h e s e  two m a t e r i a l s .  

5. To c o r r e l a t e   t h e   e x p e r i m e n t a l   r a t e s  wi th  t h e o r e t i -  

c a l l y   p r e d i c t e d   r a t e s .  

6.  To eva lua te   the   dependence  of  t h e   r a t e  o f  e ros ion  

on t h e   v e l o c i t y  of  impact .  

These  tasks   were  accomplished by us ing  the  je t - impact   e ros ion  

f a c i l i t y  and t h e  m a g n e t o s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .  The r e -  

s u l t s  o f  t h e s e   i n v e s t i g a t i o n s   a r e   p r e s e n t e d   i n   t h i s   r e p o r t .  
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EXPERIMENTAL  FACILITY AND TECHNIQUES 

The J e t   I m p a c t   E r o s i o n   F a c i l i t y  

The e r o s i o n   t e s t   f a c i l i t y   t h a t  was a l r e a d y   a v a i l a b l e   a t  

the   beginning   of  t h i s  program  cons is ted  of a r o t a t i n g  d i s k  on 

which two spec imen  ho lders   were   f ixed   a t  two d i a m e t r i c a l l y  oppo- 

s i t e  l o c a t i o n s .  A one  half   horsepower  motor   (capable  of r o t a t i n g  

a t  10,000 rpm a t  no l o a d )   d r o v e   t h e   r o t a t i n g  d i s k  up t o  a maximum 

pe r iphe ra l   speed   o f  350 f e e t   p e r   s e c o n d ,   c a u s i n g   t h e   s p e c i m e n   t o  

impact  two s o l i d   j e t s  1/16 i n c h  i n  d i ame te r .  The e r o s i o n  was 

caused   by   t he   impac t   o f   t he   t e s t   spec imens   on   t he   so l id   j e t   a t  

c o n t r o l l e d   s p e e d s .  Th i s  f a c i l i t y  was improved f u r t h e r   u n d e r   t h e  

present   program by r e p l a c i n g   t h e   d r i v e   m o t o r  wi th  a 2* hp  high 

speed   mo to r   capab le   o f   sus t a ined   ope ra t ion   a t  20,000 rpm and  a 

s u i t a b l e   v a r i a b l e   t r a n s f o r m e r  power s u p p l y   f o r   s p e e d   c o n t r o l .  

A new r o t a t i n g  d i s k  c a p a b l e   o f   h o l d i n g   s i x   t e s t   s p e c i m e n s   a t  

increased   speeds  was d e s i g n e d ,   f a b r i c a t e d  and used i n   t h e  

p r e s e n t   i n v e s t i g a t i o n s .  The maximum per iphera l   speed   ach ieved  

was T O O  f p s .  The number  of j e t s  was i n c r e a s e d   t o   s i x .   F i g u r e  1 

shows t h e   f a c i l i t y   a s  i t  e x i s t s  now a f t e r   a l l   t h e  improvements. 

Appendix A c o n t a i n s   t h e   b a s i c   o u t l i n e  o f  t he   des ign   o f   t he  

r o t a t i n g  d i s k .  

" Photographing ~ _" t h e   J e t  Impacb  Phenomenon 
Two techniques   were   used   to   photograph   the   impact   o f   the  

j e t  with t h e   t e s t   s p e c i m e n .  The f i r s t  method  employed t h e   h i g h  

i n t e n s i t y   s t r o b e   l i g h t   t o   s t o p  the  motion so t h a t   c o n v e n t i o n a l  

movie p i c t u r e s   a t  24 frames  per   second  could be t a k e n .  The 
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second  method  used a Hyeam high  speed  motion  picture   camera 

capable   o f   t ak ing   up   to  8000 frames  per  second.  The  photographs 

p r o v i d e d   q u a l i t a t i v e   u n d e r s t a n d i n g   o f   t h e   l i q u i d   i m p a c t  phenomenon. 

I n   a d d i t i o n ,   t h e y  showed t h a t   j e t s  were  not   broken  up  before  i m -  

p a c t  and t h a t   t h e   s p r a y   a f t e r   i m p a c t  d i d  n o t  h i t  t he   ne ighbor ing  

spec imens .   Typica l   photographs   a re  shown i n   F i g u r e  2.  

High  Frequency  Fat igue  Test ing  Technique 

A m a g n e t o s t r i c t i o n   o s c i l l a t o r   ( F i g u r e  3 )  was used   t o   p roduce  

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

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

in   Re fe rences  3 and 4. The f a t i g u e   s p e c i m e n   d e s i g n   u s e d   i n   t h e  

e a r l i e r   s t u d i e s   h a d  a s h a r p   n o t c h   a t   t h e   n o d e   ( F i g u r e  4 ) .  The 

n o t c h   s e n s i t i v i t y  o f  t he  t e s t  m a t e r i a l s   a t   h i g h   f r e q u e n c i e s  i s  an 

unknQwn. I n   o r d e r   t o   e l i m i n a t e  t h i s  l i m i t a t i o n ,  a new dumb-bell 

shaped   fa t igue   spec imen was d e s i g n e d   a n d   u s e d   f o r   a l l   t h e   f a t i g u e  

t e s t s   u n d e r  t h i s  program. 

The bas i c   app roach  for the   des ign   of   the   fa t igue   spec imen i s  

to u s e  t h e  theory   deve loped  by Neppiras ( 5 ) .  From th i s  t h e o r y  

o n e   c a n   g e t   t h e   l e n g t h s   o f   t h e   f a t i g u e   s p e c i m e n   a s  shown by   t he  

example i n   F i g u r e  5. Assuming a n   a r e a   r a t i o  and&I/A, t h e  v a l u e  

of &*/A may be   de t e rmined   f rom  Nepp i ra s ' t heo ry .   In   o rde r   t o  

avo id   t he   sha rp   co rne r s ,  a c i r c u l a r   a r c   f i l l e t  o f  r a d i u s  R i s  

used .  The value  of  R can b e  ca l cu la t ed   f rom  s imple   geomet r i ca l  

c o n s i d e r a t i o n s .  T h i s  method of  designing  dumb-bell   shaped 

fa t igue   spec imens   gave   the   d imens ions   wi th in  10 t o  15 p e r c e n t  
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accuracy .  Then the  f i n a l   a d j u s t m e n t s   a r e  made by  tuning  experi-  

mentally.   The  dimensions  of a proper ly   tuned   fa t igue   spec imen 

a r e  shown i n   F i g u r e  6. 

I n   a l l   t h e   f a t i g u e  stud$es, theo.r,e$ical  .sksai.n, g&,ven 

by the   fo l lowing   formula   (due   to   Neppi ras  (5)), was assumed t o   b e  

t h e   a c t u a l   v a l u e :  

G .  2 ~ c  
h 

E =  “”” - C A I  

where 

E - t h e   s t r a i n   a m p l i t u d e   a t   t h e  node, 

4 - t h e   d i s p l a c e m e n t   a m p l i t u d e   a t   t h e   a n t i - n o d e ,  

h - t he   wave leng th   i n   t he   ma te r i a l ,   and  

G - Magnif ica t ion   Fac tor  

- ~-_____- ~~- St ra in   i n   s t epped   spec imen  
S t r a i n   , i n   u n i f o r m   s p e c i m e n   ( w i t h o u t   s t e p ) .  

- 

The va lue   o f  G can  be  calculated  f rom  Neppiras’   theory.   General ly  

one would measure  the  displacement   ampli tude 4 and the  wavelength 

h ,  and c a l c u l a t e   t h e   s t r a i n   u s i n g  a t h e o r e t i c a l   v a l u e   o f  G .  How- 

ever ,we   a t tempted   to   ver i fy   these   ca lcu la t ions   by   measur ing   the  

a c t u a l   s t r a i n s   g e n e r a t e d   a t   t h e   n o d e   i n   s p i t e   o f  many p r a c t i c a l  

d i f f i c u l t i e s .   F i x i n g  a s u i t a b l e   s t r a i n   g a g e   t o   w i t h s t a n d   t h e  

h i g h   f r e q u e n c y   f a t i g u e   s t r a i n s  became a problem.  The s t r a i n   g a g e  

f a i l e d   i n   f a t i g u e .  The   adhes ive   d id   no t   ho ld   p roper ly   under  

f a t i g u e   s t r a i n .   S i n c e   t h e   e n t i r e   f a t i g u e   s p e c i m e n   h a s   t o   b e  i m -  

mersed i n  a cool ing   ba th ,  t he  s t r a i n   g a g e s  had t o  be p o t t e d   w i t h  

wa te r   r e s i s t an t   coa t ing .   These   p rob lems   were   so lved   a f t e r   s ev -  

e r a l   t r i a l s  by us ing   d i f f e ren t   s t r a in   gage -adhes ive   sys t ems .  The 
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s u c c e s s f u l   o n e  was t h z   t y p e  FAB-03N-1239 wi th  EPY 500 a d h e s i v e  

suppl ied  by  Baldwin-Lima-Hamil ton  Electronics ,   Inc.  The e n t i r e  

s t r a i n   g a g e  was p o t t e d  w i t h  neoprene  and vacuum cuped  making i t  

impermeable   to   water .  

The f a t i g u e   s p e c i m e n s   w e r e   c a l i b r a t e d   s t a t i c a l l y   b y   u s i n g  

deadweights   hanging   f rom  the   spec imen.   In   o rder  to minimize 

bend ing ,   two   un ive r sa l   j o in t s  were p r o v i d e d   f o r e   a n d   a f t   o f   t h e  

f a t igue   spec imens .  Assuming t h a t  t h e  s t a t i c   c a l i b r a t i o n   h o l d s  

good f o r  the  dynamic   measurements   a l so ,   the   dynamic   s t ra ins   were  

measured a t   v a r i o u s   d i s p l a c e m e n t   a m p l i t u d e s .  A comparison  be- 

t w e e n   t h e   m e a s u r e d   s t r a i n s   a n d   t h e   c a l c u l a t e d   s t r a i n s  i s  shown 

i n   F i g u r e  7 .  T h i s  e f f o r t   p r o v e d   t h a t  t h e  t h e o r e t i c a l   f o r m u l a  i s  

a c c u r a t e   f o r   o u r   d e s i g n .  
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EXPERIMENTAL PROCEDURE 

A s  d i s c u s s e d   p r e v i o u s l y ,   e s s e n t i a l l y   t h e   f o l l o w i n g   t h r e e  

types  of  experiments were p e r f o r m e d   d u r i n g   t h i s   i n v e s t i g a t i o n :  

1. Determinat ion  of   Threshold  Veloci t ies ,  

2 .   Determina t ion   of   the   fa t igue   endurance  limit, and 

3 .  Determination  of  Erosion  Rates.  

The e r o s i o n   t e s t s   w e r e   c a r r i e d   o u t   i n   t h e  j e t  impact   erosion 

f a c i l i t y  and t h e   f a t i g u e  t e s t s  were  conducted  in  the  magneto- 

s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .  The i m p o r t a n t   d e t a i l s  of t h e  ex- 

per imenta l   p rocedure   fo l lowed  a re   descr ibed   be low.  

Determinat ion ~~ o f  Thresho ld   Ve loc i t i e s  

S i x   t e s t   s p e c i m e n s   w e r e   a t t a c h e d   a t   t h r e e   r a d i a l   l o c a t i o n s  

i n   t h e   r o t a t i n g   d i s k   d e s c r i b e d   p r e v i o u s l y .   T h i s   e n a b l e d   t h e  

observa t ion   of  two specimens a t  a p r e s e l e c t e d   t e s t   v e l o c i t y  en- 

s u r i n g   t h e   r e p r o d u c i b i l i t y  and r e l i a b i l i t y   o f   t h e   e x p e r i m e n t a l  

obse rva t ion .  The tes t   spec imens   were  3/8 i n c h   i n   d i a m e t e r .  The 

specimen  surface was f i n i s h e d   t o  32 rms o r  b e t t e r  by  hand p o l i s h -  

i n g ,   t h u s   e l i m i n a t i n g   t h e   p o s s i b i l i t y   o f   m e c h a n i c a l  work hardening 

a f f e c t i n g   t h e   t e s t   r e s u l t s .  S u c h   c a r e f u l l y   p r e p a r e d   t e s t   s p e c i -  

mens w e r e   a t t a c h e d   t o   t h e   r o t a t i n g   d i s k   a n d   r u n   a t   p r e s e l e c t e d  

speeds.   Observat ion  of  t h e  specimens  to   determine when d e n t i n g  

o r   f r a c t u r e   o c c u r r e d  was a d j u s t e d   t o   s u i t   t h e   t e s t   s e q u e n c e .  

When tests were conducted a t   h i g h e r   v e l o c i t i e s ,  damage  could  be 

o b s e r v e d   i n  a short   t ime  and  hence  the  specimens  were  observed a t  
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s h o r t   i n t e r v a l s   ( e v e r y  few minute.s) .  A t  l o w e r   v e l o c i t i e s ,  

damage  would n o t   o c c u r   f o r  many hours ;   consequent ly   observa t ions  

were made eve ry   ha l f   o r   one   hour .  The obse rva t ion   cons i s t ed   o f  

removing a t e s t  spec imen  and   of   observ ing   the   sur face   exposed   to  

l i qu id   impac t  w i t h  a 10 X magni fy ing   g lass   under  s ide  l i g h t i n g  

which  would make t h e   i n i t i a l   i n d e n t a t i o n s   " s t a n d   o u t "  when il- 

l u m i n a t e d   a t   t h e   p r o p e r   a n g l e  to t he  s u r f a c e ,  The t ime  taken 

for t h e   i n i t i a t i o n   o f   p e r m a n e n t   p l a s t i c   i n d e n t a t i o n s  on t h e   s u r -  

f ace   o f   t he   t e s t   spec imen   t h rough  t h i s  procedure  was r e c o r d e d   a t  

d i f f e r e n t   t e s t   v e l o c i t i e s .  The n'umber of   impacts   were   ca lcu la ted  

from t h e  number  of   revolut ions made d u r i n g   t h a t   t i m e   m u l t i p l i e d  

by  two f o r  t he  two impac t s   pe r   r evo lu t ion .  The r e l a t i o n s h i p  be- 

tween t h e  number  of   impacts   and  the  veloci ty  was p l o t t e d   a n d   t h e  

v e l o c i t y   c o r r e s p o n d i n g   t o  10 mi l l i on   impac t s  was obtained  f rom 

such a p l o t .  Th i s  v e l o c i t y  i s  d e s i g n a t e d   a s   t h e   t h r e s h o l d   v e -  

l o c i t y .  

A f t e r   t h e   a p p e a r a n c e   o f   p l a s t i c   d e n t s  on the   spec imen  sur -  

f a c e ,  t h i s  a rea   o f   dent ing  will con t inue  t o  work h a r d e n   a s   t h e  

t e s t   p r o g r e s s e s   r e s u l t i n g   i n   t h e   f r a c t u r e   o f   s m a l l   f r a g m e n t s  o f  

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

f o r   t h r e s h o l d  was t h e   a p p e a r a n c e   o f   d e t e c t a b l e   i n d e n t a t i o n  wi th  

t h e   h e l p   o f  a 10 X m a g n i f i e r   u n d e r   s i d e   l i g h t i n g .  The  appearaRce 

of  t h e   s u r f a c e   a f t e r  10 m i l l i o n   i m p a c t s   a t  150 f p s  on 316 s t a i n -  

l e s s  s t ee l  i s  shown i n   F i g u r e  8. The s u r f a c e   r o d g h n e s s   p r o f i l e  

a f t e r  10 m i l l i o n   i m p a c t s   a t   t h r e s h o l d   v e l o c i t i e s  i s  shown i n  

F igu re  9. 
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Determinat ion of High  Frequency  Endurance L i m i t  

The fa t igue   spec imens  were v i b r a t e d   a t  14.2 kcs  a t  c o n t r o l l e d  

ampli tudes i n  t h e   m a g n e t o s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .  The spec i -  

mens were  cooled  by  immersion i n  a cons tan t   t empera ture   water   ba th .  

The ampli tude was ob ta ined   f rom  the   vo l t age   ou tpu t  df a p r e c a l i -  

b r a t e d   v o i c e   c o i l .  The s t r a i n  was ca l cu la t ed   f rom  the   ampl i tude  

(us ing   equa t ion  [A]) as d i scussed   p rev ious ly .  The stress was 

o b t a i n e d   b y   m u l t i p l y i n g   t h e   s t r a i n  wi th  t h e  modulus  of e l a s t i c i t y .  

The modulus  of e l a s t i c i t y   f o r  the  t e s t   m a t e r i a l   c a n   a l s o  be  d e -  

t e rmined   wi th . the   v ibra tor   by   measur ing  the wavelength  and  the 

frequency  which w i l l  g ive  the  speed  of   sound.  The frequency was 

accurately  measured with a f requency   counter .  The t i m e   t o   f a i l -  

u re  was noted  and  the number  of c y c l e s   t o   f a i l u r e  was computed 

f rom  the   f requency .  

Determinat ion - of  Rate - of   Eros ion  - a s  a Function  of  Exposure Time 

The r a t e  of weight loss was de te rmined   pe r iod ica l ly  by weigh- 

i n g   t h e  same spec imen  a f te r   exposure   to   impact  a t  p r e s e l e c t e d  

v e l o c i t i e s .   C a r e  was t a k e n   t o   a d o p t  a un i form  procedure   in   c lean-  

i n g  and dry ing   the   spec imen  before  and a f t e r   e a c h   t e s t .  The r a t e  

of  volume loss was obta ined  by d iv id ing   t he   r a t e   o f   we igh t  loss  

by t h e   d e n s i t y   o f   t h e   m a t e r i a l .  The mean depth  Jf e r o s i o n  was 

c a l c u l a t e d   b y   d i v i d i n g   t h e  volume  of e ros ion   by   t he   a r ea  of 

e r o s i o n .  The eroded  area was t aken   t o   be   equa l   t o   t he   impac t  

area  of the  j e t .  The ac tua l   e roded   a r ea   can   a l so   be   measu red  

a c c u r a t e l y  with a p l an ime te r .  

11 
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RESULTS AND ANALYSIS 

C o r r e l a t i o n  of Threshold  Water Hammer S t r e s s e s   w i t h  High 
Fr e q u e e  

- 

Figure  10 shows t h e   r e l a t i o n s h i p   b e t w e e n   t h e   v e l o c i t y   o f  

impact  and  the number  of  impacts a f t e r  wh ich   t he   i nden ta t ions  

were  observed  both on 1100-0 aluminum  and on 316 s t a i n l e s s   s t e e l  

Seve ra l   r epea ted   obse rva t ions  showed t h a t   t h e   t h r e s h o l d   v e l o c i -  

t i e s   c o r r e s p o n d i n g   t o  10 mi l l ion   impacts   were  50 f p s   f o r  1100-0 

aluminum  and 150 f p s  f o r  316 s t a i n l e s s   s t e e l .  

When a c y l i n d r i c a l  column of   l iqu id   impinges  on t h e   s u r f a c e  

of  a m a t e r i a l ,   t h e  maximum s t r e s s   d e v e l o p e d   a t   t h e   p o i n t   o f  con- 

t a c t  by t h e   i m p a c t   ( g e n e r a l l y  known as   ' 'wa ter  hammer" s t r e s s )  i s  

de r ived  by d e   H a l l e r  ( 6 )  a s  

where 

uI 

PL? 

P m  

C m 

= Impac t   ve loc i ty ,  

= Densi ty   o f   L iquid ,  

= Dens i ty   o f   Ma te r i a l ,  

= Veloc i ty   o f  Sound in   L iqu id ,   and  

= V e l o c i t y  of  Socnd i n   t h e   M a t e r i a l .  
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F o r   t h e   p r e s e n t   i n v e s t i g a t i o n s   i n  which  water was t h e  t e s t  l i q u i d  

and common m e t a l s   a r e  t he  t e s t  m a t e r i a l s ,   t h e   r a t i o  pRCj/pmCm 

i s  smal l  compared t o   u n i t y .  Then t h e   w a t e r  hammer s t ress  becomes 

OI = p a  a I c u  [ 21 

If we assume t h a t  t h e  impac t   s t r e s ses   mus t   exceed   t he   f a t igue  

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

p e r m a n e n t   d e f o r m a t i o n ,   t h e n   t h e   r a t i o   o f   t h e s e   s t r e s s e s   a t  thresh- 

o l d  must   equal   uni ty .  However, an   ana lys i s   (Re fe rence  1) of  some 

i s o l a t e d   e x p e r i m e n t a l   r e s u l t s   o f   s e v e r a l   e a r l i e r   i n v e s t i g a t o r s  

showed t h a t   t h e   r a t i o  

0 

0 

e -  

I 
" - 2  [31 

One of t h e  ma jo r   a ims   o f   t he   p re sen t   i nves t iga t ions  i s  t o  

check  the aDove r e su l t   by   expe r imen ta l ly   de t e rmin ing   t he   t h re sh -  

o l d   i m p a c t   s t r e s s a n d t h e   e n d u r a n c e  limit f o r  two m a t e r i a l s .  

The  values  of p and Ca f o r   w a t e r ,  were  obtained  from 

p u b l i s h e d   l i t e r a t u r e   ( f o r  example  Reference 7 )  and t h e  va lues  of 

U were obtained  f rom  Figure 10. Hence t h e   i m p a c t   s t r e s s  p C U I $ 1 1  
could  be ea 1 cu la  t ed . 

a 

T h e   h i g h   f r e q u e n c y   f a t i g u e   s t r e n g t h   o f   t h e  two t e s t  ma- 

t e r i a l s  were   de t e rmined   a s   desc r ibed   p rev ious ly .  The r e l a t i o n s h i p  

between the  s t r e s s   a m p l i t u d e   a n d   t h e  number   o f   cyc le s   t o   f a i lu re  
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i s  shown i n   F i g u r e s  11 and 1 2 .  The endurance limit a t  10 m i l -  

l i o n   c y c l e s  i s  5000 p s i   a n d  30,000 p s i   f o r  1100-0 aluminum  and 

3 1 6   s t a i n l e s s   s t e e l   r e s p e c t i v e l y .  

The p e r t i n e n t   d a t a   r e q u i r e d   f o r   a n a l y s i s  i s  shown i n   T a b l e  1. 

It can   be   s een   t ha t   t he   r a t io   be tween   t he   h igh   f r equency   endurance  

limit and  the  impact  stress i s  i n   t h e   v i c i n i t y   o f   t w o .   A c t u a l l y  

i t  i s  1 . 7  for 1100-0 aluminum  and 3 . 0   f o r  316 s t a i n l e s s   s t e e l .  

'This v a r i a t i o n  may b e   a t t r i b u t e d  to s e v e r a l   f a c t o r s   s u c h   a s   t h e  

fo l lowing:  

1. The d e t e c t i o n   o f   i n i t i a t i o n   o f  damage i s  by v i s u a l  

obse rva t ion .  T h i s  may i n t r o d u c e  some u n c e r t a i n t i e s   i n  t h e  s u r -  

f ace   appea rance  of t h e  i n d i v i d u a l   m e t a l s   s t u d i e d .  

2 .  N e a r   t h r e s h o l d   v e l o c i t i e s ,   t h e   e f f e c t   o f   c o r r o s i v e  

i n f l u e n c e s  may p roduce   su r f ace   d i sco lo ra t ion   and   g ive  r i s e  to 
d i f f e r e n c e s   i n   o b s e r v e d   t h r e s h o l d   v e l o c i t i e s .  However, t h e   s u r -  

f a c e   r o u g h n e s s   p r o f i l e s   r u l e   o u t  t h i s  p o s s i b i l i t y .  

3. I t  i s  q u i t e   p o s s i b l E   t h a t  some other  mechal?ical 

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

4 .  The de   Ha l l e r   equa t ion  to p r e d i c t   t h e   w a t e r  hammer 

p r e s s u r e  on t h e   m a t e r i a l  may no t   be   accu ra t e   enough   fo r   t he  

p r e s e n t   e x p e r i m e n t a l   c o n d i t i o n s ,   s i n c e  i t  i s  based  on  one-dimen- 

s i o n a l   a n a l y s i s   f o r   t h e   i m p a c t   o f  two s o l i d   b o d i e s .  
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E f f e c t   o f  Time of Exposure t o   M u l t i p l e   L i q u i d   I m p a c t s  on 
The  Rate of Erosion 

~ ” 

The  importance of exposure time on the  r a t e  of  e ros ion  was 

rcecognized  and  highlighted  in a s e r i e s  of r e c e n t   p u b l i c a t i o n s  

(8,9,10,11 and 1 2 )  based  mainly on c a v i t a t i o n   e r o s i o n   r e s e a r c h .  

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

of e r o s i o n   i n  a c a v i t a t i o n   e r o s i o n   t e s t  i s  shown i n   F i g u r e  13. 
T h i s  r e l a t i o n s h i p  was d iv ided   i n to   fou r   zones ,   F igu re  1 4  a s  

f o l l o w s :  

1. Incuba t ion  Zone:  The r a t e   o f   e r o s i o n  i s  very   smal l  

d u r i n g   t h e   e a r l y   p a r t   o f   a n   e r o s i o n   t e s t .   D u r i n g  t h i s  t ime ,   t he  

mater ia l   undergoes   permanent   changes   due   to   the   repea ted   e ros ive  

f o r c e s .  Hence it, i s  b e l i e v e d   t h a t   t h e   e r o s i o n   i n c u b a t e s   d u r i n g  

t h i s  p e r i o d .  

2 .  Accumulat ior   Zone:   After   the   incubat ion,   the  

m a t e r i a l   s t a r t s   f r a c t u r i n g   d u e  to t he   r epea ted   impac t s .  The r a t e  

o f  l o s s  o f   m a t e r i a l   s t a r t s   i n c r e a s i n g  wi th  f u r t h e r   e x p o s u r e   t o  

e r o s i o n .   S i n c e  t h i s  process  i s  s i m i l a r   t o   c u m u l a t i v e   f a t i g u e  

f r a c t u r e ,  i t  was cal led  energy  accumulat ion  zone.  

3 .  A t t enua t ion  Zone: Where enough  mater ia l   has   been 

f r a c t u r e d ,   t h e   e r o d e d   s u r f a c e  becomes  rough wi th  v i s i b l e   d e e p  

c r a t e r s .   I n   c a v i t a t i o n   e r o s i o n   a n d   i n   l i q u i d   i m p a c t   e r o s i o n ,  

t h e   l i q u i d   c o v e r i n g   t h e s e   c r a t e r s   c u s h i o n s  t he  impact   p ressures  

t r a n s m i t t e d   t o  the  m a t e r i a l .  The d e c r e a s e   i n   e r o s i o n   r a t e  i s  

b e l i e v e d   t o  be d u e   t o  t h i s  a t tenuat ion   process   and   hence  this 

zone i s  c a l l e d  t h e  a t t enua t ion   zone .  
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4 .  S t e a d y   S t a t e  Zone: I t  i s  exper imenta l ly   observed  

t h a t   a f t e r   t h e   a t t e n u a t i o n   z o n e ,   t h e   r a t e  of e ros ion  becomes very  

nea r ly   i ndependen t  of the   exposure  t ime  and  hence it i s  c a l l e d  

. t h e   s t e a d y   s t a t e   z o n e .  

Although  the  above results on t h e   e f f e c t  of exposure  t ime 

were  observed  only for c a v i t a t i o n   e r o s i o n ,   t h e r e   w e r e  some i n -  

d i c a t i o n s   i n   t h e   l i t e r a t u r e   t h a t   t h e s e   e f f e c t s   w e r e  a1,so d e t e c t a b l e  

i n   l i q u i d   i m p a c t   e r o s i o n   t e s t s   s u c h   a s   s t e a m   t u r b i n e   e r o s i o n  (13, 
14), j e t  impact   erosion (15) and r a i n   e r o s i o n  ( 1 6 ) .  A summary and 

d i s c u s s i o n  of a l l  t h e s e   r e s u l t s   w i t h  a mathemat ica l   ana lys i s  was 

presented  by Heymann (17). 

A t  t h i s  junc tu re ,  it became c r u c i a l  to conduct a few sys-  

t ema t i c   expe r imen t s   t o   ve r i fy   whe the r   such   e f f ec t s   were   no t i ceab le  

i n   t h e   c a s e  of m u l t i p l e   l i q u i d   i m p a c t   e r o s i o n .  A s  shown i n   F i g -  

u r e s  15 through 18, t h e s e   e f f e c t s   a r e   i n d e e d   p r e s e n t .  The ma- 

t e r i a l s   u s e d  for t h e   t e s t   w e r e  316 s t a i n l e s s   s t e e l  and 1100-0 

aluminum.  The r e s u l t s  shown c o r r e s p o n d   t o   s i x   v e l o c i t i e s  for each 

m a t e r i a l .  It may be  n o t e d   t h a t  t he  incuba t ion   pe r iod  i s  ve ry  

n o t i c e a b l e   a t   l o w e r   s p e e d s   w h e r e a s   t h e   p e a k   r a t e  o f  e ros ion  i s  

very  pronounced a t   h i g h e r   i m p a c t   s p e e d s .  

It i s  n e c e s s a r y  to unders tand  and p red ic t ;   t hese   non- l inea r  

t i m e   e f f e c t s   q u a n t i t a t i v e l y   i n   o r d e r  to achieve  meaningful  cor-.  

r e l a t i o n s   i n   t h e   l a b o r a t o r y  and to ex t r apo1 ,a t e   l abo ra to ry   da t a  to 

f i e l d   s y s t e m s .  With t h i s  aim i n  mind, a mathematical   theory of 

eros ion   has   been   deve loped   recent ly  ( 2 )  and i s  summarized b r i e f l y  

i n  Appendix B. 
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C o r r e l a t i o n   w i t h   t h e   T h e o r y   o f   E r o s i o n  

A s  shown i n  Appendix B, t h e   f o l l o w i n g   n o r m a l i z e d   d i f f e r e n t i a l  

equa t ion   o f   e ros ion   can   be   de r ived   w i th   t he  two assumptions i n -  

vo lv ing   "accumula t ion"   o f   energy   and   the   "a t tenuat ion ' '   o f   energy  

and wi th  t h e   d e f i n i t i o n   o f   i n t e n s i t y   o f   e r o s i o n :  

2n+ 1 
n 

where 

Imax 

z = t/tl , 

'e 

= Maximum I n t e n s i t y  of e ros ion ,  

= I n t e n s i t y   o f   e r o s i o n  at any  t ime t ,  

tl = t he   t ime   co r re spond ing  to t h e  maximum i n t e n s i t y  
o f   e ros ion ,  

.I = q/?l J 

rl = t h e   e f f i c i e n c y  of  e r o s i o n   a t   a n y   t i m e  t, 
ql  = t h e   e f f i c i e n c y   c o r r e s p o n d i n g   t o   t h e   p e a k   i n -  

t e n s i t y   o f   e r o s i o n ,  

n = t he  a t t e n u a t i o n   e x p o n e n t .  
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T h e   g e n e r a l   s o l u t i o n   o f   t h i s   n o r m a l i z e d   d i f f e r e n t i a l   e q u a -  

t i o n  i s  found to be  

I =  
- 

I n   o r d e r  to c a l c u l a t e  7 a s  a f u n c t i o n   o f  T, t h e   v a l u e   o f  n 

a n d   t h e   f u n c t i o n   q ( t )   m u s t   b e  known. From t h e   e x p e r i e n c e   o f  

underwater   explos ions ,  i t  i s  known t h a t   t h e   s h o c k   p r e s s u r e   a t -  

t e n u a t e s   i n v e r s e l y   a s   t h e   d i s t a n c e   t r a v e l l e d  (18) .  S i n c e   t h e  

i n t e n s i t y   v a r i e s  a s  t h e   s q u a r e   o f   t h e   s h o c k   p r e s s u r e ,  t he  val.ue 

of n may be  assumed to be  2 .  

I n   t h e   o r i g i n a l   f o r m u l a t i o n   o f   t h e   e l e m e n t a r y   t h e o r y  (2), 

t h e   n a t u r e   o f   t h e   f u n c t i o n  q ( t )  was assumed t o  b e   s i m i l a r   t o   t h e  

f a t i g u e   p r o b a b i l i t y   f u n c t i o n .  T h e   p h y s i c a l   b a s i s   f o r   t h i s   a s -  

sumption may b e   e n u n c i a t e d   a s   f o l l o w s :  A f r a c t u r e d   p a r t i c l e   h a s  

absorbed   energy   f rom  the   impact   forces   over  a number  of  cycles.  

Af t e r   t he   cumula t ive   abso rp t ion   o f   t hese   impac f   fo rces ,   t he  

p a r t i c l e   f r a c t u r e s  from the   spec imen  thereby   produc . ing  a loss 

o f   m a t e r i a l .   I n  t h i s  s e n s e ,   t h e   e f f i c i e n c y   o f   t h e   e r o s i o n   p r o -  

c e s s  i s  a s s o c i a t e d  w i t h  t h e   f r a c t u r e   o f  a p a r t i c l e   o f   t h e  ma- 

t e r i a l .   I f  we c o n s i d e r   t h e   p a r t i c l e   a s  a f a t igue   spec imen ,   t hen  

t h e   p r o b a b i l i t y   o f   f a i l u r e   o f   t h e   p a r t i c l e   a f t e r   s o m e t i m e  i s  a 

s t a t i s t i c a l   f u n c t i o n .  Based  on t h i s   a p p r o a c h ,  i t  may b e   i n f e r r e d  
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t h a t   t h e   e f f i c i e n c y   o f   e n e r g y   a b s o r p t i o n   ( t h e   f u n c t i o n   q ( t ) )  i s  

a s s o c i a t e d   w i t h   t h e   p r o b a b i l i t y   o f   f a i l u r e   o f  a p a r t i c l e   a f t e r  

a g i v e n   t i m e .   T h e r e   a r e   s e v e r a l   s t a t i s t i c a l   d i s t r i b u t i o n   f u n c -  

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

f a t i g u e   f a i l u r e .   S p e c i f i c a l l y ,   t h e   W e i b u l l   d i s t r i b u t i o n  (19) 
was chosen   fo r  t he  a n a l y s i s   b e c a u s e   o f  i t s  w i d e   a p p l i c a b i l i t y .  

Hence a W e i b u l l   t y p e   d i s t r i b u t i o n   f u n c t i o n   o f   t h e   f o l l o w i n g   f o r m  

was a s s i g n e d  to q :  

q = 1 - exp(--c ) a 
[ 61 

The  parameter  a i s  ca l l ed   t he   Weibu l l   shape   pa rame te r   and  

i t  d e p e n d s   u p o n   t h e   m a t e r i a l   a s   w e l l   a s   t h e   s t r e s s   l e v e l .  A s  

c a n   b e   s e e n ,   t h e   a b o v e   d i s t r i b u t i o n  becomes a s imple   exponen t i a l  

d i s t r i b u t i o n  where a = 1 a n d   t h e   R a y l e i g h   d i s t r i b u t i o n  when 

a = 2 .  It corresponds  to a n e a r l y   n o r m a l   d i s t r i b u t i o n  when 

a = 3.57 ( 2 0 ) .  'Using d i f f e r e n t   v a l u e s  o f  a i n   E q u a t i o n  [6], t h e  

s o l u t i o n s   t o  Eq,Lzation [5] were  evaluated  and shown i n  F i g u r e  19 
a s  a p l o t   o f   t h e   r e l a t i v e   i n t e n s i t y   a g a i n s t   t h e   r e l a t i v e   e x -  

posu re   t ime  wi th  a a s   t h e  t h i r d  parameter .  

A t  t h i s  j u n c t u r e ,   t h e   f o l l o w i n g   p o i n t s   a b o u t   t h e   e l e m e n t a r y  

theo ry   d i scussed   above   a r e   wor thy  of c o n s i d e r a t i o n :  

1. The  theory i s  n o t   l i m i t e d  to t he   u se   o f   Weibu l l  

t y p e   d i s t r i b u t i o n s  to r e p r e s e n t   t h e   e f f i c i e n c y   o f   e n e r g y   a b s o r p -  

t i o n .   I n   f a c t ,  i t  i s  a l s o   p o s s i b l e   t o   u s e  a d i r e c t   r e l a t i o n s h i p  

between the  e n e r g y   a b s o r p t i o n   c a p a c i t y   a n d   t h e  number of c y c l e s  

o f   impac t s .  A s  of  now n o   s u c h   q u a n t i t a t i v e   r e l a t i o n s h i p   e x i s t s  
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a l though   one  may d e v e l o p   a n   e m p i r i c a l   r e l a t i o n s h i p   t o   f i t   t h e  

ava i l ab le   expe r imen ta l   da t a .   Fo r   example  Manson ( 2 1 )   h a s   p r e -  

s e n t e d   e x p e r i m e n t a l   e v i d e n c e   t o  show how work ha rden ing  or work 

so f t en ing   o f   me ta l s   p roceeds  w i t h  number o f   f a t i g u e   c y c l e s .  The 

f a c t   t h a t   t h e  phenomenon of work ha rden ing   o r  work s o f t e n i n g  i s  

i m p o r t a n t   i n   t h e   e r o s i o n   p r o c e s s   h a s   b e e n   p o i n t e d   o u t   b y  many 

i n v e s t i g a t o r s   i n c l u d i n g   E n g e l   ( 2 2 ) .  However, t h e   s t a t e   o f   t h e  

a r t  i s  n o t   a d e q u a t e   t o   d e v e l o p  a g e n e r a l   m a t h e m a t i c a l   r e l a t i o n - .  

s h i p   t o  f i t  t h e   e x p e r i m e n t a l   d a t a .   B e c a u s e   o f   t h i s   r e a s o n ,   t h e  

W e i b u l l   t y p e   d i s t r i b u t i o n s   w e r e  -used a s  a f i r s t  a t t e m p t .  

2 .   I n   t h e   e l e m e n t a r y   t h e o r y   o n l y   t h e   e f f i c i e n c y   f u n c -  

t i o n  q ( t )  was assumed to be a s t a t i s t i c a l   d i s t r i b u t i o n ,  However, 

t h e   d r o p   s i z e   d i s t r i b u t i o n  ( o r  b u b b l e   s i z e   d i s t r i b u t i o n   i n   t h e  

c a s e   o f   c a v i t a t i o n )   a n d   t h e   s u r f a c e   r o u g h n e s s   d i s t r i b u t i o n   a r ’ e  

b o t h   s t a t i s t i c a l   q u a n t i t i e s .  For t h i s  r eason ,  i t  was p o i n t e d  o u t  

i n   R e f e r e n c e  2 t h a t  a g e n e r a l   t h e o r y  o f  e r o s i o n  wmld l e a d   t o   a n  

e r o s i o n   d i s t r i b u t i o n   f u n c t i o n ,   w h i c h  vai.d % a k e   i n t o   a c c o u n t   a l l  

o f   t he   above   pa rame te r s .  

3 .  Again, i t  was assumed i n   t h e   e l e m e n t a r y   t h e o r y ,  

t h a t   t h e  valule   of   the   shape  parameter  a ,  was e x a c t l y   t h e  same 

a s   o n e  wo-dld obta in   f rom a f a t i g u e   l i f e   d i s t r i b u t i o n   f o r   t h e  

mater ia l .   Another   assumpt ion   involved  i s  t h a t  Zhe va lue   o f  a 

i s  u n i q u e   a t   a l l   s t r e s s   l e v e l s .   H o w e v e r , i t  i s  known t h a t  the 
value   o f   the   shape   parameter   depends  -upon t h e   s t r e s s   i e v e i ,   t n e  

p re sence  o f  no tches ,   t he   env i ronmen t   and   t he   ma te r i a l  (19 ) .  
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With  this background, let us analyze the experimental data 

shown in Figures 15 through 18. These data are reduced in the 
non-dimensional form by dividing the rate of loss  at any time by 

the peak rate of l o s s ,  the latter being obtained from the curve 

which fitted the experimental data best. The  time is normalized 

with respect to the time a.t which the peak erosion rate is ob- 

served. The data points collected  at five different velocities 

are shown in Figures 20 and 21 for 1100-0 aluminum and for 

316 stainless steel respectively. The solid lines in these 

figures are theoretical predictions of Equation [5]. Weibull 

distributions of the type given by Equation 163 are used for the 
efficiency function assuming a = 3 for 1100-0 aluminum and a = 5 
for 316 stainless steel. This result in itself is very useful in 

predicting the erosion rates. However, it a.lso leads to the 
following question of scientific interest. 

How does the value of the shape parameter, a as determined 

in the above erosion test compare with the shape parameter, a as 

obtained from an actual fatigue life distribution for each 

material? In order to make a distinction between the two shape 
parameters, let us call the shape parameter for  the erosion 
distribution as Ul, and the shape parameter for the fatigue life 
distribution as a,. 

The fatigue life distribution for  the two materials were 

experimentally determined using the  high frequency fatigue tech- 

nique described earlier in this report. Twenty-nine samples of 

1100-0 aluminum were  tested  at a stress level of 5000 psi cor- 

responding to a mean life of 10 million cycles (see Table 2). 
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Also shown i n   t h i s   t a b l e   a r e   t h e   W e i b u l l   d i s t r i b u t i o n   f u n c -  

t i o n s .  The da ta   r educ t ion   has   been   ca r r i ed   ou t   a s   sugges t ed  i n  

Reference 2.  F i g u r e  22 shows t h e   p l o t   o f   t h e   r e s u l t s   i n  a Weibull 

p r o b a b i l i t y   p a p e r .  The  Weibull   shape  parameter,  a z ,  a c t u a l l y  

v a r i e s  wi th  t h e  number   o f   cyc le s   pa r t i cu la r ly  below 5 O O , O O O  c y c l e s .  

However, for t h e  most par t ,   the   Weibul l   shape   parameter ,  az9 i s  

n e a r l y  0.5. The mean l i f e  i s  3 x lo7  c y c l e s .   S i m i l a r   r e s u l t s   a r e  

shown i n   T a b l e  3 and i n   F i g u r e  23 f o r  316 s t a i n l e s s   s t e e l .  'The 

v a l u e  of cl, i s  c l o s e  t o  0 . 4  f o r   t h i s   c a s e .   A g a i n ,   t h e   W e i b u l l   p l o t  

does   no t  seem to be a s t r a i g h t l i n e   f o r   t h e   e n t i r e   r a n g e   o f   t h e  

l i f e   c y c l e s .   F o r   e x a m p l e   i n   t h e   c a s e   o f  316 s t a i n l e s s   s t e e l   d a t a ,  

a t   t h e   l o w e r  end o f   t h e   l i f e   c y c l e s ,   t h e   v a l u e  of  c(, i s  c l o s e  to 
1 . 0 .  The  same t r end  i s  n o t i c e a b l e   f o r   t h e   c a s e   o f  1100-0 aluminum. 

In   any   ca se ,  i t  i s  c l e a r   t h a t   t h e   v a l u e   o f   t h e   s h a p e  param- 

e t e r  a2 as   ob ta ined  by h i g h   f r e q u e n c y   f a t i g u e   t e s t s  on dumb-bell 

shaped   f a t igue   spec imens   a t  a s t r e s s   l e v e l   c o r r e s p o n d i n g  t o  t h e  

mean l i f e  of  twenty t o  t h i r t y   m i l l i o n   c y c l e s  i s  much lower  than 

the   va lue   o f   t he   shape   pa rame te r  a l ,  as   determined  f rom  the 

e ros ion   cu rve .  The fo l lowing   f ac to r s   mus t   be   t aken   i n to   con-  

s i d e r a t i o n   i n   u n d e r s t a n d i n g   t h e   a b o v e   r e s u l t .  

1. The e ros ion  was produced a t  m3ch h i g h e r   s t r e s s  

l e v e l s   t h a n   t h e   s t r e s s   l e v e l   a t   w h i c h   f a t i g u e   d i s t r i b u t i o n  was 

determined.  It  i s  known t h a t   t h e   v a l u e   o f  cy. i s  much h i g h e r   a t  

h i g h e r   s t r e s s   l e v e l s   ( R e f e r e n c e  19). 
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2.  The f r a c t u r e   i n   e r o s i o n  i s  produced a t   s h a r p  

corners   and  stress concent ra t ions   whereas   the   dumb-bel l   shaped  

f a t igue   spec imen  i s  r a t h e r   i d e a l i z e d  when compared t o   t h e   f r a c t u r e d  

p a r t i c l e .  

3 .  A s  p o i n t e d   o u t   p r e v i o u s l y ,   t h e   i n f l u e n c e   o f   o t h e r  

f a c t o r s   s u c h   a s   s u r f a c e   r o u g h n e s s   d i s t r i b u t i o n   a n d   d r o p   s i z e  

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

l i f e   d i s t r i b u t i o n .  

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

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

For example, t h e   e f f e c t   o f   t e s t   d u r a t i o n  may b e   q u a n t i t a t i v e l y  

r e d u c e d   i n  a gene ra l i zed   fo rm.  It can be  mathemat ica l ly   expressed  

i f  t he   shape   pa rame te r  al i s  de te rmined   th rough  an   e ros ion  t e s t  

f o r   e a c h   m a t e r i a l .  A s  shown i n  Appendix B t h i s   r e l a t i o n s h i p   c a n  

b e   i n t e g r a t e d  so  t h a t   t h e   c u m u l a t i v e   d e p t h   o f   e r o s i o n  may be  

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

~~~~ The   Re la t ionsh ip  ~~ Between the   Impac t   Ve loc i ty   and   t he  
Ra te   o f   E ros ion  

-~ " 

T h e   r e l a t i o n s h i p   b e t w e e n   t h e   v e l o c i t y   o f   i m p a c t   a n d   t h e   r a t e  

o f   e ros ion  i s  v e r y   i m p o r t a n t   i n   u n d e r s t a n d i n g   t h e  phenomenon of  

e r o s i o n   a s   w e l l   a s   i n   e x t r a p o l a t i n g   l a b o r a t o r y   d a t a  to p r a c t i c a l  

problems. Heymann ( 2 3 )  has   summar ized   mos t   o f   the   ava i lab le   in -  

formation  on t h i s  a s p e c t .   W i t h o u t   c o n s i d e r i n g   t h e   e f f e c t  of  t e s t  

d u r a t i o n ,   s e v e r a l   i n v e s t i g a t o r s   h a v e   f o u n d   t h a t   t h e   r a t e   o f   e r o -  

s i o n   v a r i e s   a s  some power o f  t he  i m p a c t   v e l o c i t y   a s   l i s t e d  below 

( 2 3 ) .  
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Author  Exponent 

Hon egg er 2 .0  

Pearson 2.6 

Hoff e t . a l .  5 - 7  
Hobbs 5 

A f t e r   a n a l y z i n g  a l l  t h e s e   d a t a ,  Heymann ( 2 3 )  came t o   t h e  con- 

c l u s i o n   t h a t   t h e   e x p o n e n t  will g e n e r a l l y  be o f   t h e   o r d e r   o f  5. 
Heymann also p o i n t e d   o u t   t h a t   t h e   e x p o n e n t  i s  c l o s e   2 . 5  i f  t h e  

t h r e s h o l d   v e l o c i t y  i s  sub t r ac t ed   f rom t h e  a c t u a l   i m p a c t   v e l o c i t y .  

I n   o r d e r   t o   s e e  how f a r   t h e s e   c o n c l u s i o n s   a g r e e  with ou r  

e x p e r i m e n t a l   r e s u l t s ,   t h e   p e a k   r a t e  of volume l o s s  a s  shown i n  

F igures  15 through 18 a r e   p l o t t e d   a s  a func t ion   o f   impac t   ve loc i ty  

i n   F i g u r e  24 .  (See   a l so   Tab le  4 ) .  The s o l i d   1 j . n e s   i n   F i g u r e  24 

cor respond  to  a f i f t h  power v a r i a t i o n .   I n   o t h e r  words, the   peak  

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

i m p a c t .   S i m i l a r l y   t h e   t i m e   a t   w h i c h  t h e  p e a k   r a t e  i s  observed 

i s  a l s o  shown p l o t t e d   a g a i n s t   i m p a c t   v e l o c i t y   i n   F i g u r e  25  and 

t h e   s o l i d   l i n e s   i n  t h i s  f i g u r e   c o r r e s p o n d   t o  a one f i f t h  power 

v a r i a t i o n .  To summarize these r e s u l t s ,  

'peak 01 u5 

tl a u1/5 
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where 

'peak i s  t h e  maximum i n t e n s i t y   o f   e r o s i o n ,  

tl i s  t h e   t i m e   a t  which t h e   p e a k   i n t e n s i t y  i s  
observed,  and 

U i s  the   impac t   ve loc i ty .  

I n   F i g u r e  26, t h e   p e a k   r a t e   o f   e r o s i o n  i s  p l o t t e d   a g a i n s t  

t he   d i f f e rence   be tween   t he   ac tua l   impac t   ve loc i ty   and   t he   t h re sh -  

o l d   v e l o c i t y  for t h e   t e s t   m a t e r i a l .   H e r e   a g a i n   t h e   s o l i d   l i n e s  

correspond to an  exponent  of  f ive  and may be   expressed   empir ica l ly  

a s  

where UT i s  t h e   t h r e s h o l d   v e l o c i t y   f o r   t h e   m a t e r i a l .  Th i s  r e -  

s u l t   d o e s   n o t   a g r e e  wi th  the   conclus ion   reached  by Heymann (23) .  

25 



. . . . . . ._ . - _. . . . . " 

COMPARISON OF LIQUID IMPACT EROSION 
AND CAVITATION  EROSION THROUGH 

SCANNING ELECTRON MICROSCOPY 

An at tempt   has   been made i n  t h i s  r e p o r t   t o  make u s e   o f   t h e  

theory  of   erosion  developed  on t h e  bas i s   o f   i deas ,   concep t s   and  

exper ience   accumula ted   th rough  in tens ive   research  on c a v i t a t i o n  

e ros ion .  Hence i t  i s  e s s e n t i a l   t o   c o n s i d e r  how f a r   t h e   m a t e r i a l  

r e m o v a l   p r o c e s s   i n   m u l t i p l e   l i q u i d   i m p a c t   e r o s i o n  i s  s i m i l a r   t o  

t h e   m a t e r i a l   r e m o v a l   i n   c a v i t a t i o n   e r o s i o n .  The  main o b j e c t i v e  

o f   t h i s   a p p r o a c h  i s  t o   e s t a b l i s h  a common q u a n t i t a t i v e   f r a m e  

work f o r   b o t h  t h e  k inds   o f   e ros ion .  

I n   o r d e r   t o  compare t h e   i n d e n t a t i o n s   a n d   f r a c t u r e   p r o d u c e d  

b y   t h e  two d i f f e r e n t   e r o s i o n   p r o c e s s e s ,   c a r e f u l l y   p r e p a r e d   a n d  

meta l lurg ica l ly   po l i shed   spec imens   ( see   the   photomicrographs   in  

F i g u r e  27) were   sub jec t ed   t o   bo th   t ypes   o f   e ros ion   s epa ra t e ly .  

C a v i t a t i o n   e r o s i o n  was produced   in  a m a g n e t o s t r i c t i o n   t y p e   v i -  

b ra to ry   appa ra tus   whereas   t he   mu l t ip l e   l i qu id   impac t   e ros ion  was 

p r o d u c e d   i n   t h e   f a c i l i t y   d e s c r i b e d   i n  t h i s  r epor t .   Scann ing  

electron  micrographs  were  taken w i t h  t h e   k i n d   a s s i s t a n c e   o f  Mr. 
Robert   Anstead  of  Goddard  Space  Flight  Center  and  reproduced  in 

F igu re  28. S ince   t he   e roded   s a r f ace  i s  very  rough,   scanning 

e l ec t ron   mic rography   o f f e r s  t he  most s u i t a b l e   d e p t h   o f   f o c u s  

which   cannot   be   ob ta ined   e i ther   by   l igh t   microscopy or by  con- 

vent iona l   e lec t ron   microscopy.   (Scanning   e lec t ron   microscopy i s  

a r e l a t i v e l y  new t e c h n i q u e   i n   w h i c h   t h e   e l e c t r o n s   l i b e r a t e d   f r o m  

the  specimen  are   scanned  in   synchronism w i t h  t h e   e l e c t r o n - p r o b e  

scanning  the  specimen ( 2 4 )  ) . 
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A s  s e e n   i n   F i g u r e  28, t h e   s i m i l a r i t y   o f   t h e  mechanism of  

mater ia l   removal  i s  g r e a t .  The p l a s t i c   i n d e n t a t i o n s   o v e r l a p p i n g  

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

cases .   Such   over lapping   indenta t ions   cause  t he  f r a c t u r e   o f  

p a r t i c l e s  of  t h e  t e s t  m a t e r i a l .   T h e s e   o b s e r v a t i o n s   f u r t h e r   j u s t i f y  

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

l i qu id   impac t   e ros ion .  
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CONCLUSIONS 

The  fo l lowing   conclus ions  may be   reached   f rom  the   exper i -  

m e n t a l   a n d   a n a l y t i c a l   i n v e s t i g a t i o n s   o n   t h e   m u l t i p l e   l i q u i d   i m p a c t  

e r o s i o n  phenomenon so  f a r   c a r r i e d   o u t :  

1. The r a t i o  be tween  the   h igh   f requency   endurance  limit 

a n d   t h e   i m p a c t   s t r e s s  i s  i n   t h e   v i c i n i t y  o f  two.   Actua l ly  i t  i s  

1.7 for 1100-0 aluminum  and 3 .0  for 316 s t a i n l e s s   s t e e l - .  

2 .  The r a t e   o f   e r o s i o n   c a u s e d   b y   m u l t i p l e   l i q u i d  i m -  

p a c t s  i s  very  much dependent on t h e   e x p o s u r e   t i m e .   T h e   r a t e   o f  

e r o s i o n  i s  s m a l l   i n  the  beg inn ing   ( i ncuba t ion   zone ) ,   i nc reases  

( a c c u m u l a t i o n   z o n e ) ,   t h e n   d e c r e a s e s   [ a t t e n u a t i o n   z o n e )   a n d   r e a c h e s  

a r e l a t i v e l y   s t e a d y   r a t e   ( s t e a d y   s t a t e   z o n e ) .  T h i s  behav io r  i s  

v e r y   c l o s e   t o   t h e   o b s e r v a t i o n s  made on c a v i t a t i o n   e r o s i o n .  

3. The   t l l eo ry   o f   e ros ion   deve loped   t o   p red ic t   cav i t a -  

t i o n   e r o s i o n   r a t e s ,  was used to c o r r e l a t e  w i t h  t h e   r a t e   o f   e r o -  

s ion   p roduced   by   mu l t ip l e   l i qu id   impac t   e ros ion .  The  shape 

p a r a m e t e r   a s   o b t a i n e d   i n  a h i g h   f r e q u e n c y   f a t i g u e   c u r v e   a t   s t r e s s  

l e v e l s   c o r r e s p o n d i n g  to t e n   m i l l i o n   c y c l e s  i s  much lower   than   the  

shape   pa rame te r   r equ i r ed  to p r e d i c t   t h e   e r o s i o n   r a t e s .  However, 

i f  a proper   shape   parameter  i s  assumed  by  inspect ion J f  t h e  

n o r m a l i z e d   e r o s i o n   d a t a ,   t h e n   t h e   c o r r e l a t i o n   b e t w e e n   t h e   t h e o r y  

and  experiments i s  good.   The   impl ica t ions   o f   these   f ind ings   and  

t h e   f u r t h e r   m o d i f i c a t i o n s  to t h e   t h e o r y   a s  a r e s L l t   o f   t h e s e  

f i n d i n g s   a r e   f u l l y   d i s c u s s e d   i n  the  r e p o r t .  
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4 .  The  peak r a t e  o f   e r o s i o n   v a r i e s   a s   t h e   f i f t h  power 

o f   t h e   v e l o c i t y   o f   i m p a c t .  The time a t  wh ich   t he   peak   r a t e  of  

e ros ion  i s  o b s e r v e d   v a r i e s   a s   t h e   o n e - f i f t h  power of   the   impact  

v e l o c i t y .  

5. Scanning-electron-microphotographs of  e ros ion  

caused   bo th   by   cav i t a t ion   and   by   mu l t ip l e   l i qu id   impac t s  show 

c l o s e   s i m i l a r i t y  of  t he  p rocess  of  mater ia l   removal  by both   k inds  

of  e r o s i o n .  

29 



APPENDIX A 

DESIGN  OF ROTATING DISK CAPABLE OF HOLDING SIX SPECIMENS 

F igure  29 shows a s k e t c h   o f   t h e   r o t a t i n g   d i s k   c a p a b l e  of  

ho ld ing   s ix   spec imens .  T h e   s p e c i m e n s   a r e   l o c a t e d   a t   t h r e e   r a d i i  

t h e r e b y   y i e l d i n g   t e s t   r e s u l t s   a t   t h r e e   v e l o c i t i e s  for every   run .  

S i n c e   t h e r e   a r e  two specimens a t  e a c h   r a d i u s ,   t h e   r e p r o d u c i b i l i t y  

of d a t a  i s  v e r i f i e d   a t   e a c h   r u n .  

Power R e q u i r e m e n t s :   S i n c e   t h e   r o t a t i n g   d i s k   c o n t a i n s   b o t h  a 

c i r c u l a r   d i s k   a n d  two whir l ing   a rms   ex tending   f rom  the   d i sk ,   the  

power r e q u i r e d   t o   r o t a t e   t h e   d i s k  was c a l c u l a t e d   i n  two s e p a r a t e  

s t e p s .  

1. Power  consumed  by t h e   d i s k  i s  given  by 

- Pa 
'D - 'm 2 

- w3R 5 
D 

where 

C i s  t h e  moment c o e f f i c i e n t s   g i v e n   i n   R e f e r e n c e  25, m 

pa i s  t h e   d e n s i t y  o f  a i r ,  

cu i s  t h e   a n g u l a r   v e l o c i t y   o f   d i s k ,  and 

RD i s  t h e   r a d i u s   o f   d i s k .  

2. Power Consumed by t h e  Whir l ing A r m s  i s  g iven  by 

30 



where 

% i s  t h e   d r a g   c o e f f i c i e n t   o f   t h e   a e r o f o i l ,  

C i s  t h e   c h o r d   l e n g t h   o f   t h e   a e r o f o i l ,  

R i s  t h e   o u t e r   r a d i u s   o f   t h e  arm,  and 

Ri i s  t h e   i n n e r   r a d i u s  o f  t h e  arm. 

0 

3. Power  consumed  by the  specimens i s  g iven  by 

- Pa 
'S - 'DS 2 - A.U3 

where 

'DS i s  t h e   d r a g   c o e f f i c i e n t  for specimen, 

A i s  the  projected  area  of   the   specimen,   and 

U i s  t h e   p e r i p h e r a l   v e l o c i t y  of the   specimen.  

S t r e s s   C a l c u l a t i o n s :  The a r e a  of c ross - sec t ion  of a w h i r l i n g  

arm i n  which t h e   s t r e s s e s   d e v e l o p e d   d u e  t o  c e n t r i f u g a l   f o r c e s  

a r e   c o n s t a n t   f r o m   r o o t   t o   t i p  i s  given by Refe rence   26as   fo l lows :  

where 

a i s  t h e   r o o t   a r e a ,  

a i s  t h e   t i p   a r e a ,  

W i s  t h e   w e i g h t   p e r   u n i t  volume  of t h e   m a t e r i a l ,  

0 i s  t h e   a l l o w a b l e   s t r e s s ,   a n d  

g i s  the  a c c e l e r a t i o n   d u e   t o   g r a v i t y .  

r 

t 
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S i m i l a r l y  the  f o l l o w i n g   e q u a t i o n   g i v e s   t h e   v a r i a t i o n   o f   t h i c k -  

n e s s   a l o n g   t h e   r a d i u s   f o r  a r o t a t i n g   d i s k   o f   c o n s t a n t   s t r e s s  

(Reference 26) 

t 
_. 0 wco2 r2 
t = exp ( ? E T )  

where 

t i s  t h e   t h i c k n e s s   a t   t h e   t i p , a n d  

t i s  t h e   t h i c k n e s s   a t   a n y   r a d i u s ,  r .  
0 

I n   a d d i t i o n   t o  these stresses,  t h e   c e n t r i f u g a l   s t r e s s e s  

caused  by  the  weight   of   the   specimen  should a l s o  b e  inc luded .  

Ca lcu la t ions   u s ing   t he   above   r e l a t ionsh ips   p roved   t haL   t he   con-  

f i g u r a t i o n  shown i n   F i g u r e  29 c o u l d   b e   s u c c e s s f u l l y   b u i l t   w i t h  

7075 aluminum a l l o y  and   opera ted   up   to  750 f p s  wi th  a 2-1/2 hp 

motor .   Subsequent   operat ional   experience shows t h a t  t h e  above 

des ign  i s  sound. 
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APPENDIX B 

DERIVATION O F  ELEMENTARY THEORY O F  EROSION 

D e f i n i t i o n  " of t h e   I n t e n s i t y  of  Erosion 

The i n t e n s i t y  of e ros ion  i s  d e f i n e d   a s   t h e  power absorbed 

by un i t   e roded   a r ea  of t h e  m a t e r i a l  (1,2 and 8 )  and i s  given  by 

where 

r/t i s  t h e   r a t e  of  depth  of  erosion,  and 

'e i s  t h e   e r o s i o n   s t r e n g t h .  

If t h e   r a t e   o f   d e p t h   o f   e r o s i o n  i s  e x p r e s s e d   i n   d i f f e r e n t i a l  

form  then 

- d r  
'e - 'e dt 521 

where r i s  t h e  mean depth  of  erosion  as  measured  from  the 

o r i g i n a l   s u r f a c e  o f  t h e   m a t e r i a l   ( F i g u r e  3 0 ) .  

Basic  Assumptions 

The two bas ic   assumpt ions  of  t h e   t h e o r y   a r e   a s  follows: 

1. The a t t e n u a t i o n  of  t h e   i n t e n s i t y   o f   c o l l a p s e   o r  

c o l l i s i o n  i s  assumed t o   b e   i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   n t h  

power of t h e   r a d i a l   d i s t a n c e .   T h i s  may be   ma themat i ca l ly   s t a t ed  

a s  
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A n I  - 

where 

I i  i s  t h e   i n t e n s i t y   o f   i m p a c t ,  

IC i s  i n t e n s i t y  of c o l l a p s e  or c o l l i s i o n ,  

r i s  t h e   r a d i a l   d i s t a n c e   ( F i g u r e  3O), 
A i s  a p r o p o r t i o n a l i t y   c o n s t a n t   w i t h   l e n g t h   a s  

dimension,  and 

n i s  t h e   a t t e n u a t i o n   e x p o n e n t .  

2 .  The  second  assumption i s  t h a t   t h e   i n t e n s i t y   o f  

e r o s i o n  i s  r e l a t e d   t o   t h e   i n t e n s i t y   o f   i m p a c t   i n   t h e   f o l l o w i n g  

manner 

where q i s  a m a t e r i a l   p r o p e r t y   g o v e r n i n g   t h e   e f f i c i e n c y  of 

ene rgy   abso rp t ion .  I t  i s  a l s o   f u r t h e r   a s s u m e d   t h a t   t h e   e f f i c i e n c y  

of   absorp t ion ,  q i s  time dependent  

D e r i v a t i o n   o f   t h e   D i f f e r e n t i a l   E q u a t i o n  of Eros ion  " 

D i f f e r e n t i a t i n g   E q u a t i o n  [ B 4 ]  we g e t  

d I   d I  
2-9 - 

d t   d t  1 d t  I .  + . q  - 
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I 

D i f f e r e n t i a t i n g   E q u a t i o n  [ B 3 ] ,  we g e t  

d I i  n -n dr 
n+l  dt 

" 

d t  - A IC 
- 

b + T C  1 

Furthermore from Equat ion [ B3] 

n AnI 
(r+rc) = J 

n+l/n 

From Equat ion [ B2] 

dr e 
d t  S e 
-" - 

Hence Equat ion [B6] becomes 
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'e s i n c e  Ii = from  Equation [B4]. S u b s t i t u t i n g   E q u a t i o n  [Bg] 
i n   E q u a t i o n  [B5] 

where 

k =  
n 

i/n 

Hence t h e   d i f f e r e n t i a l   e q u a t i o n  of  e r o s i o n  i s  g iven  by 

Normal i zed   D i f f e ren t i a l   Equa t ion  

The  Equation [BlO] can   be   normal ized   wi th   respec t   to   the  

pa rame te r s   co r re spond ing   t o   t he  maximum i n t e n s i t y  of. damage ob- 

s e r v e d   i n   e x p e r i m e n t s .  A t  

36 



Then 

t =  

d1 e 
d t  
" - 

r l =  

t 
tl 

7 = -  
J 

- 'e 1 = -  
I ma x 

J 

- n 

J 

tl 

I ma x 

0 

rll 

d7 = - d t  
tl 

- d1 e 
d I  = 7 

I max 

S i n c e  

dle 
d t  
" - 0 a t  t = tl 

Equat ion [ BlO]  becomes 

2n+l 
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Now Equat ion [lo] may b e   w r i t t e n   a s  

Hence, 
2n+l 

n 

where n+l/n 

(from Equat ion [Bll]) 

Hence, 
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General- - ~..  ". . S o l u t i o n  - of the  - Normalized ~~ ____ D i f f e r e n t i a l   E q u a t i o n  

L e t  - (y) 
- 

z = I  

" 
-. 2n-1 

n 

Equat ion [ B12] becomes 

2n+l 2n+l 
- -  n 

n k I  dz  + n -  
- 1  n+l  d-c - l/n - d-c 

7 7 

" 

- - L G L O  - 

dz  n+l  1 & n+l k 
dT n - dT n - l /n  

7 

- 
- + - -  z = - -  

7 

This  i s  of t h e  form 

dz  
d-r - + f l ( $  = f2($ 

G e n e r a l   s o l u t i o n  of this  equa t ion  i s  
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" 
n+l  

n 
- an 6 

n+i/n 
= an({) 

Hence t h e   g e n e r a l  solution becomes 
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Boundary  conditions 

Hence 
1 

C + ”  {dT = 1 n 
J 

0 

0 

Hence [ B141 becomes 

n 

__ n+l 
n 1 

n/n+l 

4 1  



I f n = 2  

When W e i b u l l   t y p e   d i s t r i b u t i o n s   a r e   u s e d ,  

A t ~ = i  

7 = 1 - exp(-.c ) a 

-ql=l"--- 1 e-1 
e e 

- 

Hence 

f 
e - [ l - . exp( -a  ) ]  e - i  

a 
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From Equation [B17], f is c a l c u l a t e d   a s  a f u n c t i o n  of  T f o r  

va r ious   va lues   o f  01 a s  shown i n   F i g u r e  19. Figures  31 and 32 

show t h e  same r e l a t i o n s h i p s  when n = 3 and 4 r e s p e c t i v e l y .  When 

Gumbel t y p e   d i s t r i b u t i o n s   a r e   u s e d  

- 
T =  exp[ -p exp (-7 ) ]  

exp[ +/el 

E = p/e 

Hence 

F igu re  33 shows t h e   v a r i a t i o n   o f  f wi th  T f o r   t h r e e   v a l u e s   o f  p .  
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Cumulative  Depth of  Eros ion  

- 'e  'e 
- dr I 1 = - - - . - . 

I I d t  ' max e 
ma x max ma x 

Then 

Hence 

0 

Boundary  condi t ions 

Hence 
c = 0. 
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Again a t  

1 

0 

Equat ion [Big] becomes 

The v a r i a t i o n  o f  r w i t h  

shown i n   F i g u r e  34.  
f o r   v a r i o u s  v a l u e s  o f  a when n = 

Rela t ionsh ip   Be tween   t he  Maximum I n t e n s i t y   o f   E r o s i o n   a n d  
T h e   I n t e n s i t y   o f   C o l l a p s e  

From Equat ion [ B l l ]  

2 is 
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Using Weibull t y p e   d i s t r i b u t i o n s   a n d  the  v a l u e  n = 2 

R e l a t i o n s h i p  Between  Erosion  Strength  and Maximum Rate  o f  Erosion 

From Equation [B21] 

3/2  3/2 1/2 A S 
S = M IC e 

(‘max) e t l  

where 

5 d r  
.nax - dt 1 ” a t  t = tl 

ma x 

Hence 

A21 M2 
C s =  e 

tl ( e  1” max 
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TABLE 1 

cn 
0 

Materia 1 

1100-0 
Aluminum 

316 
S t a i n l e s s  

S t e e l  

~~ 

Experimentally 
Determined 
Fa t igue   S t r eng th  
a t  107 Cycles 
= oe ; p s i  

5000 

30, ooo 

Mater ia l  
Densi ty  

P m ;  
s lugs/f t3 

5.25 

15.45 

Sound 
Speed i n  
Materia 1 
= cm ; 

f t / s ec  

16,500 

16,300 

Threshold 
Veloc i ty  

* 
uI 

f t / s ec  

~ ~ ~~~~~ 

Water 
Hammer 
Pressure  

PI ; 
p s i  

3000 

9700 

1 . 7  

3 . 0 .  

NOTE* 

These  Veloci t ies   Correspond  to  lo7 Liquid   Impacts   a f te r  which 
some permanent  sign of e ros ion  was no t i ced .  



TABU 2 

Test Resul t s   and   Weibul l   Dis t r ibu t ion  
Funct ion for F a t i g u e   F a i l u r e s  

~~ 

M a t e r i a l :  1100-0 A l .  

Sample  Size:  n = 29 specimens 

Temperature: Room tempera ture  
water   ba th  

Frequency: 14.2 kcs  

S t r e s s   L e v e l :  5000 p s i  

No. of  Cycles 
t o  F a i l u r e ,  N 

~~ 

2.14 x 1’0 5 

2.29 X 10 5 

4.00 x 105 
4.27 x 10 
5.30 x 10 

5 
5 

5.40 x 105 
9.25 x 105 

6 
6 
6 
6 

8‘64 x 10 6 

1.09 x 10. 7 

1 .92  X 10 7 

1.98 x 107 

2.56 x 107 
2.56 x 107 

1.17 X 10 

1.93 x 10 
4.49 x 10 
6.00 X 10 

2.32 X 10 7 

” 

Mean Rank 

loo  (“1 = F ( N )  x 100 n + l  

3.33 
6.66 
9.99 
13.33 
16.66 
19.99 
23.32 
26.65 
29.99 
33.33 
36.66 
39.99 
43.33 
46.66 
49.99 
53.33 
56.66 
59.99 
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TABLE 2 (Continued)  

Order 
q 

19 
20 

21  

22 

23 
24 

25 
26 

27 
28 

29 

No of  Cycles 
t o   F a i l u r e ,  N 

.- 

2.73 x l o 7  
3.58 x 107 

3.95 x 107 
4.72 x 107 

3.84 x 10 'I 

5.55 x 10 7 

8.17 x l o 7  
8.99 x 10 7 

1.075 x 10 

1 . 2 0  x 10 8 

1.66 X 10 8 

8 

Mean Rank 

100 (5) = F ( N )  x l o o  
". . .. i~ - . ~ ". __ .~ - . . - ." 

63.33 
66.66 

69.99 
73.33 
76.66 

79.99 
,.- 83.33 

86.66 

89.99 
93.33 
96.66 

~ 
~ 
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Test R e s u l t s  an1 

TABLE 3 

Ci Weibul l   Dis t r ibu t ion   Funct ion  
F o r   F a t i g u e   F a i l u r e s  

M a t e r i a l :  316 s.  s. Frequency: 1 4 . 2  kcs  

Sample  Size:  n = 20 spec imens   S t ress   Level :  30,000 p s i  

Temperature: Room tempera ture  
Water  Bath 

-. -~ ___ . .~ 

Order 
q 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

11 

12 

13 
1.4 

15 
16 
17 
18 
19 
20 

No. o f  Cycles 
to F a i l u r e ,  N 

1.04 x 10 6 
r 

1.56 x 10 el 
6 
6 
6 
6 
6 
6 
6 

1.37 x 10 7 

1,39 x 10. 7 

1.60 x io 7 

1.85 X 10 
2.56 X 10 
3.37 x 10 
4.70 x 10 
4.81 x 10 
5.53 x 10 
6.16 X 10 

5.97 x 107 
6.40 x 1-07 
1.02 x 10 
1.37 x 10 

8 
8 
8 

7.96 x 10 

8 
8 

3.2 X 10 
4.6 x 10 
6.0 X 10 

8 

Mean Rank 

100 - n+l = F ( N )  x100 

4.75 
9.50 
14.3 
19.0 

23.8 
28.6 
33.3 
38.1 
43.0 
47.5 
52.5 
57.0 
62- 0 
66.6 
71.5 
76.0 
81.0 
86.0 
90.5 
95.0 
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TABLE 4 

Experimental   Data  Showing  the  Effect  of  Impact 
Ve loc i ty  on t h e  Rate   o f  Volume Loss 

. "  

No. 

316 S t a i n l e s s   S t e e l :  U, = 150 f p s  

V e l o c i t y  
fP S 

520 
436 
350 
292 

1100-c 

Peak  Rate 
c c/hr 

~. 

2c x 10- 3- 
7 x 10-3 

19 x 
8 x 

tl 
min. 

20 

55 
120 

300 

_____ 

4luminum: UT = 50 f p s  

200 

166 
182 

224 
274 

25 
35 
12 

3 
2 

370 
28 6 
200 

142 
- ~, 
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STROBOSCOPE FOR 

SPEED DETERMINATI 

CONTROL 

, / 
~ - w 

ROTATING DISC 

2 1/2 hp HIGH SPEED 

DRIVE MOTOR 

\ 

NON FOGGING CONTROL TIMER 

VIEW WINDOW 

FIGURE 1 - GENERAL VI EW OF MULTIPLE LIQUI D IMPACT 
EROSION FACILITY 
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TEST LIQUID 
SOLENOID 

VALVE - TIMER 
CONTROLLED 



¢ SPECIMEN MOVING 

FIGURE 2 - TYPICAL WATER COLUMN AND SPRAY PATTERN DURING 
SPECIMEN PROGRESSION 
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‘ S P E C I M E N  HOLDER 

\ 
S P E C I M E N  

I M P A C T  OF LIQUID J E T  BY T E S T   S P E C I M E N  

FIGURE 2 - CONCLUDED 
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FREQUENCY 
OSCILLOSCOPE COUNTER 

STACK COOLING BATH 

TRANSDUCER STACK 

DISPLACEMENT 
PICK UP COIL 

NODAL SUPPORT 

CONSTANT TEMPERATURE BATH 

FIGURE 3 - BLOCK DIAGRAM OF THE MAGNETOSTRICTION APPARATUS  USED 
FOR HIGH FREQUENCY FATIGUE TESTS 
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NOTE : 

1. GROOVE  (DETAIL I' A " )  IS TO BE SMOOTH, FREE FROM CHATTER 
TOOL MARKS, GROOVES OR OTHER DISCONTINUITIES. THE 
DIMENSIONS OF THE GROOVE MUST BE IDENTlCAL FOR ALL 
SPECIMENS IN A LOT +0.001 AS MEASURED WITH A N  OPTICAL 
COMPARATOR . 

2. FINISH IN GROOVE '+ OR BETTER. 

3 .  DIMENSION I' A "  = HALF  WAVE LENGTH OF SOUND . 

t& .050 
.098 

DE T A  I L "A'' 

FIGURE 4 - NOTCHED HIGH FREQUENCY  FATIGUE  SPECIMEN 
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I 17 

($)2 

5 P 
- A N D  - 2 
A A 

= AREA RATIO 

ARE RELATIVE LENGTHS 

CURVE OBTAINED FROM NEPPIRA'S THEORY 
FOR A N  AREA RATIO = 9 

FIGURE 5 - BASIC APPROACH FOR THE DESIGN OF DUMB-BELL 
SHAPED FATIGUE SPECIMEN 
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r 1/4 - 28 N F  - 2 
. .  

\ 
0.125 - 
7- 

r = 0.625 

4 3/32 THREAD  RELIEF 
0.375 DIA STOCK SLIGHTLY SMALLER 

THAN ROOT DIA 

DECIMALS *o .OOl NOTE: 0.625 r REDUCED  AREA TO BE GROUND 

FRACTIONS *0.010 

FINISH # 125 UNLESS NOTED ALL DIMENSIONS ARE IN INCHES 

AND POLISHED TO 16 RMS MINIMUM 

TYPICAL ROOM TEMPERATURE DIMENSIONS 

I 
I 

MATERIAL 
~~ 

716 STAINLESS STEEL 1.81 2 4.375 
. .~ .~ . . -  ~- ~ ~" I 1 1  00-0 ALUMINUM 1.855 

FIGURE 6 - DUMB-BELL  SHAPED HIGH FREQUENCY FATIGUE SPECIMEN 
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4 X 10-4 

3 x 10-4 

2 x 10-4 

1 x 10-4 

0 

0 

// 
- 316 STAINLESS STEEL t 

I 

I 

I 

1 X 2 X 10-4 3 X 10-4 4 x  

CALCULATED STRAIN - IN./IN. 

FIGURE 7 - COMPARISON OF THEORETICAL  STRAIN AND MEASURED  STRAIN FOR 
DUMB-BELL  SHAPED FATIGUE SPECIMENS 



,-----
, 

FIGURE 8 - 316 STAINLESS STEEL SPECIMEN RUN 20 HOURS AT 150 FT/SEC FOR 
8.3 X 106 IMPACTS TO THRESHOLD 
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150 

1 00 

I 50 

6 0  

v 
Z 
ni v ' -50 

- 100 

-1 50 

1 1  00-0 ALUMINUM THRESHOLD 

150 

1 00 

50 

0 

-50 

-1 00 

-1  50 

1 1 00-0 ALUM1 N U M  FRACTURE 

150 

100 

50 
v I 

5 = o  
v 
5 -50 - 
ni 

-100 - 

-1 50 - 

750 

500 

250 

0 

-250 

-500 

-750 

. .  . . .  

31 6 STAINLESS STEEL THRESHOLD 

316 STAINLESS STEEL  FRACTURE 

FIGURE 9 - SURFACE ROUGHNESS PROFILE AT  THRESHOLD AND AT FRACTURE 
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350 

300 

250 

200 

150 

100 

50 

0 

-\ 
\ I 1 LIQUID: TAP  WATER  AT 63’ F 

\ I  i o DATA PREVIOUSLY REPORTED 1 DATA OBTAINED WITH 
NEW MULTI-SPECIMEN DISC 

I 316 STAINLESS  STEEL 

A- RUN OUT 

\ L O - A  

AL 1 100-0 

1 o3 1 o4 1 05 1 06 1 07 
IMPACTS TO INCEPTION 

FIGURE 10 - RELATIONSHIP BETWEEN IMPACT SPEED AND THE  NUMBER OF IMPACTS UNTIL  INITIAL 
PLASTIC  DENTS ARE OBTAINED ON 316 STAINLESS STEEL AND ON 1100-0 ALUMINUM 

108 



14 

12 

10 

8 - 
VI 
Y 

I 

bo 

6 

4 

2 

0 

O I- 
0 

I ri 

t ' FREQUENCY : 14kcs 

TEMPERATURE 1 ROOM  TEMPERATURE 

COOLING : WATER COOLED 

2 4 6 8 lo5 2 4 6 8 lo6 2 4 6 8 10' 2 4 6 8 lo8 2 4 6 8 lo9 

CYCLES  TO  FAILURE 

FIGURE 1 1  - 1100-0 ALUMINUM FATIGUE DATA AT HIGH FREQUENCY - RELATIONSHIP 
BETWEEN STRESS AMPLITUDE AND NUMBER OF CYCLES TO FRACTURE 



70 

60 

50 

40 
- 
v) 
Y 
I 

b o  

30 

20 

10 

0 

~ ... . 

~~ . . 

3" 

COOLING : WATER COOLED 

0 0 

MATERIAL : 316 STAINLESS  STEEL 

FREQUENCY : 14kcs 

TEMPERATURE : ROOM TEMPERATURE 

0 

I I l l  

I 

1 06 2 4 6 8 lo7 2 4 6 8 lo8 2 4 6 8 lo9 

CYCLES TO FAILURE 

FIGURE 12 - 316 STAINLESS STEEL FATIGUE  DATA AT HIGH FREQUENCY - RELATIONSHIP 
BETWEEN STRESS AMPLITUDE AND NUMBER OF CYCLES TO FRACTURE 
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FREQUENCY: 16 KCS 

DIAMETER:  0.625 INCH 

o 1.85 x INCHES ' 

o 1.25 x INCHES 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 

TIME-MINUTES 

FIGURE 13 - EFFECT OF TIME ON CAVITATION DAMAGE RATE 
FOR VARIOUS AMPLITUDES  (REFERENCE 9 )  

I I 
I i I 

I 
I I I 

I I  
I IT I m I 

I I 
lI7 

I 

3i 

$ 1  UJ 

i = I  2 
5 1  

8 3 
Z I  E I 

Z I 
I 
I 

Z 
0 I ACCUMULATION STEADY STATE 

IA 

w 
I- 
Z - 

I 
I 
I 
I 
I 
I 
I 

TI ME 

FIGURE 14 - EFFECT OF TIME ON INTENSITY OF  EROSION 
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24 
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v) 
v) 

J 12 0 

I I I I I 1 1 I 

4 

0 
0 " 20 40 60 80 1 0 0  120 140 160 180 

TEST DURATION - MINUTES 

FIGURE 15 - RATE OF  VOLUME  LOSS AS A FUNCTION OF  TIME AT THREE VELOCITIES 
FOR 316 STAl NLESS STEEL 
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20 
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5 

0 

0 1 2 3 4 5 6 7 8 9 

TEST DURATION - HOURS 

FIGURE 16 - RATE OF VOLUME LOSS  AS A FUNCTION OF TIME AT  THREE VELOCITIES 
FOR 31  6  STAl  NLESS STEEL 



v) 
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24 
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FIGURE 17 - RATE OF VOLUME LOSS  AS A FUNCTION OF TIME AT  THREE VELOCITIES 
FOR 1 100-0 ALUM1 NUM 
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FIGURE 18 - RATE  OF  VOLUME  LOSS AS A FUNCTION OF  TIME AT THREE VELOCITIES 
FOR 1 100-0 ALUMl NUM 
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FIGURE 19 - THEORETICAL PREDICTION OF THE  EFFECT OF TIME 
ON INTENSITY OF EROSION WHEN n = 2  
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FIGURE 20 - COMPARISON OF EXPERIMENTAL RESULTS WITH THE EROSION  THEORY 
FOR 1 100-0 ALUM1 NUM 
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FIGURE 21 - COMPARISON OF EXPERIMENTAL RESULTS WITH THE EROSION  THEORY 
FOR 316 STAINLESS STEEL 
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MATERIAL : 11 00 - 0 ALUMINUM STRESS LEVEL : 5000 psi (Axial Push-Pull) 

SAMPLE SIZE : 29 

FREQUENCY OF TEST : 14.2 kcs 
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FIGURE 22 - WEIBULL DISTRIBUTION FOR HIGH FREQUENCY FATIGUE OF 
1 1  00-0 ALUMINUM AT ROOM TEMPERATURE 
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FIGURE 23 - WEIBULL  DISTRIBUTION FOR HIGH FREQUENCY  FATIGUE OF 
316 STAINLESS STEEL AT ROOM TEMPERATURE 
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FIGURE 24 - RELATIONSHIP BETWEEN PEAK  RATE OF VOLUME LOSS AND 
THE IMPACT  VELOCITY 
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FIGURE 25 - RELATIONSHIP BETWEEN  THE TIME AT WHICH PEAK  RATE OF 
VOLUME LOSS IS OBSERVED AND THE IMPACT VELOCITY 
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FIGURE 26 - RELATIONSHIP BETWEEN  THE  RELATIVE IMPACT VELOCITY AND 
THE  RATE OF VOLUME LOSS 
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FI GURE 27 - MI CROPHOTOGRAPHS OF THE TEST MATERIALS 
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LIQUID IMPACT EROSION OF 11 00-0 ALUMINUM 
IMPI NGEMENT VELOCITY 450 fps FOR 3 MI NUTES 
(MAGNIFICATION: 88X) 
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INCHES FOR 
1 MINUTE (MAGNIFICATION: 74X) 

FIGURE 28 - COMPARISON OF INDENTATIONS PRODUCED BY MULTIPLE 
LIQUID IMPACT EROSION AND BY CAVITATION EROSION -
SCANNING ELECTRON MICROPHOTOGRAPHS 
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FIGURE 30 - DEFINITION SKETCH 
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FIGURE 31 - THEORETICAL PREDICTION OF THE  EFFECT OF TIME ON 
INTENSITY OF EROSION WHEN n = 3 

85 



FIGURE 33 - THEORETICAL PREDICTIONS OF THE EROSION INTENSITY WHEN 
GUMBEL TYPE DISTRIBUTIONS ARE  USED 
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FIGURE 34 - THEORETICAL PREDICTIONS OF THE CUMULATIVE 
DEPTH OF EROSION 
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