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. .  

ABSTRACT 

. 

This  r epor t  summarizes d a t a  gathered t o  da t e  from a cont inuing 

c a v i t a t i o n  r e sea rch  i n v e s t i g a t i o n  concerned wi th  b a s i c  c a v i t a t i o n  flow 

regime s t u d i e s ,  i nd iv idua l  c a v i t a t i o n  bubble co l l apse  s t u d i e s ,  and dam- 

age t o  m a t e r i a l s  a s soc ia t ed  with both.  The s t u d i e s  have been conducted 

using water  a t  64.7, 97.2 and 200 f t . / s e c . ,  and mercury a t  24, 34 and 65 

f t . / s e c .  The bulk  of t h e  data  was taken a t  200 f t . / s e c .  f o r  water  and 

34 f t . / s e c .  f o r  mercury due t o  ease of f a c i l i t y  ope ra t ion  under these  

condi t ions .  

Among the  t o p i c s  considered a re :  

Cor re l a t ions  of damage d a t a  wi th  specimen m a t e r i a l  mechanical 

p r o p e r t i e s ;  

microexamination of i nd iv idua l  p i t s  inc luding  (1) s e n s i t i v e  sur -  

face  t r a c e s  of individual p i t s ,  aisd (2) inetal lographic  secticns 

of m a t e r i a l s  through damage a reas  ; 

microhardness ve r sus  specimen exposure time; 

damage as a func t ion  of m a t e r i a l  g r a i n  s i z e  f o r  comparable 

s t r e n g t h  ranges of ma te r i a l s ;  

c o r r e l a t i o n  of p i t t i n g  rate,  p i t  s i z e ,  s p a t i a l  d i s t r i b u t i o n  of 

p i t s ,  bubble d i s t r i b u t i o n ,  and pressure  above vapor pressure  on 

the  specimen su r face ,  a l l  as a func t ion  of a x i a l  p o s i t i o n  on the  

t e s t  specimen pol ished su r face ;  

ii 



f )  photographic s t u d i e s  of s i n g l e  bubble c o l l a p s e s  i n  a v e n t u r i  

both away from and near  a s o l i d  boundary. 

Conclusions r e s u l t i n g  from i n t e r p r e t a t i o n  of t h e  d a t a  are drawn * 

throughout t he  r e p o r t .  

iii 
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. CHAPTER I 

INTRODUCTION 

' -  

For the  p a s t  s e v e r a l  years a cont inuing  i n v e s t i g a t i o n  of t h e  

causes  and e f f e c t s  of c a v i t a t i n g  flow regimes has been conducted i n  the  

au tho r s '  l a b o r a t o r i e s .  During t h i s  i n v e s t i g a t i o n  many concepts  and 

observa t ions  have been made which shed cons iderable  l i g h t  on t h e  damag- 

ing na tu re  of c a v i t a t i o n .  

g a t h e r  some of t hese  and consol ida te  the  r e s u l t s  and conclusions thereof  

i n t o  a more comprehensible form. 

inc lude :  ( i )  t h e  e f f e c t s  of m a t e r i a l  p r o p e r t i e s  on c a v i t a t i o n  damage 

r e s i s t a n c e ,  ( i i )  t h e  d e t a i l e d  p i t t i n g  c h a r a c t e r i s t i c s  of  c a v i t a t i o n  flow 

regimes i n  both mercury and water on a v a r i e t y  of m a t e r i a l s ,  ( i i i )  com- 

pa r i son  of p i t t i n g  wi th  t h a t  incur red  wi th  j e t  and d rop ie t  impact 

devices ,  ( i v )  comparison of bubble and pressure  d i s t r i b u t i o n  wi th  t h e  

p i t t i n g  d i s t r i b u t i o n ,  (v) a prel iminary attempt t o  c o r r e l a t e  t h e  above 

wi th  poss ib l e  mechanisms of  damage from bubble c o l l a p s e ,  ( v i )  t h e  

e f f e c t s  of specimen g r a i n  s i z e  on damage r e s i s t a n c e ,  and ( v i i )  t he  

e f f e c t  of c a v i t a t i o n  on the  specimen su r face  hardness .  

It is  the  primary purpose of t h i s  r epor t  t o  

The a r e a s  considered i n  t h i s  r epor t  

2 
A previous r epor t  gave the  i n i t i a l  r e s u l t s  of t he  damage versus  

mechanical p r o p e r t i e s  c o r r e l a t i o n s  from t h e  v e n t u r i  t e s t s  t o  t h a t  t ime.  

1 



2 

However, additional data at longer duration of exposure has been since 

obtained and is presented in this report. 



CHAPTER I1 

EQUIPMENT AND EXPERIMENTAL PROCEDURES 

The major p o r t i o n  of the equipment used during t h e  course of t he  
1 , 2 ,etc . 

i n v e s t i g a t i o n  has been descr ibed i n  many pas t  r e p o r t s .  However , 
a b r i e f  summary of t h e  ma jo r  components w i l l  be presented here  f o r  con- 

venience.  I n  add i t ion  t o  t h e  equipment descr ibed he re in ,  much support-  

i ng  equipment has been suppl ied from o t h e r  sources  t o  complement the  

gene ra l  o v e r a l l  c a p a b i l i t y  of  the labora tory .  These include:  t he  

Department of Nuclear Engineering f o r  such items a s  osc i l l o scopes ,  scope 

cameras, barometers,  s c i n t i l l a t i o n  d e t e c t i o n  equipment, e t c . ;  t h e  

Nat ional  Science Foundation under Grant No. G22529 ,  which suppl ied  the  

equipment f o r  t h e  p a r a l l e l  i n v e s t i g a t i o n  of c a v i t a t i o n  damage i n  an 

u l t r a s o n i c  f a c i l i t y  ; t he  Michigan Memoriai-Phoe tiix 2 ro jee  t f o r  use e f  

t h e  Ford Nuclear Reactor f o r  sample i r r a d i a t i o n s  and examination f a c i l -  

i t i e s .  The d e s c r i p t i o n  of t he  major components u t i l i z e d  fol lows.  

A .  Mercury System 

The mercury loop i s  shown schemat ica l ly  i n  F igure  1, and Figure  

2 i s  a photograph of t h e  f a c i l i t y  w i th  the  top h a l f  of t he  h e a t e r  sec- 

t i o n  removed f o r  c l e a r e r  v i s u a l i z a t i o n .  

ope ra t ing  over a temperature range from about 50 t o  500°F and wi th  sump 

The f a c i l i t y  i s  capable of 

3 
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F i g .  2.--Photograph of mercury f a c i l i t y  w i th  t o p  h a l f  o f  h e a t e r  
s e c t i o n s  removed. 



6 

p r e s s u r i z a t i o n  from about atmospheric t o  100 p s i g .  

t h r o a t  diameter v e n t u r i  i n s t a l l e d ,  t h i s  provides a t h r o a t  v e l o c i t y  range, 

with c a v i t a t i o n  occurr ing i n  t h e  v e n t u r i ,  from about 20 t o  50 f e e t  p e r  

second. P l e x i g l a s  v e n t u r i s  have been used f o r  most of t he  low tempera- 

t u r e s  and s ta inless  s t e e l  v e n t u r i s  f o r  t he  high temperature as w e l l  as 

some of the low temperature t e s t s ,  

ducted i n  t h e  high temperature range i n  t h e  v e n t u r i  f a c i l i t i e s .  

With a one-half inch 

Re la t ive ly  few tes ts  have been con- 

Supporting equipment t h a t  has been u t i l i z e d  i n  conjunct ion w i t h  

t h i s  f a c i l i t y  and t h a t  has been developed expres s ly  f o r  t h i s  purpose 

c o n s i s t s  of:  water i n  mercury content  measurement apparatus ,  gas i n  

mercury content measurement apparatus ,  s p e c i a l  v e n t u r i s  f o r  p re s su re  

p r o f i l e  and t e s t  specimen p res su re  measurements, son ic  probe apparatus  

f o r  c a v i t a t i o n  d e t e c t i o n  i n  opaque systems, e l e c t r o d e  probe apparatus  

f o r  c a v i t a t i o n  ex ten t  measurements i n  opaque systems, and gamma-ray 

densitometry equipment, 

I n  t h e  e a r l y  s e r i e s  of  tests i n  t h i s  system, water was used as a 

p res su r i z ing  f l u i d  i n  the  sump region of t h e  pump, f l o a t i n g  on t h e  m e r -  

cury,  i n  order t o  ob ta in  higher  flow rates by v i r t u e  of t h e  a d d i t i o n a l  

sump pressure.  This e l iminated c a v i t a t i o n  i n  t h e  pump impe l l e r  and 

increased pump discharge p res su re ,  thus ob ta in ing  higher  v e l o c i t i e s  i n  

the  v e n t u r i  t es t  sec t ion .  

t h i s  purpose, s i n c e  t h e  sump reg ion  is  s e a l e d  by a s t u f f i n g  box which 

would not operate s a t i s f a c t o r i l y  i n  a d ry  c o n d i t i o n  which e x i s t s  when 

gas is t h e  sea l ing  f l u i d .  The mercury-water i n t e r f a c e  was maintained 

a t  a l e v e l  of 5 inches above t h e  impe l l e r  i n l e t ,  which was thought 

A l i q u i d  r a t h e r  t han  gas  was r equ i r ed  f o r  

L 
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s u f f i c i e n t  t o  prevent  water  entrainment.  However, i t  was l a t e r  d i s -  

covered t h a t  somehow t r a c e s  of water were being c a r r i e d  over i n t o  the  

flowing mercury system from t h i s  regiorr. When t h i s  was discovered,  an 

appara tus  was developed t o  measure t h e  quan t i ty  of water  i n  the  mercury 

i n  o rde r  t o  eva lua te  i t s  e f f e c t  on the  damage c a p a b i l i t i e s .  Figure 3 

i s  a photograph of t h e  apparatus  t h a t  was developed f o r  t h i s  determina- 

t i o n .  This  i s  capable  of measuring the  conten t  between about 15 ppm and 

3000 ppm, wi th  an accuracy of about * 10 ppm, by weight of a r e l a t i v e l y  

v o l a t i l e  component such as water i n  a f l u i d  of r e l a t i v e l y  low v o l a t i l i t y  

such a s  mercury. 

Another v a r i a b l e  a f f e c t i n g  the  amount of damage i n f l i c t e d  i n  a 
3 

given c a v i t a t i o n  flow regime i s  t he  en t r a ined  gas conten t  of t h e  f l u i d .  

Also,  t h e  amount of gas  i n  a f l u i d  a f f e c t s  t he  flow performance of t he  

c a v i t a t i n g  v e n t u r i  i t s e l f .  Hence, an apparatus  f o r  determining the  
4 

amount of gas e x i s t i n g  i n  t h e  mercury was developed, p a r t i a l l y  f o r  a 

parallel i n v e s t i g a t i o n  f o r  Atomics I n t e r n a t i o n a l .  This  i s  shown sehe- 
5 

m a t i c a l l y  i n  Figure 4 .  It measures the  amount of mercury d isp laced  i n t o  

a c a l i b r a t e d  c a p i l l a r y  tube f o r  t h e  sample capsule  f i l l e d  from the  loop, 

when the  capsule  i s  vented through a U-tube from t h e  sampling pressure  

of about 100 p s i  t o  atmospheric pressure .  It i s  capable of measuring 

gas  con ten t s  from about 0.0 t o  4.0 p e r  cent  by volume wi th  an accuracy 

of about * 0.1 pe r  cen t .  Figure 5 i s  a photograph of t he  s t a i n l e s s  

s t e e l  sample capsules  which were used, and Figure  6 i s  a schematic of a 

modified Van Slyke appara tus  used t o  o b t a i n  a measurement of t he  t o t a l  

mass of gas  i n  the  sample (as  opposed t o  t h e  volume measurement obtained 
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F i g .  5.--Photograph of s t a i n l e s s  s t e e l  sampling capsu le .  
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from t h e  previously described procedure) .  

t o t a l  sample weight,  t he  volume pe r  cent  of gas i n  the  mercury can be 

computed a l s o  from the  Van Slyke measurement. 

methods of gas content  measurement compared ve ry  c l o s e l y ,  and t h e  d i s -  

placement method descr ibed f i r s t  was used f o r  t h e  bulk of t h e  tes ts ,  

s i n c e  it  was quicker  t o  perform. 

measurements a l s o  allowed a computation of mean bubble s i z e .  

Along wi th  a measurement of 

The above two independent 

A combination of t h e  r e s u l t s  of both 

Several  v e n t u r i s  have been f a b r i c a t e d  and used over t h e  p a s t  few 

years  i n  t h i s  loop f o r  determining the  c a v i t a t i o n  i n i t i a t i o n  number w i t h  

mercury. Figure 7 i s  a schematic showing t h e  bas i c  geometry of t h e  ven- 

t u r i s  u t i l i z e d  both i n  t h e  mercury and water loop ( t o  be desc r ibed ) ,  and 

Figures  8 through 10 are drawings of t he  1/2" P l e x i g l a s ,  1/8" P l e x i g l a s  

and s t a i n l e s s  s t e e l ,  and 1 / 2 "  s t a i n l e s s  s t e e l  v e n t u r i s  t h a t  were used f o r  

t h e  c a v i t a t i o n  number measurements. This  work, c o n s i s t i n g  of s c a l e  

e f f e c t s  s tud ie s ,  i s  c u r r e n t l y  being c a r r i e d  out as a t h e s i s  d i s s e r t a t i o n  

i n  t h e  Nuclear Engineering Department. I n  a d d i t i o n ,  s e v e r a l  v e n t u r i s  

have been f a b r i c a t e d  and used i n  t h e  c a v i t a t i o n  damage p o r t i o n  of t h e  

i n v e s t i g a t i o n .  These have been designed wi th  the  same b a s i c  dimensions 

as those previously mentioned, Figure 7 ,  al though only t h e  1/2" t h r o a t  

diameter s i z e  has been used i n  t h i s  case. It w a s  a l s o  d e s i r e d  t o  

observe the e f f e c t s  of specimen o r i e n t a t i o n  i n  t h e  v e n t u r i s ,  as t h e r e  i s  

some evidence t h a t  t h i s  s u b s t a n t i a l l y  a f f e c t s  t h e  c a v i t a t i o n  regime. 

Figure 11 i s  a drawing of t h e  1/2" P l e x i g l a s  v e n t u r i  as used f o r  t h e  low 

temperature damage tes ts  i n  mercury, and Figure 1 2  i s  t h e  same f o r  t h e  

1/2" s t a i n l e s s  s t e e l  v e n t u r i .  

6 

2 

I n  a d d i t i o n ,  a forerunner  of t h e  
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s t a i n l e s s  steel  v e n t u r i  w a s  constructed of P l ex ig l a s  wi th  the  opposing 

(180") o r i e n t a t i o n  of specimen i n s e r t i o n  i n  o rde r  t h a t  an i n v e s t i g a t i o n  

of p re s t r e s sed  m a t e r i a l s  ( i .e. ,  m a t e r i a l s  he ld  under an e x t e r n a l l y  

imposed stress during the  c a v i t a t i o n  t e s t )  could be made. This v e n t u r i  

is  shown i n  F igure  13. 

The appara tus  shown i n  Figure 14 w a s  used f o r  measuring the  

p re s su res  on the  pol i shed  sur face  of t he  t e s t  specimens i n  conjunct ion 

wi th  t h e  o v e r a l l  v e n t u r i  pressure p r o f i l e  measurements. Also t he  e l e c -  

t rode  specimen combination and t h e  specimen-holder combination shown i n  

Figures15 and 16 were used f o r  measuring the  mercury t o  sur face  con tac t  

time and loca t ion ,  and f o r  t h e  high speed photographic s t u d i e s ,  respec- 

t i v e l y .  The sonic  probe apparatus ,  shown schemat ica l ly  i n  Figure 1 7 ,  

was developed t o  determine t h e  onset  of c a v i t a t i o n  i n  the  opaque s t a i n -  

less s t e e l  v e n t u r i s .  

B .  Water System 

The water  loop i s  shown schemat ica l ly  i n  Figure 18, and Figure 

19 i s  a photograph of t h i s  f a c i l i t y .  The f a c i l i t y  i s  capable of opera t -  

ing  over a temperature range from about 50 t o  180"F, t he  upper l i m i t  

being d i c t a t e d  by t h e  upper temperature l i m i t  of t h e  P lex ig l a s  v e n t u r i s  

t h a t  a r e  used (about 300°F w i t h  s t a i n l e s s  s t e e l  v e n t u r i s ) ,  and a veloc-  

i t y  range from about 60 t o  200 f e e t  pe r  second, when t h r e e  loops wi th  

1/2" t h r o a t  diameter  v e n t u r i s  a r e  operated.  

f i l t e r i n g  and dea ra t ion  loop by which t h e  water  impurity and gas conten t  

can  be v a r i e d .  

The system has a bypass 

This  system i s  capable  of providing water impuri ty  
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Fig.  14. --Schematic drawing of P lex ig l a s  specimen-holder 
c o n b i n a t ~ o ~  fsr m n l s r ~ r i n g  pressures  on specimen face.  
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Fig .  15.--Schematic drawing of P l e x i g l a s  e l e c t r o d e  specimen- 
holder  assembly f o r  con tac t  measurements. 
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Fig. 19.--Photograph of water cavitation damage, c losed  l o o p ,  
venturi facility. 
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con ten t s  from about 10 t o  

about 0.5 t o  2.5 p e r  c e n t  

200 ppm s o l i d s  and dissolved gas con ten t s  from 

by volume. The upper l i m i t s  he re  are t h e  

va lues  of s tandard t a p  water. To t h e  p re sen t ,  t h e  damage s t u d i e s  have 

used o rd ina ry  t a p  water only,  while t h e  scale e f f e c t s  s t u d i e s  have 

u t i l i z e d  t h e  v a r i a b l e  gas content c a p a b i l i t y .  

6 

The gas con ten t  of  t h e  loop water has been determined by a 

s tandard Van Slyke apparatus (Figure 20), and t h e  s o l i d s  impuri ty  con- 

t e n t  with a RDE4 Solubridge and a VS0216 Dip C e l l .  

The v e n t u r i s  u t i l i z e d  in  t h e  scale e f f e c t s  s t u d i e s  have a l l  been 

cons t ruc t ed  of P l e x i g l a s ,  w i t h  t h r o a t  diameters of 3/4", 1/2", 1/4" and 

1/8". These are shown schematical ly  i n  Figures  21 through 24. A l l  of 

t h e  damage tes ts  have been conducted i n  1/2" P l e x i g l a s  v e n t u r i s  as shown 

i n  Figure 25. I n  a d d i t i o n ,  a two-dimensional v e n t u r i w a s  cons t ruc t ed  f o r  

photographic s t u d i e s  i n  t h e  water system (Figure 26).  The p res su re  

tapped specimen-holder combination and photographic t r anspa ren t  spec i -  

=en-hclder combination shown e a r l i e r  were a l s o  used i n  t h e  water system. 

C .  Experimental Procedures 

The damage tes t  specimens of a l l  materials (Figure 27) were gen- 

e r a l l y  subjected t o  the  following p r e t e s t ,  in termediate ,  and p o s t - t e s t  

examinations; weighing, microphotographing of pol ished su r face ,  p i t  

count of po l i shed  su r face ,  and i n  some cases a p o s t - t e s t  examination by 

p r o f i c o r d e r  and/or microsection. The samples are s t o r e d  i n  a dehumidi- 

f i e d  s to rage  c a b i n e t  between a l l  ope ra t ions  t o  minimize co r ros ion  and 

oxidat ion.  The weight loss and p i t  count d a t a  i s  then analyzed wi th  t h e  

a i d  of a computer program described i n  Appendix A .  
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CHAPTER 111 

MERCURY SYSTEM RESULTS 

A .  Water Content 

I n  t h e  following d i scuss ion  of damage r e s u l t s  i n  t h e  mercury 

sys t em,  reference w i l l  be made t o  "wet" and ''dry" mercury d a t a .  The 

"wet" mercury damage d a t a  w a s  gathered during t h e  pe r iod  before  i t  was 

discovered t h a t  t r a c e  amounts of  water were present  i n  the  mercury. It 

was subsequently determined t h a t  t h e  amount of water i n  t h e  mercury f o r  

t hese  t e s t s  was  t he  o rde r  of 500 ppm by weight.  However, it w a s  no t  

poss ib l e  a t  t h i s  t i m e  t o  determine t h e  p r e c i s e  water  content  f o r  each 

t e s t .  Hence, a prel iminary determinat ibn of t h e  e f f e c t  of water content  

on c a v i t a t i o n  damage t o  s t a i n l e s s  s t e e l  w a s  made (Figure 28) .  As shown, 

a damage maximum occurred f o r  a water content  of about 1500 ppm by 

weight.  

The ex i s t ence  of such a maximum seems reasonable  i f  one assumes 

t h a t  t h e  e f f e c t  of small q u a n t i t i e s  of e n t r a i n e d  water ( r e l a t i v e l y  vola-  

t i l e  compared t o  mercury) i s  s imilar  e i t h e r  t o  e n t r a i n e d  gas o r  t o  a n  

enhanced vapor pressure i n  t h e  mercury. 

3 

I t s  e f f e c t  i s  then two-fold; 

Increased bubble n u c l e a t i o n  and growth i n  a f i x e d  flow regime a) 

i s  a f fo rded ,  

36 
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b) A cushioning e f f e c t  upon bubble c o l l a p s e  i s  p r e s e n t .  

The f i r s t  mechanism would tend t o  inc rease  damage while t h e  second would 

diminish i t .  However, t h e i r  r e l a t i v e  importance, while  unknown a t  t h i s  

p o i n t ,  is probably a funct ion of q u a n t i t y  of water. Hence, t he  e x i s t -  

ence of a maximum i s  not s u r p r i s i n g .  

t h a t  encountered i n  v i b r a t o r y  c a v i t a t i o n  damage tes ts  i n  water exposed 

t o  atmospheric p r e s s u r e ,  

su re  reaches a value of &1/15 of an atmosphere, but diminishes f o r  

e i t h e r  higher o r  lower vapor p re s su res .  

The s i t u a t i o n  may be analogous t o  

Here t h e  damage maximizes when t h e  vapor p re s -  

B .  Damage Tabulat ions 

A l l  t h e  mercury damage d a t a  so f a r  obtained is l i s t e d  i n  Table 1 

Specimen m a t e r i a l ,  f o r  "wet" mercury, and i n  Table 2 f o r  "dry" mercury. 

v e n t u r i  t h r o a t  v e l o c i t y ,  c a v i t a t i o n  cond i t ion  ( ex ten t  of c a v i t a t i o n  

region, see Appendix C ) ,  mean depth of p e n e t r a t i o n  ( t o t a l  weight loss 

times m a t e r i a l  d e n s i t y  divided by s u r f a c e  area exposed t o  t h e  f l u i d ) ,  

observed a t  s e l e c t e d  t i m e  i n t e r v a l s ,  and the  number of samples f o r  which 

the  damage d a t a  has been averaged are l i s t e d ,  Some of t h e  "wet" d a t a  

was obtained i n  a v e n t u r i  w i th  120' specimen o r i e n t a t i o n  (Figure 111, 

while a l l  of t he  "dry" d a t a  i s  f o r  a v e n t u r i  w i t h  180' specimen o r i e n t a -  

t i o n  (Figure 1 2 ) .  Hence, t h e s e  d a t a  are not d i r e c t l y  comparable. 

C . Damage Cor re l a t ions  

AS part of t h e  o v e r a l l  e f f o r t  i n  understanding and at tempting t o  

p red ic t  c a v i t a t i o n  damage, and of t r y i n g  t o  unearth those c h a r a c t e r i s -  

t i c s  of c a v i t a t i o n  damage which may be p r e d i c t a b l e ,  an at tempt  has been 
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TABLE 1 

"WET" MERCURY CAVITATION DAMAGE DATA 

Ve loc i ty  Cav.Cond.* Mean Depth of P e n e t r a t i o n A i n .  No.of 
Materia 1 ( f t / s e c >  (Degree) 25 H r s  50 H r s  7 5  H r s  100 H r s  Samples 

302 SS 
302 S S  
302 SS 
302 SS 
1008 CS 
Cb-1Zr 
302 SS 
302 SS 
302 SS 
1008 CS 
Cb-1Zr 

Cb-1Zr 
(Ann Id) 
Ta- 1OW (A) 
Ta-8W-2Hf (B) 
Tene lon  (F) 
P l e x  (P) 
N i c  ke 1 
(As Recd) 
302 SS 
302 SS 
1008 CS 
Cb-1Zr 
Cb-1Zr 
302 SS 
302 SS 
302 SS 
302 SS 
302 SS 

(C-Wkd) 

24.0 
34.0 
34 .O 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 

34.0 

34.0 
34.0 
34.0 
34.0 
34.0 

34.0 
34.0 
48.0 
48 .O 
48.0 
64.0 
64.0 
64.0 
64.0 
64.0 

Standard 
Zero 
V i s i b l e  
Nose 
Nose 
Nose 
Standard 
Standard 
Standard 
Standard 
Standard 

Standard 

Standard 
Standard 
Standard 
Standard 
Standard 

Back 
1st Mark 
Nose 
Nose 
Standard 
Zero 
Vis ib l e  
Nose 
Standard 
Back 

51.6 

1.8 
3.5 

48.6 
8.7 

17.1 

-- 

-- -- 
129.2 
90.3 

46.7 

14.2 
13.3 -- 

2233.5 -- 
7.3 

290.0 
6.3 

31.6 

3 .O 
9.0 
2.8 
5.4 

-- 

-- 

58.1 

1.4 
4.5 

94.4 
54.9 
45.6 

2.0 
0.8 

107.1 
289.6 

111.2 

30.0 
29 .O 

-- 

-- 
-- 
-- 
31.0 

524.7 
15.6 

199.3 

3.1 
15.7 
55 .O 
8.1 

-- 

-- 

65.5 77.1 

4.2 3.3 
5.1 5.4 

237.6 291.7 

86.0 114.8 

-e -- 

-- -- 
-- -- -- -- 

173.8 202.8 
529.0 637.0 

219.9 220.7 

41.3 79.6 
39.8 66.1 

2 
2 
4 
4 
2 
2 
10 
14 
4 
4 
2 

2 

2 
2 
2 
3 
2 

4 
2 
1 
2 
2 
2 
2 
2 
2 
2 

* 
See Appendix C f o r  desc r ip t ion  of c a v i t a t i o n  cond i t ions .  
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TABLE 2 

"DRY" MERCURY CAVITATION DAMAGE DATA 

Velocity Cav .Cond . x  Mean Depth of Penetration-lf in. No.of 
Material (ft/sec) (Degree) 25 Hrs 50 Hrs 7 5  Hrs lob Hrs Samples 
302 SS 

302 SS 

302 SS 

1008 CS 

Ta- 1OW (A) 

Ta- 8W - 2Hf (B) 
Cb- 1Zr 
(Annld) 
Tenelon(F) 

Mo- 1/ 2Ti (E) 

Nicke 1 
(As Recd) 
Nicke 1 
(L.H.Trt .) 
Nickel 
(H .H .Trt .) 
302 SS 

34.0  

34 .0  

34 .0  

34.0 

34 .0  

34 .O 

34.0 

34.0 

34 .O 

34 .O 

34 .O 

34.0 

48 .O 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

* Ibid., p .  39. 
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made t o  c o r r e l a t e  t h e  mechanical p r o p e r t i e s  of t he  t e s t  specimen mater i -  

a l s  w i t h  t h e  observed damage. 

r e l a t e d  f a c t o r s  t h a t  may inf luence the  damaging cha rac t e r  of a p a r t i c u l a r  

c a v i t a t i o n - m a t e r i a l - f l u i d  combination such as :  

chemical co r ros ion  and e ros ion ;  impuri ty  content  of f l u i d ,  e s p e c i a l l y  

en t r a ined  gases ;  type of f l u i d ;  v a r i a t i o n  of f l u i d  and m a t e r i a l  proper- 

t ies  wi th  temperature;  geometry of c a v i t a t i o n  flow regime; e tc .  It has 

been necessary t o  e l imina te  o r  hold cons tan t  a s  many of t hese  v a r i a b l e s  

as poss ib l e ,  so t h a t  t he  e f f e c t  of one v a r i a b l e  a t  a t i m e  may be i n v e s t i -  

ga ted .  

p r o p e r t i e s  and mechanical e f f e c t s  of c a v i t a t i o n  damage, m a t e r i a l s  were 

s e l e c t e d  t h a t  had a high r e s i s t a n c e  t o  chemical co r ros ion  e f f e c t s  i n  

mercury; and then  t h e  t e s t  f l u i d ,  t e s t  v e l o c i t y ,  t e s t  geometry, test  

temperature ,  and c a v i t a t i o n  flow regime were he ld  cons t an t .  Thus t h e  

only v a r i a b l e s  were the  mechanical p r o p e r t i e s  of t he  d i f f e r e n t  m a t e r i a l s  

being t e s t e d .  A p a r a l l e l  program f o r  measuring the  s t r e s s - s t r a i n  curves  

and hardness f o r  t h e  same hea ts  of m a t e r i a l  t h a t  were being used f o r  t he  

c a v i t a t i o n  damage, and a t  the  t e s t  temperatures ,  was a l s o  conducted, 

s i n c e  i t  was found t h a t  handbook and vendor ca t a log  va lues  were not suf -  

f i c i e n t l y  p r e c i s e .  I n  addi t ion ,  o t h e r  mechanical p r o p e r t i e s  not  nor- 

mally repor ted  i n  t h e  s tandard l i s t i n g s ,  a s  s t r a i n  energy t o  f a i l u r e ,  
7 

were des i r ed .  The r e s u l t a n t  mechanical p rope r t i e s  d a t a  i s  used h e r e i n ,  

The appropr i a t e  c a v i t a t i o n  damage d a t a  t h a t  was used f o r  t he  c o r r e l a -  

t i o n s  wi th  mechanical p rope r t i e s  a r e  l i s t e d  i n  Table 2 .  

m ~ r c ~ ~ y  data is t h e  only f u l l  set f o r  mercury where t h e  o t h e r  parameters 

have been he ld  cons t an t .  

There a r e  of course many p o s s i b l e  i n t e r -  

t h e  c o n t r i b u t i o n  of pure 

I n  o rde r  t o  examine only the  r e l a t i o n s h i p  between mechanical 

This  "dry" 
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The damage data.was subjected t o  a l e a s t  mean squares f i t  regres-  

s i o n  program (Appendix B) i n  o rde r  t h a t  numerous types and combinations 

of c o r r e l a t i n g  equat ions could be examined. 

property was examined s i n g l y  t o  see i f  a s ingle-property c o r r e l a t i o n  

would s u f f i c e .  These c o r r e l a t i o n s  have been reported e a r l i e r ,  and are 

summarized here  i n  Table 3-a. However, no s i n g l e  p rope r ty  is p a r t i c u -  

l a r l y  success fu l  i n  t h i s  r ega rd .  This i s  not  s u r p r i s i n g  s i n c e  va r ious  

a c t u a l  f a i l u r e  mechanisms probably occur,  involving s t r e n g t h  considera-  

t i o n s  w i t h  regard t o  r e s i s t a n c e  t o  f r a c t u r e ,  along wi th  a b i l i t y  t o  

deform away from the  very l o c a l i z e d  bubble-implosion blow without  f a i l -  

u re .  Unfortunately the r e l a t i o n  between these  c h a r a c t e r i s t i c s  depends 

on the  ma te r i a l .  Furthermore, t h e  a v a i l a b l e  mechanical p r o p e r t i e s  are 

i n d i c a t i v e  of t he  materials r e s i s t a n c e  under semi-static loading condi- 

t i o n s ,  while the a c t u a l  loading i n  t h e  c a v i t a t i o n  damage case i s  a very 

loca l i zed  pulse of microsecond dura t ion .  

s t a t i c  p r o p e r t i e s  may give a rough i n d i c a t i o n  of t h e  type of p rope r ty  

which b e s t  p r e d i c t s  c a v i t a t i o n  f a i l u r e ,  i . e . ,  whether a pure s t r e n g t h  

property as t e n s i l e  s t r e n g t h ,  o r  an energy p rope r ty  as s t r a i n  energy t o  

f a i l u r e ,  or a combination of t hese  types i s  r equ i r ed  f o r  good c o r r e l a -  

t i o n .  Presumably, t h e  type of c o r r e l a t i o n  obtained w i l l  i n f luence  

f u t u r e  work i n  t h i s  area, i n  the  sense of determining whether o r  not 

mechanical property d a t a  a t  high rates of loading w i l l  be necessary f o r  

a good c o r r e l a t i o n ,  and which p r o p e r t i e s  of t h i s  type should be empha- 

s i z e d .  Since s i n g l e  property c o r r e l a t i o n s  were not  markedly successfu1,  

s e v e r a l  mult iple  property c o r r e l a t i o n s  were made (Table 3-b) . A f a i r l y  

A s  an i n i t i a l  s t e p ,  each 

2 

However, hopeful ly  these  semi- 

2 



43 

m 
00 

0 

00 
0 
0 

0 

0 m 
N 
rl 

N 
n rn m 
H 
W 

N 
rl 
I 

2 
X m 
\D 

0 
I 

In 
N 
0 

0 

n 

B 
m 
m aJ 
k 
U cn 

$ 
2 a 
aJ 
k a 
aJ 

H 
2 

rl 

m 
00 

0 

m 
0 
0 

0 

0 
\o 

0 
r( 

N 
00 

0 

m 
0 
0 

0 

0 

m 
"! 

0 
00 

0 

m 
0 
0 

0 

0 
0 
03 

N 
\ 
r 4 m  
n I  

h 
h 

0 

rl 
0 
0 

0 
Q) 

In 

n 

i i A  
0 

X 
rl 

;?; 
0 
I 

co 
N 
0 

0 
n 

B 

E 
.rl 
ca 
& 
U 
cn 
M 
E 
.r( 
& 
0) 
a J h  
E M  r l u  

w w  22  

N 

0 
rl 
X 
2 
0 
I 

o\ 
N 
0 
0 

II 

B 

8 

g 

rl 
U 
a 
bo 

4 
W 
U 
E aJ 
r) 
&I 
aJ 
pc 

m 

0 
rl 
X 
2 
0 

+ 
co 
0 
0 

0 
n 

B 

h 
M 
& 

W 
G 
rl 
a 
k 
U 
VJ 

Q) 

B 

8 

2 

U 

I 
0 
rl 
X m 
N 

0 
I 

s 
0 
0 

II 

B 

0 
h 

0 

rl 
rl 
0 

0 

\D 
00 
N 

m 

8 b 
v 

\D 
I 

2 
X 
rl 
rl 

0 
I 

N 
N 
0 

0 
II 

B 

E 

M U  
G r )  
a 7  
k a  
U a J  
cnd 
aJ 
rl 
4 

5 . 2  

m 
c aJ 
H 

. .  
u-1 G 

m 
\o 

0 

N 
rl 
0 

0 

0 a 
N 

m 
I 

0 
\o 

0 

m 
rl 
0 

0 

m 
rl 
.j 

0 

rl 

m m 
0 

m 
rl 
0 

0 

rl 
rl 

0 

I m  

0 
rl 
X 
0 
rl 

0 

+ 
h 
0 
0 
0 
n 

B 

m 
m aJ 
E a 
k 

il 
rl 
rl 

4 
$4 a 

I T  

'0 

X 
rl 

h 
rl 

0 

+ 
m 
0 
0 
0 

II 

B 

5 
5 

3 

M 

k 
U cn 

aJ 
rl 
3.1 *" 

0 
rl 
X 
Vl co 
0 

+ 
m 
rl 
0 

0 
H 

B 

3 

3 

: 

rl 
7 a 

0 
.rl 
U 

rl 
W 

n\ 



44 

TABLE 3-b 

BEST CORRELATION WITH ALL TEN PROPERTIES CONSIDERED 
(HG CAVITATION DAMAGE VS . MECHANICAL PROPERTIES) 

MDP = - 0.064 + 0.34x102(TBS) - 0 . 1 7 ~ 1 0  9 (TS)'2 + 0.74x108(TBS)-* 

Coeff ic ien t  of Determination P 0.994 

Standard Error  P 0.00188 

Maximum Absolute Deviation P 0.0034 

Maximum Percent Deviation P 44.56% 
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good c o r r e l a t i o n  w a s  obtained with a combination of  engineer ing t e n s i l e  

s t r e n g t h  (which involves  d u c t i l i t y )  and t r u e  breaking s t r e n g t h .  

D . Microexaminations 

To exp la in ,  c o n t r o l  and/or i n h i b i t  an  event caused by an unknown 

fo rce  regime, such as c a v i t a t i o n ,  one must f i r s t  understand the  na tu re  

of t he  damaging f o r c e s .  I n  the  case of c a v i t a t i o n  bubble co l l apse  and 

the  r e s u l t a n t  damage, t he re  i s  a t  p resent  cons iderable  controversy as t o  

the  exact  na ture  of t h e  f o r c e s  and t h e i r  o r i g i n  and desc r ip t ion .  Since 

these  events  occur over t i m e  i n t e r v a l s  on t h e  o rde r  of microseconds and 

the  s i z e  s c a l e  i s  t h e  order  of f r a c t i o n s  of a m i l ,  d i r e c t  observa t ion  i s  

d i f f i c u l t .  

t hese  fo rces  and so  attempt t o  i n f e r  t he  na tu re  of t he  forces .  

It becomes necessary t o  examine t h e  " foo tp r in t s "  l e f t  by 

The examination of t h e  v e r t i c a l  and h o r i z o n t a l  su r f ace  d isp lace-  

ment wi th  a very s e n s i t i v e  l i n e a r  t r a c i n g  device o f f e r s  a means of  

en larg ing  the  a c t u a l  p i t s  so t h a t  v i s u a l  examinations can be accom- 

p l i shed .  Such a device was used t o  examine the  d e t a i l e d  p r o f i l e  of many 

c a v i t a t i o n  p i t s  i n  s e v e r a l  ma te r i a l s  t o  ob ta in  a Leiiri u ~ i k r a t a z d i z g  cf 

t he  probable mechanisms of damage. A t y p i c a l  t r a c e  and corresponding 

photomicrograph of t h e  sur face  of a 304 s t a i n l e s s  s t e e l  specimen i s  pre-  

sen ted  i n  F igure  29. This type of examination i s  w e l l  s u i t e d  f o r  com- 

par ing  the  c a v i t a t i o n  c r a t e r s  wi th  those made by o t h e r  methods. 

An overwhelming preponderence i n  t h e  mercury damage of c i r c u l a r  

p i t s  wi th  c r a t e r  type  r i m s  has led t o  the  conclusion t h a t  t he  mechanical 

fo rces  causing t h e  damage were of a s i n g l e  blow na tu re .  A c r a t e r  
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F i g .  29.--Photomicrograph and corresponding p r o f i c o r d e r  traces 
of s u r f a c e  of  specimen 22-SS (304 s t a i n l e s s  s t e e l ) ,  a f t e r  10 hours  
exposure t o  "standard c a v i t a t i o n "  i n  mercury a t  a t h r o a t  v e l o c i t y  of 
34 f e e t  p e r  second. 
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produced by simply indent ing  the  su r face  w i t h  a sharp ob jec t  appears  

very  s imilar .  Such craters were produced f o r  comparison wi th  a hardness 

indentor .  From such a c r a t e r  it i s  ev ident  t h a t  t h e r e  w i l l  be no mater- 

i a l  removal, but  t h a t  t h e  surface w i l l  be d i s t o r t e d .  A comparison of 

t he  c r a t e r  p r o f i l e s  and t h e  volume d isp laced  above and below the  o r i g i -  

n a l  su r f ace  i n  these  two cases ,  has  l e d  t o  t h e  conclusion t h a t  mater- 

i a l  is indeed removed from t h e  c a v i t a t i o n  c r a t e r s  and not removed i n  the  

a r t i f i c i a l  p i t  case .  

10 

It has a l s o  been noted t h a t  c a v i t a t i o n  c r a t e r s  resemble those  

t h a t  a r e  obtained i n  f l u i d  impact t e s t s .  

t i o n  crater p r o f i l e s  as obtained he re ,  and those from f l u i d  impact 

tests (Figure 30) shows t h a t  t he re  is an almost exact  match, f o r  t h e  

p a r t i c u l a r  s e t s  of experimental  parameters used.  This  high degree of 

s i m i l a r i t y  lends support  t o  the c u r r e n t  theory  t h a t  t he  bubble c o l l a p s e s  

unsymmetrically i n t o  a t o r u s  shape wi th  a high v e l o c i t y  j e t  p i e rc ing  the  

“Lorus c e n t e r  and impacting the  damaged su r face .  Fur ther  evidence, t o  be 

presented  l a t e r ,  suppor ts  t h i s  mechanism of c o l l a p s e .  

Comparison of t y p i c a l  c a v i t a -  

8 

Deta i l ed  p ro f i co rde r  and photographic examinations have a l s o  

been c a r r i e d  out  a t  s e v e r a l  s tages  during the  damage tests,  showing 

t h a t  in gene ra l  craters do not change s i z e  o r  shape wi th  f u r t h e r  expo- 

su re  t o  the  c a v i t a t i o n  regime, bu t  t h a t  new c r a t e r s  appear next t o ,  and 

i n  some cases  on, t he  r i m s  of e x i s t i n g  c r a t e r s .  This  observa t ion  a l s o  

tends  t o  support  t h e  s i n g l e  blow na tu re  of t he  c a v i t a t i o n  fo rces ,  a t  

l e a s t  f o r  t h e  present  type of tes t .  

11 
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Spec. 363C Spec. 202 
Stainless Steel Stainless Steel 

Ragged Jet Scales: Horizontal Good Jet 
oooo fps. 3780 fps. 

811 Vertical 

8 
I 

a) Water impact pit profiles from DeCorso . 

---+----+- 

scale v 
2 b) Cavitation pit profiles, Robinson . 

Fig .  30.--Comparison of  high v e l o c i t y  water  j e t  impact c ra te rs  
and c a v i t a t i o n  damage c ra t e r s .  
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1 .  

It has been noted t h a t  the  p i t  depth t o  diameter r a t i o  f o r  

impact tests of mercury on copper f o r  decreasing v e l o c i t i e s  of impact 

decreases ,  and reaches a value t h a t  corresponds t o  t h a t  observed i n  t h e  

c a v i t a t i o n  p i t s  ( d 0 . 0 5 )  a t  a drople t  impact v e l o c i t y  of d 600 f t . / s e c .  

This  va lue ,  along wi th  t h e  e a r l i e r  comparison of s i z e  and shape of p i t s  

from water  impact tests, ind ica t e s  t h a t  a c a v i t a t i o n  formed j e t ,  i f  such 

e x i s t s ,  would have a v e l o c i t y  of +600 f t . / s e c .  i n  mercury and N4000 

f t . / s e c .  i n  water  f o r  these  p a r t i c u l a r  t e s t s .  

9 

E .  P i t  Cor re l a t ions  

The pressure  d i s t r i b u t i o n  on the  specimen pol i shed  su r face  and 

the  number of bubbles and bubble d i s t r i b u t i o n  thereon has  been previous ly  

repor ted  as a func t ion  of c a v i t a t i o n  condi t ion ,  v e l o c i t y ,  e t c .  Hence, 

d e t a i l e d  p i t  counts  on the  pol ished su r face  would al low a c o r r e l a t i o n  

between flow cond i t ions ,  number of bubbles,  and p i t s  a c t u a l l y  formed. 

Such a count w a s  made at  500X f o r  s e v e r a l  a x i a l  l oca t ions  on the  spec i -  

men sur face  f o r  two t y p i c a l  ma te r i a l s  from the  mercury t e s t s .  

shows the  d i s t r i b u t i o n  of bubbles 

su r face  pe r  u n i t  time as w e l l  a s  t he  pressure  above vapor p re s su re  ve r -  

sus  d i s t a n c e  from t h e  specimen leading  edge. 

t o t a l  p i t s  of a l l  s i z e s .  Both m a t e r i a l s  e x h i b i t  a p i t t i n g  r a t e  increas-  

ing  away from the  leading  edge, which peaks a t  about two- th i rds  the  d i s -  

tance towards the  downstream end, and then decreases  toward the  

2 

Figure 31 
* 

ana pir;s appruiiGg zii tkr ;cXskp_S 

The numbers r ep resen t  

* 
Bubbles seen i n  t h e  f i l m  by viewing through a t r anspa ren t  

E ~ F - F E ~ c ~  m w t  be on the  sur face  because of t h e  opac i ty  of t he  mercury. 
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DISTANCE FROM SPECIMEN LEADING EDGE - INCHES 

Fig .  31.--Distr ibut ion p e r  u n i t  t i m e  of p i t s ,  bubbles and pre  S -  

s u r e  above vapor pressure on t e s t  specimen pol i shed  s u r f a c e  v s .  d i s t a n c e  
from specimen leading edge f o r  SS and Cb-1Zr i n  mercury a t  34 f t . / s e c .  
and s tandard c a v i t a t i o n .  
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downstream end. The bubble population decreases approximately exponen- 

t i a l l y  w i t h  d i s t ance  along t h e  e n t i r e  length.  A s t r o n g  decreasing t r end  

i s  expected s i n c e  t h e  p re s su re  increases  s t r o n g l y  above vapor pressure 

toward t h e  rear of t h e  specimen. 

The r e l a t i o n  between the bubble populat ion and p res su re  curves,  

and t h e  p i t t i n g  d i s t r i b u t i o n  curve shows the  expected t r e n d .  At t h e  

upstream end of t h e  specimen there are many bubbles; however, t h e  pres-  

s u r e  on t h e  su r face  i s  c l o s e  t o  vapor p re s su re .  Thus the  bubble d r iv ing  

fo rce  f o r  c o l l a p s e  i n  t h i s  region i s  very small so  t h a t  few p i t s  a r e  

produced. A t  t h e  downstream end of the specimen, t h e  p re s su re  above 

vapor p re s su re  i s  l a r g e ,  but  the number of bubbles i s  small. I n  t h e  

l i m i t  of zero bubbles,  t h e r e  would of course be no p i t s ,  and t h e  p i t t i n g  

number d e n s i t y  does indeed decrease markedly toward t h i s  end of t he  

specimen. That a maximum i n  the p i t t i n g  rate should occur a t  some 

intermediate  po in t  where t h e  pressure has r i s e n  so  t h a t  e n e r g e t i c  co l -  

lapses  zre p o s s i b l e ,  and yet the number of bubbles i s  s t i l l  l a rge ,  i s  t o  

be expected. It is a l s o  noted t h a t  t he  weaker Cb-1Zr e x h i b i t s  a sharp 

inc rease  i n  p i t t i n g  rate a t  a p o s i t i o n  c l o s e r  t o  t h e  upstream end of t h e  

specimen and a somewhat higher t o t a l  p i t t i n g  rate along t h e  e n t i r e  

specimen (Figure 31) t han  t h e  s t ronge r  stainless steel .  The bubble 

c o l l a p s e  energy th re sho ld  f o r  s ingle-event  p i t t i n g  f o r  t h i s  m a t e r i a l  i s  

undoubtedly lower than f o r  the s t a i n l e s s  s tee l  and hence many more of 

t h e s e  p i t s  are formed i n  a region of reduced c o l l a p s e  p re s su re  

d i f f e r e n t i a l .  
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It may be poss ib l e  even tua l ly  t o  show t h a t  t he  spectrum of 

force-time regimes imposed on the  su r face  by bubble c o l l a p s e  i n  a given 

c a v i t a t i n g  flow system is  c o n s i s t e n t  with the  p i t  s i z e  and s p a t i a l  d i s -  

t r i b u t i o n ,  and t h a t  t he  d i f f e r e n t  p i t  s p e c t r a  f o r  d i f f e r e n t  materials 

(as Cb-1Zr and s t a i n l e s s  s t ee l  i n  t h e  p re sen t  instance)  are both con- 

s i s t e n t  with t h e  same flow regime through t h e  inf luence of t h e i r  d i f f e r -  

ing mechanical p r o p e r t i e s .  

necessary t o  make assumptions on a c t u a l  mode of bubble c o l l a p s e ,  f a i l u r e  

mechanism, e t c . ,  which a r e  not y e t  warranted by a c t u a l  knowledge. How- 

eve r ,  i f  such a r e s u l t  could be accomplished, it would be a very long 

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

advance, which is one of t he  major o b j e c t i v e s  of i n v e s t i g a t i o n s  i n  t h i s  

f i e l d .  

To accomplish t h i s  it would no doubt be 

The s i z e  d i s t r i b u t i o n  of  p i t s  was t a b u l a t e d  f o r  t he  present  

tes ts  f o r  t h ree  d i f f e r e n t  materials i n  mercury and one material i n  

water (Figure 32) ac ross  a band 0.060 inches wide ( t h e  f u l l  specimen 

width) and 0.006 inches long loca ted  0.55 inches downstream from t h e  

specimen leading edge. This  i s  i n  t h e  r eg ion  of most i n t e n s e  damage. 

From t h e s e  curves i t  i s  evident  t h a t  t h e  maximum i n  t h e  p i t  s i z e  d i s t r i -  

but ion occurs f o r  a diameter of about 0.05 m i l s  f o r  mercury. However, 

t h e  maximum number of p i t s  f o r  water have a diameter about h a l f  t h a t  f o r  

mercury with t h e  same material, presumably because of t h e  weaker blows 

with t h e  lower dens i ty  f l u i d .  

f o r  the r e f r a c t o r y  than f o r  t h e  s t r o n g e r  s t ee l s ,  c o n t r a r y  t o  

expec ta t ions ,  

For mercury t h e  p i t s  a r e  somewhat smaller 
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I n  t h e  p re sen t  tests one would expect t h e  p i t  s i z e  t o  inc rease  

wi th  dis tance along t h e  su r face ,  s ince  only l a rge  bubbles could p e n e t r a t e  

i n t o  the high p res su re  region a t  t h e  downstream end of t h e  specimen, and 

these  would see a maximum co l l aps ing  pressure d i f f e r e n t i a l .  

t h i s  expectat ion a p i t  d i s t r i b u t i o n  of t he  type a l r eady  descr ibed was 

obtained f o r  the Cb-1Zr material a t  s i x  d i f f e r e n t  a x i a l  l oca t ions  from 

the  leading edge (Figure 3 3 ) .  An examination of t he  t a i l s  of t hese  

curves i n d i c a t e s  t he  expected r e s u l t ,  i . e . ,  t he  abso lu te  number of 

l a r g e r  p i t s  i nc reases  w i t h  a x i a l  d i s t ance  from t h e  specimen nose, while  

t he  absolute  number of  a l l  p i t s  decreases .  

To v e r i f y  

Another s i g n i f i c a n t  observat ion can be made from Figure 31, which 

i s  shown more c l e a r l y  i n  Figure 3 4 .  The r a t i o  between t h e  number of 

bubbles on t h e  s u r f a c e  and p i t s  produced i s  very l a r g e .  It ranges from 
9 5 

10 near  t h e  leading edge of t h e  specimen t o  N lo4 t o  N 10 f o r  t h a t  

p o r t i o n  of t h e  specimen where t h e  p i t t i n g  rate i s  maximum, f o r  both 

s t a i n l e s s  s t e e l  and Cb-1Zr (Figure 3 4 ) .  This  l a r g e  decrease i n  t h e  

r a t i o  in the downstream d i r e c t i o n  i s  expected s i n c e  t h e  energy per  

bubble also inc reases  r a p i d l y  i n  t h e  downstream d i r e c t i o n  due t o  t h e  

inc rease  i n  c o l l a p s i n g  p res su re  d i f f e r e n t i a l .  The e f f e c t  is g r e a t e r  

than i t  appears from t h i s  r a t i o  s i n c e  t h e  mean p i t  s i z e  i s  a l s o  inc reas -  

ing i n  t h i s  d i r e c t i o n .  

The e x i s t e n c e  of a l a r g e r  r a t i o  of t h i s  o r d e r  has been confirmed 
13 14 

both here  and elsewhere 

apparatus .  Such a l a r g e  r a t i o  becomes more p l a u s i b l e  i f  one accep t s ,  as 

i s  supported by o t h e r  evidence from t h e s e  i n v e s t i g a t i o n s ,  t h a t  t h e  

f o r  a v i b r a t o r y  type of c a v i t a t i o n  damage 

2 
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Fig. 33.--Pit size distribution vs. axial distance from specimen 
leading for Cb-1Zr in mercury at 34 ft./sec. and standard cavitation. 
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Cb-1Zr in mercury at 34 ft./sec. and standard cavitation. 
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damage i s  i n f l i c t e d  by a high v e l o c i t y  f l u i d  j e t  impinging on t h e  sur -  

f ace  and generated from the unsymmetrical c o l l a p s e  of t h e  c a v i t a t i o n  
15 

bubbles.  It has been observed here i n  a two-dimensional v e n t u r i  w i t h  

h igh  speed photographs of t he  flow, t h a t  most bubbles do indeed co l l apse  

i n  t h i s  manner, i nvo lu t ing  i n t o  a t o r u s  wi th  a x i s  o r i e n t e d  perpendicular  

t o  t h e  pressure  g r a d i e n t ,  Figure 35, which i s  nea r ly  p a r a l l e l  t o  t he  

v e n t u r i  axis i n  t h i s  case. I n  order  f o r  t h i s  type  of c o l l a p s e  t o  cause 

damage t o  a su r face  t h a t  i s  a l s o  p a r a l l e l  t o  t he  v e n t u r i  a x i s ,  as the  

p re sen t  test  specimens, t he  co l l apse  a x i s  must be o r i e n t e d  towards the  

su r face .  

around a ha l f  body show t h a t  t he  bubble c o l l a p s e  f r o n t ,  o r  f l a t t e n e d  

2 
E a r l i e r  photographic s t u d i e s  by E l l i s  of bubble co l l apse  

16 

s i d e ,  t ends  t o  o r i e n t  i t s e l f  normal t o  the  p re s su re  g rad ien t s .  Very 

r e c e n t  p i c t u r e s  a l s o  obta ined  by E l l i s  
18 

of bubbles co l l aps ing  i n  a beaker 

i n  t h e  v i c i n i t y  of a f l a t  p l a t e  show the  e f f e c t  of t he  proximity of such 

a p l a t e .  
1 7  

Sonewhat similar work i s  now i n  progress  i n  our  v e n t u r i .  Pre-  

l iminary  r e s u l t s  i n d i c a t e  (Figure 36) t h a t  t h e  o r i e n t a t i o n  of t h e  t o r u s  

i s  indeed a f f e c t e d  by t h e  boundary and the  p re s su re  g r a d i e n t s .  Note 

a l s o  the  rebound which occurs  i n  t h e  las t  p i c t u r e .  

i n  an  earlier r e p o r t  

Thus as pos tu la ted  
2 

t h e r e  is indeed a mechanism t h a t  may o r i e n t  t he  

j e t  towards the  su r face  i n  such a flowing system, f u r t h e r  support ing the  

unsymmetrical c o l l a p s e  model as a l i k e l y  damaging mechanism. Fur the r  

evidence is  provided by photomicrographs of c a v i t a t i o n  damage i n  t h i s  

system on copper-nickel  a l l o y  which show a d i r e c t i o n a l  v a r i a t i o n  of t he  
2 

damage p i t s  as t h e  v e l o c i t y  v a r i e s .  These are reproduced here  f o r  
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Fig .  35.--High-speed photographs of bubble c o l l a p s e  i n  two- 
A i r  dimensional ven tu r i  wi th  114" t h r o a t  i n  water a t  74.6  f t . / s e c .  

conten t  2.35% by volume, 132 microseconds between frames, 1 microsecond 
exposure,  flow l e f t  t o  r i g h t ,  scale l eng th  0.25 inches .  
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Fig. 36.--High-speed photographs of bubble collapse near a wedge 
in two-dimensional venturi with i/4!! throai L i i w a t e r  at 83.5 ft.!sec., 
air content 1.3% by volume, 126.5 microseconds between frames, 1 micro- 
second exposure per frame, flow left to right, arrow length is 0.205 
inches. 
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convenience (Figure 3 7 ) .  The p i t s  change from roughly c i r c u l a r  craters 

h i t h  r a i sed  l i p  predominantly on the  downstream s i d e ,  t o  wedges with an 

apex i f i  the d i r e c t i o n  of flow, t o  elongated grooves as the  v e l o c i t y  i s  

increased f rom 65 t o  97 and f i n a l l y  t o  200 f t . / s e c .  

deFmkr.c+ of Lhe damage fo rce  capable of being a f f e c t e d  e i t h e r  d i r e c t l y  

OF f c d i r e e t l y  by t h e  v e l o c i t y  through i t s  e f f e c t  on boundary l a y e r  t h i ck -  

ness, \..elocity and pressure g r a d i e n t s ,  e t c .  i s  ind ica t ed .  Such a d i r e c -  

t i o n a l  dt p i r d t r i % e  of c r a t e r  shape on flow v e l o c i t y  cannot be explained 

i n  t e r m s  of  t h e  s p h e r i c a l  bubble co l l apse  model. The v e l o c i t y  of propa- 

gation of t h e  shock wave i n  t h e  l i q u i d  is  too  much g r e a t e r  than the  

l i q u i d  f l o w  v e l o c i t y  f o r  t h i s  v e l o c i t y  t o  have appreciable  e f f e c t  on t h e  

angle of impkgement of t he  shock on t h e  s u r f a c e .  

Thus a d i r e c t i o n a l  

18 
As also discussed by E l l i s ,  t h e  nonsymmetrical c o l l a p s e  model 

suggests  a much more highly s e l e c t i v e  process whereby a bubble may cause 

a pi:  as cornpaxed w i t h  t h e  symmetrical model s i n c e  bubble s i z e ,  d i r e c -  

t i o n a l  o r i e n t a t i o n  and proper d i s t ance  from t h e  su r face  are required i n  

t h ~  m n s p e t P i c a 1  model, whereas only s i ze  and d i s t a n c e  are involved i n  

th?  symmetrical model, F i r s t ,  t he  bubble c o l l a p s e  f r o n t  f o r  a l a r g e  

enough bubbllr m a l a rge  c o l l a p s i n g  p res su re  d i f f e r e n t i a l  must be o r i -  

en t sd  t o w v r d s  t h e  su r face  a t  t h e  proper t i m e  i n  t h a t  p o r t i o n  of i t s  c o l -  

lapse  wheri th- j e t  i s  being formed. Second, t h e  perpendicularly-oriented 

j e t  must be forned a t  a proper d i s t ance  from the  s u r f a c e  so t h a t  t h e  j e t  

energy i s  n o t  d i s s i p a t e d  i n  t h e  f l u i d ,  o r  so  t h a t  t h e  j e t  formation i s  

not i nh ib i t ed  by the nearness  of t h e  su r face .  

make c red ib l e  the experimental ly  observed r a t i o  of h/ lo4 observed bubbles 

QIJ t h e  sur faec  50 one observed p i t  on t h i s  s u r f a c e .  

These s t r i n g e n t  c r i t e r i a  
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F i g .  37. --Photomicrographs of cavitation d i i ~ ~ a g s  oii cspper -n icke l  
alloy (H.H.Trt), for "standard cavitation" in water at one hour duration, 
(a) 65 ft./sec., (b) 97 ft./sec., (c) 199 ft./sec. 



CHAPTER IV 

WATER SYSTEM RESULTS 

Similar  damage tes ts  have been conducted i n  t h e  water system 

using i d e n t i c a l  v e n t u r i s  t o  those used f o r  t h e  mercury tes ts .  

two major d i f f e rences  e x i s t .  F i r s t ,  t h r e e  ( r a t h e r  than two) specimens 

were t e s t e d  simultaneously so t h a t  i n  each v e n t u r i  t h e  geometry of spec i -  

men i n s e r t i o n  d i f f e r e d .  (The increased number of t es t  specimen hours 

required i n  t h e  water system both because of lower damage rates and a 

l a r g e r  number of m a t e r i a l s  t o  be t e s t e d  n e c e s s i t a t e d  the  t e s t i n g  of 

t h r e e  specimens toge the r . )  

des i r ed  c a v i t a t i o n  e x t e n t  was 65 f t . / s e c .  because of loop c h a r a c t e r i s -  

t i c s  ( i n a b i l i t y  t o  ope ra t e  wi th  pump s u c t i o n  below atmosphere). Since 

higher  v e l o c i t i e s  (97 and 200 f t . / s e c . )  were ob ta inab le  i n  t h e  water 

system, they were u t i l i z e d  t o  inc rease  damage ra tes .  However, t h e  most 

commonly used t h r o a t  v e l o c i t y  i n  the  mercury system was 34 f t . / s e c .  w i th  

a maximum of about 55 f t . / s e c .  imposed by equipment l i m i t a t i o n s .  

However, 

Secondly, t h e  minimum v e l o c i t y  f o r  t h e  

Another v a r i a b l e  not p re sen t  i n  t h e  mercury loop i s  t h e  l a r g e  

s o l u b i l i t y  range of gases  i n  water ( 4 2  p e r  c e n t ) ,  whereas f o r  mercury 

o r  o the r  l i q u i d  metals gas s o l u b i l i t y  is e s s e n t i a l l y  n i l .  

more ma te r i a l s  were poss ib l e  f o r  t h e  water t e s t s  s i n c e  t h e  requirement 

of chemical compa t ib i l i t y  w i th  water i s  much l e s s  r e s t r i c t i v e  than  

mercury. 

F i n a l l y ,  many 

62 
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A .  Damage Tabulat ions 

The damage d a t a ,  reduced by the  computer program descr ibed  i n  

Appendix A ,  is  presented  i n  Table 4 f o r  a l l  of t h e  t e s t s  performed i n  

t h e  water  system t o  d a t e .  

"Standard Cavi ta t ion"  cond i t ion  f o r  t h r e e  d i f f e r e n t  v e l o c i t i e s .  

t h e  e f f e c t  of c a v i t a t i o n  condi t ion  w a s  examined f o r  almost a l l  materials 

a t  t h e  h ighes t  v e l o c i t y ,  i . e . ,  200 f t . / s e c .  "Standard Cavi ta t ion"  and 

200 f t  . / s ec .  t h r o a t  v e l o c i t y  were se l ec t ed  f o r  t he  m a t e r i a l s  mechanical 

p r o p e r t i e s  c o r r e l a t i o n s .  Therefore ,  a l l  m a t e r i a l s  were t e s t e d  under 

t h e s e  cond i t ions .  A t  l e a s t  th ree  specimens of each m a t e r i a l  were t e s t e d ,  

i n  most ca ses  f o r  a du ra t ion  of 100 hours.  The d e f i n i t i o n  of t he  cavi -  

t a t i o n  condi t ions  used i n  the  water system, which d i f f e r  somewhat from 

those  used i n  the  mercury system, a r e  found i n  Appendix C .  The form of 

the  da t a  p r e s e n t a t i o n  i n  Table 4 i s  the  same as descr ibed  e a r l i e r  f o r  

mercury (Tables 1 and 2 ) .  

Most of t he  m a t e r i a l s  have been t e s t e d  a t  a 

Also, 

B . Damage Cor re l a t ions  

A s  f o r  mercury, t he  water data was c o r r e l a t e d  w i t h  t h e  specimeu 

m a t e r i a l  mechanical p r o p e r t i e s .  

w a s  measured i n  our  own l abora to r i e s  a s  repor ted  e a r l i e r .  Only those 

The mechanical proper ty  d a t a  (Table 5) 
7 

m a t e r i a l s  wi th  good cor ros ion  r e s i s t a n c e  i n  water  were used i n  the  cor-  

r e l a t i o n s ,  i .e.,  t he  carbon steel specimens were not included s ince  con- 

s i d e r a b l e  r u s t  was ev ident  on t h e i r  su r f aces  a f t e r  t h e  t e s t s .  Neverthe- 

l e s s ,  t he  number of ma te r i a l s  used i n  water  i s  g r e a t e r  than  i n  mercury. 

Seve ra l  copper and n i c k e l  a l l o y s ,  t e s t e d  i n  t h r e e  d i f f e r e n t  cold-worked 
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TABLE 4 

WATER CAVITATION DAMAGE DATA 

Velocity Cav.Cond.* Mean Depth of Penetration-kin. No.of 
Mat e r ia 1 (ft/sec) (Degree) 25 Hrs. 50 Hrs 7 5  Hrs 100 Hrs Samples 

302 SS 
1008 CS 
Brass (cz) 
(As Recd) 
Brass(cz) 
(L.H .Trt .) 
Brass (cz) 
(H .H .Trt .) 
Copper(cu) 
(As Recd) 
Copper (cu) 
(L.H .Trt .) 
Copper (cu) 
(H .H .Trt .) 
Cu-Nicke 1 
(As Recd) 
Cu-Nicke 1 
(L.H.Trt .) 
Cu-Nicke 1 
(H .H .Trt .) 
Nic ke 1 (ni) 
(As Recd) 
Nicke 1 (ni) 
(L .H .Trt .) 
Nickel(ni) 
(H.H.Trt .) 
302 SS 

1008 CS 
Brass (cz) 
(As Recd) 
Brass (cz) 
(L .H .Trt .) 
Brass(cz) 
(H .H .Trt .) 
Copper (cu) 
(As Recd) 
Copper (cu) 
(L .H .Trt .) 
Copper(cu) 
(H .H .Trt .) 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

64.7 

97.2 

97.2 

97.2 

97.2 

97.2 

97.2 

97.2 

97.2 

Standard 
Standard 
Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 
Standard 
Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

1 .8  

28.3 

7 . 1  

2.2 

6.6 

8 . 9  

8 . 9  

10.1 

8 .8  

8.4 

4.3 

7 .O 

4.2 

2.7 

15.3 

53 .1  

10.4 

2.9 

5.7 

9 .4  

9 .0  

8 .8  

2.6 1 .3  

28.3 33.4 

8.8 11.3 

5.0 6 .0  

9 .1  10.7 

11.1 9.6 

11 .9  12 .1  

10.3 11.3 

10.8 11.0 

10.2 10.7 

5.7 5 .8  

7.7 7 .2  

4 .8  4.2 

2.8 3.0 

12 .8  13.8 

91 .8  106 .1  

13 .5  14.6 

4 . 0  6 .1  

7 . 1  9 .0  

10.0 9 .4  

7.4 8 . 4  

8.2 8 . 1  

1 .2  

28.0 

15.5 

6.7 

11.3 

11.8 

13 .4  

14.5 

11.8 

11 .8  

6 . 1  

7 . 8  

5.3 

3 .5  

14.7 

117 .O 
16.8 

4 .9  

7 .8  

16 .8  

10.8 

10.0 

6 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
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TABLE 4--Continued 

Veloci ty  Cav.Cond.* Mean Depth of P e n e t r a t i o n - h  i n .  No.of 
Material ( f t / s e c )  (Degree) 25 H r s  50 H r s  75 H r s  106 H r s  Samples 

Cu-Nicke 1 
(As Recd) 
C u - N i c  ke 1 
( L . H . T r t  .) 
Cu-Nickel 
( H . H . T r t  .) 
N i c  ke 1 (n i )  
(As Recd) 
N i c  ke 1 (n i )  
(L .H.Tr t  .) 
Nic ke 1 ( n i )  
(H .H . T r t  .) 

Aluminum 
Brass (cz) 
(As Recd) 
Brass(cz) 
(L .H . T r t  .) 
Brass(cz) 
(H .H.Tr t  .) 
Copper (cu) 
(As Recd) 
Copper (cu) 
(L.H.Trt .) 
Ccipper (cu) 
(H.H.Trt .) 
Cu-Nicke 1 
(As Recd) 
Cu-Nicke 1 
(L .H . T r t  .) 

(H .H . T r t  .) 
Brass (cz)  
(As Recd) 
Brass (cz) 
(L .H . T r t  .) 
Brass ( c z )  
(H .H . T r t  .) 
Copper (cu) 
(As Recd) 
Copper (cu) 
(L .H . T r t  .) 

(H .H . T r t  .) 

1100-0 (2) 

Cu-Nickel 

C cnnor I n g r )  rr-- \--, 

97.2 

97.2 

97.2 

97.2 

97.2 

97.2 

97.2 

200.0 

200.0 

200.0 

200.0 

200.0 

200.0 

200 .o 

200.0 

200.0 

200.0 

200.0 

200 .o 

200.0 

200.0 

700.0 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Vi s ib l e  

V i s  Fb le 

V i s ib l e  

Vi s ib l e  

Vi s ib l e  

Vi s ib l e  

Vi s ib l e  

Visible  

Visible  

Nose 

Nose 

Nose 

Nose 

Nose 

Nose 

7.6 

6.2 

5.3 

12 -0 

5.7 

2.4 

29 .O 

11.0 

6.1 

8.5 

12.4 

8.3 

8.7 

7.5 

7.3 

4.5 

25.2 

10.7 

12.8 

17.9 

17.7 

17.3 

10.7 

8.2 

6 . 4  

13.0 

7.3 

4.8 

58.4 

15.6 

9 .o 

12.3 

20.0 

9.6 

12.0 

10.6 

8.8 

6.5 

25.7 

16.5 

16.5 

28.5 

33.1 

28.4 

10.9 

9.3 

7.8 

13.6 

7.7 

5.8 

63.7 

17.7 

11.4 

15.2 

31.5 

16.8 

18.0 

11.9 

9.2 

7.3 

28.7 

17.2 

19.1 

32.7 

38.3 

33.9 

12.3 

10.0 

8.1 

14.5 

8 .O 

7.1 

67.4 

18.0 

9.5 

14.7 

32.6 

20.2 

22.9 

14.4 

10.6 

8.3 

31.7 

20.6 

21.6 

58.3 

42.9 

59.7 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
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TABLE 4- -Continued 

Veloci ty  Cav.Cond.* Mean Depth of Penet ra t ion#  i n .  No.of 
Material ( f t / s e c )  (Degree) 25 Hrs 50 Hrs 75 Hre 100 H r s  Samples 

Cu-Nicke 1 
(As Recd) 
Cu-Nicke 1 
(L .H . T r t  .) 
Cu-Nickel 
302 SS 
(Ancient) 
302 SS 

302 SS 

1008 CS 

Brass(cz) 
( A s  Recd) 
Brass (cz) 
(L .H . T r t  .) 
Brass (cz) 
(H.H.Trt .) 
Copper (cu) 
(As Recd) 
Copper(cu) 
(L .H . T r t  . ) 
Copper (cu) 
(H .H . T r t  .) 
Cu-Nicke 1 
(As Recd) 
Cu-Nicke 1 
(L.H.Trt .) 
Cu-Nickel 
(H . H . T r t  .) 
Nickel(ni)  
(As Recd) 
Nickel(ni)  
(L.H.Trt .) 
Nicke 1 ( n i )  
(H .H . T r t  .) 

(0 Id) 

(New) 

1100-0 A 1  

2024-A 1 

6061-A1 

Cb- 1 Z r  
(Annld) 

200.0 

200.0 

200.0 
200.0 

200.0 

200.0 

200.0 

200 .o 

200.0 

200.0 

200 .o 

200.0 

200.0 

200 .o 

200.0 

200.0 

200.0 

200 .o 

200.0 

200.0 

200.0 

200.0 

200.0 

Nose 

Nose 

Nose 
Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

S t andar d 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

7.6 

4.3 

6.4 
2.0 

3.5 

3.8 

19.2 

16.5 

18.1 

13.8 

16.6 

14.5 

16.9 

15.8 

10.6 

4.0 

12.3 

10.8 

2.9 

926.0 

627.9 

666.7 

11.0 

6.8 

10.8 
3.5 

4.1 

5.5 

762.3 

39.7 

25.7 

25.1 

24.0 

23.8 

30.4 

19.2 

13.3 

8.6 

15.8 

15.3 

5.9 

9.8 

6.1 

6.3 
3.1 

4.5 

6.1 

823.9 

41.4 

28.9 

33.8 

32.7 

31.6 

35.6 

21.4 

17.1 

11.3 

18.2 

22.6 

8.2 

2451.3 3961.0 

1617 .O 2705.3 

1976.0 3220.0 

22.6 

19.1 

13.9 
3.0 

5.1 

6.5 

848.9 

41.1 

28.7 

48.1 

46.7 

54.6 

69.1 

23.0 

19.6 

13.4 

20.7 

27.7 

11.3 

5489.7 

3520.0 

4391.7 
6.73 20.4 29.63 -- 

3 

3 

3 
3 

18 

15 

3 

6 

3 

6 

3 

3 

6 

3 

3 

6 

3 

3 

3 

3 

3 

3 

3 
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TABLE 4--Cont inued 

Veloci ty  Cav.Cond.* Mean Depth of Penetrat ion-f i  i n .  No.of 
Material ( f t / s e c )  (Degree) 25 H r s  50 H r s  75 H r s  100 H r s  Samples 

Cb- 1 Z r  200.0 Standard 1.91 3.49 3.84 5.3 6 

3 Ta- 1OW (A) 200.0 Standard 9.7 11.1 10.4 *- 

3 Ta-8W-2Hf (B) 200.0 Standard 4.8 7.6 5.3 L- 

Mo-l/2Ti(E) 200.0 Standard 52.0 99.7 111.3 137.8 6 

Tenelon (F) 200.0 Standard 1.8 2.2 2.2 3.1 6 

P l ex  (P) 200.0 Standard 271.9 233.2 84.4 176.3 3 

(C -W kd) 

*See Appendix C f o r  d e f i n i t i o n s  of c a v i t a t i o n  condi t ions .  
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and hea t - t r ea t ed  condi t ions t o  give varying s t r e n g t h  and energy proper- 

t i e s  f o r  t h e  same phys ica l  composition, were included.  

A prel iminary c o r r e l a t i o n  a f t e r  50 hour tes t  du ra t ion  (same dur- 

a t i o n  used f o r  mercury) showed t h a t  e i t h e r  e l a s t i c  modulus o r  t h e  acous- 

t i c  impedance r a t i o  of material t o  f l u i d  were q u i t e  success fu l  as s i n g l e  

property c o r r e l a t i o n s ,  while no reasonable c o r r e l a t i o n s  could be 

obtained wi th  t h e  o t h e r  e i g h t  p r o p e r t i e s  considered i n  any combination, 

when t h e  above two p r o p e r t i e s  were not considered (Table 6 ) .  

t h e r e  i s  usua l ly  more damage i n  the  mercury f a c i l i t y  than i n  t h e  water 

f a c i l i t y  a t  t h e  same dura t ion ,  t h e  water tes ts  were continued t o  100 

hours,  and another  c o r r e l a t i o n  made. These c o r r e l a t i o n s  (Table 7 )  apply 

f o r  t h e  th ree  v e l o c i t i e s  u t i l i z e d  i n  t h e  water tes ts  and f o r  t h r e e  cav i -  

t a t i o n  condi t ions a t  t h e  h ighes t  v e l o c i t y .  The s tandard c a v i t a t i o n  con- 

d i t i o n  a t  200 f t . / s e c . ,  which i s  the most damaging and the  cond i t ion  

t h a t  w a s  used f o r  t h e  50 hour c o r r e l a t i o n s ,  aga in  shows t h a t  t h e  acous- 

t i c  impedance r a t i o  between m a t e r i a l  and f l u i d  i s  a good c o r r e l a t i n g  

parameter.  

p r o p e r t i e s  a r e  allowed. This  improved c o r r e l a t i o n  involves  a c o u s t i c  

impedance r a t i o ,  t e n s i l e  s t r e n g t h ,  and e l a s t i c  modulus. This  a l s o  i s  

c o n s i s t e n t  with t h e  50 hour r e s u l t s .  The o t h e r  c a v i t a t i o n  cond i t ions  

and v e l o c i t i e s  (Table 7 )  were c o r r e l a t a b l e  on ly  as a combination of 

p r o p e r t i e s ,  which did not include the a c o u s t i c  impedance r a t i o ,  bu t  d i d  

include engineering s t r a i n  energy and pe rcen t  r educ t ion  of area i n  one 

case ,  t r u e  breaking s t r e n g t h  and percent  e l o n g a t i o n  i n  ano the r  c a s e ,  and 

engineering s t r a i n  energy and y i e l d  s t r e n g t h  i n  s t i l l  another .  The d a t a  

Since 

A s l i g h t l y  b e t t e r  c o r r e l a t i o n  i s  obtained when m u l t i p l e  
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at  97.2 f t . / s e c .  d i d  not  show a good c o r r e l a t i o n  wi th  any combination of 

p r o p e r t i e s .  

s t r e n g t h  alone.  However, t he  c o e f f i c i e n t  of determinat ion i s  very  low. 

The lack  of good c o r r e l a t i o n s  for  t h e  lower v e l o c i t y  and %on-standard" 

c a v i t a t i o n  condi t ions  may be because fewer materials and samples of each 

material were used, and t h e  t o t a l  damage was less severe so t h a t  t he  

p r e c i s i o n  of t h e  weight loss measurements is reduced. 

The bes t  c o r r e l a t i o n  f o r  t h i s  da t a  w a s  wi th  t r u e  breaking 

C . Microexaminat ions 

The damage test specimens from t h e  water  system were subjec ted  

t o  the  same types of analyses  as t h e  mercury specimens, i n  an attempt t o  

examine the  " t racks"  l e f t  by the damaging bubble co l l apses  and t h u s  

i n f e r  t he  damage mechanisms. The following subtopics  show the  r e s u l t s  

o f  these  inves t iga t ions .  

1. Pro f i co rde r  Techniques 

The damage i n f l i c t e d  on the  m a t e r i a l s  i n  t h e  water  c a v i t a -  

t i o n  f a c i l i t y ,  with condi t ions  of s tandard c a v i t a t i o n  and t h r o a t  veloc- 

i t y  of 200 f t . / s e c . ,  appeared t y p i c a l l y  as shown i n  Figures  38, 39 and 

40. Figure 38 shows damage on stainless steel. The p i t s  c o n s i s t  of 

e longated grooves i n  t h e  d i r e c t i o n  of flow, wi th  a t y p i c a l  length  t o  

width r a t i o  of about four .  As i nd ica t ed  on the  accompanying t r a c e s  of 

t h e  su r face ,  t he re  i s  a predominant r idge  on the  downstream end of t he  

groove, i nd ica t ing  t h a t  the  damaging fo rce  was d i r e c t e d  p a r t i a l l y  i n  t h e  

downstream d i r e c t i o n ,  i . e . ,  t h e  p i t  i s  s l i g h t l y  "tipped." The same type  

a: gcnerz l  Izmage and damage o r i e n t a t i o n  w a s  observed on a l l  ma te r i a l s  
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Flow Direc t ion -  . 
Trace Direction- 

L 

Fig .  38. --Typical photomicrographs and t y p i c a l  a x i a l  p r o f  i co rde r  
t r a c e s  of c a v i t a t e d  sur face  of specimen NO.  139-3  (304  SS) a f t e r  100 
hours i n  water  a t  a t h r o a t  v e l o c i t y  of 200 f t . / s e c .  f o r  "s tandard  cav i -  
t a t i o n "  (a) nose a r e a ,  (b)  t a i l  a r e a .  
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F i g .  39.--Typical photomicrographs and t y p i c a l  a x i a l  p r o f i c o r d e r  
traces of  c a v i t a t e d  su r face  oi specimen ?To. 8-cn (as r e c ' d  cnpper- 
n i c k e l )  a f t e r  100 hours i n  water  a t  a t h r o a t  v e l o c i t y  of  200 f t . / s e c .  
f o r  "s tandard c a v i t a t i o n "  (a) nose a r e a ,  ( b )  t a i l  a r e a .  
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a t  t h i s  ve loc i ty .  F igures  39 and 40 show t h i s  e f f e c t  f o r  copper-nickel  

a l l o y .  By t r a c i n g  the  su r face  i n  a d i r e c t i o n  perpendicular  t o  t h e  flow 

(Figure 40) it w a s  found t h a t  t he re  are r a i s e d  r i m s  on e i t h e r  o r  both 

s i d e s  of t h e  grooves, i nd ica t ing  t h a t  t h e  r a i s e d  r i m  i s  no t  a cha rac t e r -  

i s t i c  bump of the t r a c i n g  t i p  as i t  passes  through a p i t .  

t h e  case, no r i m  would appear on the  s i d e  from which t h e  t r a c e r  is  

approaching. A t a b u l a t i o n  o f  many p i t s  from a l l  m a t e r i a l s  t e s t e d  i n  t h e  

water  f a c i l i t y  g ives  an average depth t o  diameter r a t i o  o f d 0 . 0 3  as 

compared wi th  d 0 . 0 5  from the  mercury t e s t s ,  and d0.06 from the  water  

j e t  impact t e s t s ,  compared earlier i n  F igure  30. A d i scuss ion  of t h e  

r e l a t i o n  of t h e  impact tests t o  t h e  c a v i t a t i o n  case  i s  included l a t e r .  

Comparing the  mean depth of pene t r a t ion  d a t a  a t  50 hours dura- 

t i o n  f o r  water (Table 3) to t h a t  found f o r  "dry" mercury (Table 2) ,  it  

i s  noted t h a t  f o r  s t a i n l e s s  s t e e l  t he  va lues  are about equal .  

t h e  mercury da ta  w a s  taken a t  a v e l o c i t y  of 34 f t . / s e c .  and t h e  water  

d a t a  at 200 ft./sec., and e l sc  t h e  geometry of specimen i n s e r t i o n  was 

d i f f e r e n t .  

same geometry and v e l o c i t y  i s  a v a i l a b l e  s ince  t h e  c a p a b i l i t i e s  of t he  

two flow f a c i l i t i e s  do not allow t h i s  overlap.  

I f  t h i s  were 

8 

However, 

Unfortunately no da ta  f o r  t he  two f l u i d s  f o r  p r e c i s e l y  the  

2. Microhardness Examinations 

It is  evident  from the  p i t t i n g  s i z e  d i s t r i b u t i o n s  t h a t  t h e r e  

a r e  force- t ime regimes of varying magnitude appl ied  t o  t h e  su r face ,  so  

t h a t  t h e  su r face  i s  probably exposed t o  many blows below the  damaging 

th re sho ld  dur ing  a sus t a ined  c a v i t a t i o n  t e s t .  To eva lua te  t h e  ex ten t  

of cold-working of rrhe s u ~ f d ~ e ,  i i i icr&zrdzesc l u f e l  p r o f i l e s  were 
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measured along t h e  c e n t e r l i n e  of t h e  pol ished su r face  on t h e  f u l l y  

annealed pure copper, copper-zinc, and copper-nickel a l l o y s  a t  s e l e c t e d  

t i m e  i n t e r v a l s  during a 100 hour c a v i t a t i o n  tes t  (Figures 41, 42, and 

4 3 ) .  On the pure copper specimens (Figure 41) t h e r e  was t h e  g r e a t e s t  

i nc rease  in  su r face  hardness as t h e  tes ts  progressed. The inc rease  was 

l a r g e s t  near t he  upstream end, but s t i l l  e x i s t e d  a t  t h e  downstream end. 

That t h e  hardness inc rease  should be g r e a t e s t  a t  t h e  upstream (low p res -  

sure)  end and f o r  t he  s o f t e s t  m a t e r i a l  i n d i c a t e s  t h a t  t h e  implosions i n  

t h i s  region a r e  r e l a t i v e l y  ve ry  numerous and weak, having an e f f e c t  i n  

many c a s e s  only on t h e  weakest m a t e r i a l .  Thus i n  the s o f t e s t  m a t e r i a l  

t h e  blows e f f e c t i v e  i n  producing cold-work cover most of t he  su r face  and 

cause a s u b s t a n t i a l  i nc rease  i n  hardness .  A t  t h e  high p res su re  end t h e r e  

a r e  many fewer bubbles and hence only a small p o r t i o n  of t h e  su r face  is 

covered so  t h a t  cold-working i s  much more l o c a l  (even though t h e  ind iv id -  

u a l  blows are r e l a t i v e l y  s t ronge r )  and does not  a f f e c t  t h e  hardness read- 

ings a s  s i g n i f i c a n t l y .  

For the  o the r  two a l l o y s ,  which were considerably harder  i n i t i -  

a l l y ,  some increase i n  hardness was noted i n  t h e  upstream a r e a s ,  while a 

small decrease i n  hardness occurred i n  t h e  downstream a r e a s  (Figures  42 

and 4 3 ) .  

s c a t t e r .  The f a c t  t h a t  t h e  inc rease  f o r  t h e s e  ha rde r  materials is l e s s  

than t h a t  f o r  t h e  s o f t  copper is reasonable  i n  t h a t  a sma l l e r  p o r t i o n  of 

the su r face  would be exposed t o  blows i n t e n s e  enough t o  cause s i g n i f i -  

cant  cold-work f o r  t hese  s t r o n g e r  mater ia ls ,  i . e . ,  t h e  e f f e c t  is q u i t e  

l o c a l i z e d .  Figure 44 i s  a f u l l  s u r f a c e  magnified view of  one of  t h e s e  

It i s  f e l t  t h a t  the decrease i s  probably merely experimental  
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samples showing the  su r face  p i t t i n g  d i s t r i b u t i o n  and t h e  gene ra l  loca- 

t i o n  of t he  microhardness readings. 

3 .  Grain S ize  E f f e c t s  

Examination of su r faces  t h a t  had been e tched  and photo- 

graphed before  and a f t e r  exposure t o  c a v i t a t i o n  i n  t h e  mercury f a c i l i t y  

shows t h a t  t h e  l o c a t i o n  of p i t s  seems completely random wi th  r e spec t  t o  

g r a i n  boundaries.  Prev ious  inves t iga t ions  have been made of t he  

e f f e c t  of g r a i n  s i z e  on c a v i t a t i o n  damage. 

t o  i s o l a t e  t h i s  v a r i a b l e ,  s ince  t h e  m a t e r i a l  p r o p e r t i e s  such as t e n s i l e  

s t r e n g t h ,  y i e l d  s t r e n g t h ,  e t c . ,  a r e  obviously a f f e c t e d  by the  hea t  

t rea tment  necessary t o  e f f e c t  a change i n  g r a i n  s i z e .  I n  t h e  p re sen t  

t e s t s  four  similar a l l o y s  of copper, z inc  and n i c k e l ,  were a v a i l a b l e .  

Hence, an  attempt has been made t o  c o r r e l a t e  g r a i n  s i z e  wi th  damage on 

t h i s  s e t  of fou r  materials, each i n  t h r e e  d i f f e r e n t  hea t  t r e a t  condi- 

t i o n s .  It w a s  poss ib l e ,  by d iv id ing  the  mechanical p r o p e r t i e s  i n t o  

s u i t a b l e  ranges, t o  ob ta in  a p l o t  of g ra in  s i z e  versus damge f o r  these  

12 19,20,21 

General ly ,  it is  d i f f i c u l t  

-1-2 L~~~~ - b u A v k  -..-.e ( F F g ~ r e  45)  shows a decrease i n  damage wi th  

decreas ing  g r a i n  s i z e  t o  a po in t  and then an inc rease  s t a r t i n g  wi th  a 

g r a i n  s i z e  of 7 .  The d a t a  f o r  t h e  g r a i n  s i z e s  of 7 and smal le r  are not 

r e a l l y  comparable wi th  t h a t  f o r  t h e  l a r g e r  s i z e s ,  s i n c e  the  m a t e r i a l  w a s  

i n  a 60% cold-worked condi t ion  and the  g r a i n s  were c l e a r l y  ve ry  elon-  

ga ted  and d i f f i c u l t  t o  measure. 

t h e  curve ( g r a i n  s i z e  of 1 t o  6 ) ,  damage decreases  f o r  smal le r  g r a i n  

s i z e .  The decrease i s  by a f a c t o r  of about 3 over t h i s  range of v a r i a -  

t i o n  i f  g r a i n  dimension ( f a c i u i  u f  /-' ( 5 ) ' 1 2 > .  This t r end  i s  c o n s i s t e n t  

Thus, f o r  the  more accu ra t e  p o r t i o n  of 
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19 21 
and Boetcher. with e a r l i e r  observations by Mousson 

These tests appear to indicate that s ince grain s i z e  a f f e c t s  

cavitat ion damage s ign i f i cant ly  even though other mechanical properties 

are constant, a correlat ion of damage with mechanical properties alone 

i s  not poss ib le .  



CHAPTER V 

CONCLUSIONS 

Several  gene ra l  conclusions can be drawn on the  b a s i s  of t h i s  

inve s t i g a  t i on. 

A .  Damage Cor re l a t ions  

I n  gene ra l ,  t h e r e  has been l i t t l e  success  i n  ob ta in ing  a co r re -  

l a t i o n  of t he  c a v i t a t i o n  damage d a t a  i n  t h e  mercury system wi th  a s i n g l e  

mechanical property of t h e  specimen m a t e r i a l s .  I n  the  water  system both 

e l a s t i c  modulus and t h e  r a t i o  of the material and f l u i d  a c o u s t i c  imped- 

ance seem t o  c o r r e l a t e  w e l l  w i th  t h e  damage. I n  both f l u i d s  a good co r -  

r e l a t i o n  has been obtained wi th  a group of  s e v e r a l  mechanical p r o p e r t i e s ,  

involving a combination of s t r e n g t h  and energy p r o p e r t i e s .  This  included 

t e n s i l e  s t r eng th  and t r u e  breaking s t r e n g t h  i n  mercury, and a c o u s t i c  

impedance r a t i o ,  t e n s i l e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  and e l a s t i c  modulus 

i n  water .  

found. It i s  suspected t h a t  such gene ra l  c o r r e l a t i o n s  based on t h e  con- 

ven t iona l  s emi - s t a t i c  m a t e r i a l  mechanical p r o p e r t i e s  do not  i n  f a c t  

e x i s t  . 

No gene ra l  c o r r e l a t i o n  t o  apply f o r  both f l u i d s  has been 

88 
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B. Microexaminations 

1. Prof icorder  Techniques 

Examinations with a very s e n s i t i v e  l i n e a r  t r a c i n g  technique 

show t h a t :  

a )  t he  s i z e  and shape of c a v i t a t i o n  produced p i t s  i nd ica t e s  a 

single-blow na ture  of the  event producing the  damage, during t h e  e a r l y  

phases of damage. Later, the  surface becomes l a rge ly  covered by such 

s ingle-event  c r a t e r s  so t h a t  t h e i r  i n t e r a c t i o n  begins t o  cause f a t igue  

f a i l u r e s ,  which are a l s o  enhanced by weaker blows unable t o  leave a 

permanent d i s t o r t i o n .  This e a r l y  phase of damage when s ingle-event  

c r a t e r s  predominate MY be t h e  "incubation period'' o f t e n  noted i n  the  

l i t e ra ture .  However, from our  da ta ,  there  i s  weight loss during t h i s  

per iod  although perhaps less than sometimes de tec ted .  

b) There is  an almost one t o  one comparison i n  the  s i z e ,  shape 

and depth t o  diameter r a t i o  between impact p i t s  from l iqu id  impact t e s t s  

and c a v i t a t i o n  p i t s ,  where t h e  corresponding v e l o c i t i e s  of inpzct  a r e  

4000 f t . / s e c .  f o r  wacer, Giid abzat 599 f+-!sec. f o r  mercury. 

c) There i s  a d i r e c t i o n a l  v a r i a t i o n  i n  the  assumed angle of 

incidence of the  damaging blow f o r  t he  water t e s t s  with varying t e s t  

f l u i d  ve loc i ty .  

2 .  Microhardness Examinations 

There i s  a s i g n i f i c a n t  increase i n  sur face  hardness on the  

copper,  z inc ,  and n i cke l  alloy specimens t e s t e d ,  with increased dura t ion  

of exposure up t o  one hundred hours .  This  i nd ica t e s  t h a t  t he  sur face  i s  

undergoing cold-work due t o  the repeated app l i ca t ion  of blows from 
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co l l aps ing  bubbles, some of which do not leave v i s i b l e  c r a t e r s .  The 

e f f e c t  i s  g r e a t e s t  f o r  t h e  s o f t e s t  materials i n  the  region where t h e  

l a r g e s t  number of bubbles e x i s t s  (even though i n  a small c o l l a p s i n g  

p res su re  d i f f e r e n t i a l )  . 
3 .  Grain S ize  E f f e c t s  

There i s  a gene ra l  decrease i n  damage i n  the  water  t e s t s  on 

t h e  copper, z inc ,  and n i c k e l  a l l o y s  with decreasing g r a i n  s i z e  f o r  com- 

parable  s t r eng th  ranges of the materials. I f  a s i g n i f i c a n t  damage e f f e c t  

e x i s t s  with g r a i n  s i z e ,  even though o t h e r  mechanical p r o p e r t i e s  are con- 

s t a n t ,  i t  is clear t h a t  a c o r r e l a t i o n  i n  terms of mechanical p r o p e r t i e s  

alone cannot be completely success fu l .  

C .  P i t  Cor re l a t ions  

P i t t i n g  r a t e  and s i z e  d i s t r i b u t i o n  d a t a ,  along with p re s su re  and 

bubble d i s t r i b u t i o n  on the  specimen pol ished su r face ,  shows t h a t :  
4 

a )  I n  general ,  t h e r e  i s  a t  least  a 10 :1 r a t i o  between t h e  

number of bubbles observed on the  specimen su r face  and the  r e s u l t i n g  

number of p i t s  observed t h e r e  pe r  u n i t  t i m e .  The r a t i o  becomes much 

g r e a t e r  i n  regions of low c o l l a p s i n g  p res su re  d i f f e r e n t i a l ;  

b) The p i t  s i z e  number d i s t r i b u t i o n  has  a maximum a t  about 0.05 

m i l s  diameter f o r  most of t h e  m a t e r i a l s  i n  both f l u i d s ;  

c )  The p i t t i n g  r a t e  v a r i e s  w i t h  ax ia l  p o s i t i o n  and e x h i b i t s  a 

maximum a t  an intermediate  a x i a l  l o c a t i o n  due t o  t h e  i n t e r a c t i o n  of a 

decreasing number of bubbles and an inc reas ing  c o l l a p s e  p re s su re  i n  t h e  

d i r e c t i o n  of downstream motion; 
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d) The p i t  s i z e  number distribution s h i f t s  i n  the direct ion of 

a re la t ive ly  larger number of larger p i t s  as the observer moves down- 

stream since the pressure increases i n  t h i s  direct ion and the number of 

bubbles decreases. 



APPENDIX A 

COMPUTER ANALYSIS OF CAVITATION DAMAGE DATA 

The computer program used t o  compute the mean depth of penetra- 

t ion ,  both from the p i t  count data and the weight loss measurements, i s  

l i s t e d  on the following pages. Included a l s o  i s  a page of typical  out- 

put showing the numbers calculated, e t c .  

92 



-93r- 

STAR? 

AGA I N 

OCOMI’ILE MAD,EXECUTEvDUMP,PUNCH OBJECT 
R PROGRAM A 
R REVISED AS OF FEB 23, 1 9 6 5 0  
R 

z = z  
READ DATA F L U I D  

PRINT FORMAT T I T L E ,  F L U I D  
JrO 
K = l  
READ FORMAT RFMTIMATLINOIVELSCAV 
MDPR = 0 
AMDPR = 3 
MDP2 = 0 
AMDPZ = 0 
H2 = 0 
1-0 
READ DATA t iRSrN19N29N3rN4r  AWL 
WHENEVER Z.E.3 
P R I N T  COMMENT Su 

J = J + 1  
z = 1  
OR WHENEVER Z.E.4 
PRINT COMMENT 38 

J = J + 1  
2 = 2  
END OF CONDITIONAL 
WHENEVER JaE.25 
K = K + l  
PRINT FORMAT PAGE, K 
PRINT FORMAT T I T L E ,  F L U I D  
J = O  
END OF CZli\iD I T  IONkL 

- PRINT FORMAT TABLE 

1 L E  DATA WERE OBTAINED I N  THE OLD WATER LOOPS 

1 L E  DATA WERE OBTAINEL I N  DRY MERCURY S 

WHENEVER HRSoLoO, TRANSFER TO START 
WHFNFVER 1.E.d 
FLAG = HRS 
K l O = N l  
N20=N2 
N30=N3 
N40=N4 
I = 1  
END OF CONDITIONAL 
WHENEVER Z.E.2 
N 1  = 0 
N2 = 0 
N3 = 0 
N 4  = 0 
OTHERWISE 
N l = N l - N l L I  
N2=N2-N21, 
N3=N3-N3C, 
N4=N4-N40 
END OF CONDITIONAL 
WHENEVER M A T L . E . B S S B . O R . M A T L . E . ~ C S $  
RO = 7.85 

NEXT SANP 

N E X T  SAMP 
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I 

OR WHENEVER M A T L o E o B F L E X B  
RO = 1.23 
OR WHENEVER M A T L * E * B C B Z R B  
RO = 0.72 
OR WHENEVER M A T L o k o B A L B  

OR WHENEVER MATL .E.BCZB 
RO = 8 .616  
OR WHENEVER M A T L o t . B A B . O R . M A T L . E o ~ ~ ~  
RO = 17 .655  
OR WHENEVER MATL.E.BCUB 

OR WHENEVER MATLoEoBCNB 
R O  = 9 .040 
OR WHENEVER M A T L o E e B N I B  
RO = 8 .973  
OR WHENEVER MATL eE.SSSlB 
R O  = 7 .994 
OK dHENEVEH M A T L o E o B F O  
R O  = 7 .810  
OR WHENEVER M A T L o E o B D i  
RO = 9.832 

RO = 2.77 

R O  = 9 . 0 2 4 8  

OR WHENEVER MATL.E.BGS 
RO = 4 0 . 5 2  
OR WHENEVER M A T L o E o B E B  
RO = 10.215 
END OF C O N D I T I O N A L  
A U X l  = . 5 2 1 6 * N 1 + 6 . 0 3 6 3 * N 2 + 7 1 . 1 5 4 7 * ~ ' J 3 + 3 3 4 . 4 5 1 3 " N 4  
KO = 7 0 3 4 6 E - 3  
K P  = 1.172 
KS = 3 .601  
WLPS = 1.642E-8*RO*KO*KP.P.3*AUXl  

APS = 3 0 7 2 E 4  
AT = 3 0 3 6 2 E 5  
MDPPS = KO * KP.P.3 * A U X l  / A P S  
MDP = KO * KP.P.3 * K S  * h U X l / A T  
AUX2 = . 6 4 8 0 * N 1  + 3 0 1 5 2 5 * N 2  + 1 6 0 4 7 9 9 S N 3  + 4 6 . 6 2 3 3  * N4 
PDAPS = 2 5 . * 3 0 1 4 1 5 9  * KP.P.2 *AL 'X2 /APS 

AMDP = A W L / ( A T  it 1 0 6 4 2 E - 8  * R O )  
WHENEVER WLoEoJ 

WL = K S  * WLPS 

PDA = 2 5 0 * 3 0 1 4 1 5 9 * K P . ? o 2  *KS * A U X Z / A T  

APDA = 0 
OTHERWISE 
APDA = PDA * A W L  / WL 
END OF C O N D I T I O N A L  

MDPR = 0 
AMDPR = 0 
MDPZ = 3 
AMDPZ = 0 
H 2  = 0 
CTHERW I SE 
H 1  = H 2  
M D P l  = MDPZ 
A M D P l  = AMDP2 
H 2  = HRS 
MDP2 = MDP 
AMDPZ = AMDP 

WHENEVER HRSoEoO 



I :  

. 

I -  

, -  

MDPR = (MDP2 - M D p l ) / ( H Z - H l )  
AMDPR (AMDP2 - A M D p l l / ( H Z - H l )  
END OF CONDITIONAL 
WHENEVER HRSoGmFLAG 
WHENEVER ZoE.1 
P R I N T  FORMAT P F M T ~ ~ H R S , N ~ ~ N ~ , N ~ S N ~ ~ M D P , P D A , M D P R ~ A M D P ~ A P D A ~  

1 AMDPRIAWL. 
OR WHENEVL? a - e E 3 0  
PR I N T 
OR WHENEVER ZsE.2 
P R I N T  FORMAT PFMT2,HRS,AMDP, AMDPR ,AWL 
END OF CONDIT lONAL 
OTHERW I S E  
P R I N T  FORMAT P F M T * M A T L I N O I V E L , C A V I H R S , N ~ ~ " ~ , N ~ , M D P W P D A ~  

END OF CONDITIONAL 
J=J+l 

K = K + l  
P R I N T  FORMAT PAGE,K 
P R I N T  FORMAT T I T L E ,  F L U I D  
J = O  
END OF CONDITIONAL 
TRANSFER TO A G A I N  
FO,3MAT VARIABLE Z 
INTEGER M A T L * N O , N l , N 2 , N 3 * N 4 r J , K , I , Z , F L U I D ,  C A V  

F OEnA T ~ ?ftVT 1 * HR S 9 N 1 9 N 2 9 N 3 9 N 4  v MDP v PD A 9 MDPR 

1 MDPR,AMDP,APD/~,AMDPR,AWL 

WHENEVER J. E o  25 

R 
R FORMAT VALUES 
R 

VECTOR VALUES TABLE=SlH l ,S63,8HTABLE *3 
VECTOR VALUES TITLE=81HO~S50~30HCAVITATXO& DAMAGE DATA I N  

1 s C 6 / / S l Q  9 1 0 3 H  WL = WEIGHT LOSS, MDP = MEAN DEPTH OF 

39119HTHKOAT C A V o  HGURS P!T CQUNT DATA ---- CALCULATED 
4VALUES ---- ----- ACTUAL ( O R  MEASURED) VALUES ----- 
5 / 1 2 ? " M A T I  NO. VEL-FPS COND RUN N 1  N2 N3 N 4  MOP-MI L 
65 PDA-PERCENT MDPR-MILS/HR MDP-MILS PGA-FERCC%T M 2 P R - M I I  5 
7/HR WL-GRAMS * S  

2PENETRATION9 PDA = PLRCENT DAMAGED AREA, R = RATE / / / s 9  

VECTOR VALUES PAGE=.SlHl ,S63r5HPAGE 912*8  
VECTOR VALUES R F M T = B C ~ , S ~ * I ~ * S ~ , F ~ O ~ * S ~ * C ~ * S  
VECTOR VALUES PFMT=$lt iO,C4s 13,SZ~F5oltS2,C4~Sl~F5.l~S1~14~ 

1 S l ~ I 3 ~ S 2 ~ I 2 ~ S l ~ I 2 ~ S 3 ~ l P E l ~ o 3 ~ S 2 ~ l P E l ~ o 3 ~ ~ 2 ~ l P € l ~ o ~ ~ ~ 2 ~ l P ~ l C o 3  
2 ~ S 2 ~ 1 P E 1 0 0 3 ~ S 2 ~ 1 P E 1 0 0 3 ~ S 2 ~ l P E l 0 0 3 * ~  

VECTOR VALUES P F M T ~ = B ~ H C I S ~ ~ ,  F 5 o l r S 1 , 1 4 r  
l S 1 ~ I 3 r S 2 ~ I 2 ~ S l ~ I 2 ~ S 3 , 1 P E 1 0 . 3 , S 2 , 1 P E 1 0 . 3 ~ S 2 ~ l P E l O o 3 ~ 5 ~ ~ l P € l O ~ ~  
2 ~ S 2 r l P E 1 ~ 0 3 ~ S 2 ~ 1 P E 1 0 0 3 ~ S 2 ~ l ~ E 1 0 ~ 3 * ~  

l I N G  WAS NOT POSSIBLE ---- , l P E 1 0 0 3 , S 1 4 ,  1 P L ' l C  
2.3,S2r lPE10.3*B 

VECTOR VALUES PFMT2 = 81HO9S21 ,F501,55H ---- P I T  C L ; ~ ~ T  

END OF PROGRAM 
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APPENDIX B 

. 

COMPUTER REGRESSION ANALYSIS OF DAMAGE DATA 
VERSUS MECHANICAL PROPERTIES 

Due t o  the  length and complexity of t h e  r eg res s ion  program it i s  
22 

not  reproduced i n  d e t a i l  here  as it appears i n  the  o r i g i n a l  r e fe rence .  

However, it i s  d e s i r a b l e  t o  descr ibe  i n  genera l  t he  c h a r a c t e r i s t i c s  and 

unique ope ra t iona l  f e a t u r e s  of the  program i n  order  t o  b e t t e r  understand 

t h e  p r e d i c t i o n s  r e s u l t i n g  from the use of i t  wi th  respec t  t o  the  damage 

d a t a .  

The program i s  i n  essence a least mean square f i t  r eg res s ion  

a n a l y s i s .  It is capable  of handling 59 independent v a r i a b l e s ,  one 

dependent v a r i a b l e ,  36 terms per v a r i a b l e ,  i .e.,  36 powers pe r  independ- 

ent v a r i a b l e ,  and t h i r d  o rde r  i n t e r a c t i o n s  of terms, i . e . ,  a term of 

t h i s  l a t t e r  type would be X ( l ) % ( 2 )  X(3)'. Due t o  the  tremendous number 

of  poss ib l e  terms a v a i l a b l e  i f  the program i s  u t i l i z e d  t o  f u i i  capacity,  

it  has incorporated i n t o  it a process  of l ea rn ing .  The program s e l e c t s  

a subse t  of up t o  59 terms f o r  a s i n g l e  pass  out  of t h e  poss ib l e  la rge  

number of terms generated f o r  t he  e n t i r e  number of v a r i a b l e s  considered 

t o  t h e i r  d i f f e r e n t  powers and i n t e r a c t i o n  o r & r s ,  e .g . ,  f o r  8 v a r i a b l e s ,  

10 terms per  v a r i a b l e ,  t h e r e  a re  80 poss ib l e  terms t o  analyze.  However, 

i f  second order  i n t e r a c t i o n s  a r e  permit ted,  t h e  t o t a l  number of poss ib l e  

terms becomes 2880. Thus, i t  is  soon obvious t h a t  i t  would t ake  a long 

b 

95 
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time t o  examine a l l  poss ib l e  terms i n  t h i s  manner. The simple l ea rn ing  

technique incorporated i n  t h i s  program c o n s i s t s  of a weighting of t he  

terms i n  the matr ix ,  such t h a t  t he  p r o b a b i l i t y  of s e l e c t i n g  terms of t he  

type t h a t  have been s e l e c t e d  i n  a previous pass as good f i t s  a r e  

increased,  and v i c e  v e r s a ,  f o r  t h e  terms of a type t h a t  have not been 

shown t o  have a good f i t  i n  a previous pas s .  

t o  converge more r a p i d l y  on a s t a t i s t i c a l l y  good f i t  of t h e  observed 

d a t a  po in t s  w i th  a func t ion  of the independent v a r i a b l e s  t h a t  were pre-  

sented t o  i t .  The r eg res s ion  a n a l y s i s  i s  terminated when e i t h e r  of 

t h r e e  c r i t e r i o n  a r e  s a t i s f i e d :  (1) The p r o b a b i l i t y  of i n s e r t i n g  another  

term o r  removing a term from t h e  c u r r e n t  p r e d i c t i n g  equat ion i s  such 

t h a t  t he  chance of g e t t i n g  a bad t e r m  i n  o r  of t ak ing  a good t e r m  out  i s  

g r e a t e r  than t h e  c o n t r o l  value s p e c i f i e d ,  (2) t h e  t o t a l  number of pos- 

s i b l e  terms i s  exhausted and t h e r e  a r e  none l e f t  t o  i n s e r t ,  (3) t he  

t o t a l  number of  t r i a l  passes  s p e c i f i e d  i s  exceeded. 

Thus, t h e  program i s  ab le  

The sequence of a n a l y s i s  events  occurs  as follows: 

The program reads i n  t h e  s p e c i f i e d  c o n t r o l  information and d a t a  

s e t s ,  s e t s  up a l a b e l i n g  system f o r  t h e  t o t a l  p o s s i b l e  number of terms, 

and then randomly p i cks  out  a subset  of up t o  59 of t hese  f o r  t he  f i r s t  

pass .  It then computes i n d i v i d u a l  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  each 

t e r m  with respect t o  t h e  observed d a t a  va lues  l i s t e d .  The t e r m  w i th  t h e  

h ighes t  c o r r e l a t i o n  c o e f f i c i e n t  i s  s e l e c t e d  t o  be en te red  i n t o  t h e  equa- 

t i o n  and t h e  least mean squares a n a l y s i s  i s  used t o  generate  t h e  c o e f f i -  

c i e n t s  f o r  an equat ion of t h e  following form: 

c 

Y = a, + alX1 
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and t h e  s t a t i s t i c a l  information regarding t h e  f i t  of t h i s  equat ion t o  

t h e  d a t a  is  computed. The program then computes an importance f a c t o r  

f o r  t h e  t e s t  of t h e  terms not  i n  the  equat ion wi th  regard t o  how each 

w i l l  b e s t  account f o r  t he  devia t ions  between the  a c t u a l  da t a  and t h e  

p red ic t ed  va lues .  The bes t  term i n  t h i s  r e spec t  i s  en te red  i n t o  the  

equat ion  i f  t h e  t e s t  f o r  the  p r o b a b i l i t y  of i n s e r t i o n  and d e l e t i o n  e r r o r  

i s  passed. I f  no t ,  t h e  regress ion  is  terminated.  This  process  i s  con- 

t inued  u n t i l  t he  bes t  f i t  p red ic t ing  equat ion poss ib l e  wi th  the  f i r s t  

subse t  of terms is achieved. This completes a s tandard  t r i a l .  Then, 

s t i l l  working wi th  t h e  same subset  of terms, a random t r i a l  i s  per -  

formed. The above process  is repeated through t h e  e n t e r i n g  of t he  f i r s t  

term. The second term i n  t h i s  case  i s  chosen randomly from the  remain- 

i ng  terms of t h e  subse t  w i th  respec t  t o  t h e  importance f a c t o r s .  Th i s  

process  i s  continued as f o r  the  s tandard t r i a l  u n t i l  t h e  r eg res s ion  i s  

terminated f o r  one of t he  th ree  reasons mentioned previous ly .  Severa l  

random trials a r e  poss ib l e  p e r  pas s ,  and i n  some cases  r e s u l t  i n  a 

b e t t e r  p red ic t ing  equativil tk.a t h e  Ftandard t r i a l  due t o  the  combina- 

t i o n  of s e v e r a l  terms t h a t  did not have as high of importance f a c t o r s  

being b e t t e r  than  another  s i n g l e  term wi th  t h e  h ighes t  importance fac-  

t o r  a8 s e l e c t e d  i n  t h e  s tandard t r i a l .  

A t  t h i s  po in t ,  t he  learn ing  technique i s  employed by inc reas ing  

t h e  p r o b a b i l i t y  of picking terms of t he  type t h a t  got  i n t o  t h e  equat ion  

i n  the  last pass  and decreasing the  p r o b a b i l i t y  of picking those  types 

of terms t h a t  d id  not ge t  i n .  The terms t h a t  a r e  i n  t h e  equat ion from 

t h e  l a s t  pass a r e  en tered  i n  the subset  f a r  t!x   lent pass  and a random 
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process  of  s e l e c t i o n ,  w i th  r e spec t  t o  t h e  changed p r o b a b i l i t i e s  of t e r m  

s e l e c t i o n ,  i s  employed t o  s e l e c t  enough o t h e r  terms from t h e  t o t a l  pos- 

s i b l e  t o  f i l l  out t he  subset  t o  i t s  normal va lue .  Another pass as 

described above i s  then i n i t i a t e d  and c a r r i e d  o u t .  A t  t he  end of t h e  

prescr ibed number of passes ,  t h e  b e s t  t r i a l  of t h e  b e s t  pass i s  i n d i -  

ca t ed  and t h e  s ta t is t ics  of degree of f i t  t o  t h e  d a t a  are generated and 

p r i n t e d  out along with t h e  p red ic t ed  equat ion.  

t he  following da ta  and c o n t r o l  parameters.  

A t y p i c a l  pass would use 

Control parameters used f o r  t y p i c a l  pass:  

Prescr ibed Coef f i c i en t  of Determination = 0.97 

Prescr ibed Standard E r r o r  of Y = 0.00 

P r o b a b i l i t y  of i n s e r t i o n  e r r o r  = 0.01 

P r o b a b i l i t y  o f  d e l e t i o n  e r r o r  = 0.01 

Number of independent v a r i a b l e s  = 10 

Number of terms pe r  v a r i a b l e  10 

1 I n t e r a c t i o n  o rde r  - 
Number of terms pe r  pas s  = 40 

- - 
- 

Thus the  t o t a l  poss ib l e  terms i s  100. 

I n  the program used, t he  mechanical p r o p e r t i e s  were read i n  as 

follows , i . e .  , as dependent v a r i a b l e s  : 

X ( 1 )  = Tens i l e  S t r eng th  

X ( 2 )  = Yield S t r eng th  

X ( 3 )  = Engineering S t r a i n  Energy 

X ( 4 )  = Elastic Modulus 
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X(5) = Brinel l  Hardness 

- - X(6) = Acoustic Impedance = y M d  f lu id  
f (E/? ) material 

f lu id  
material 

(Density x Sonic Velocity) 
(Density x Sonic Velocity) 

X(7) = True Breaking Stress 

X(8) = True Strain Energy 

X(9)  = % Elongation 

X(10) = % Reduction of Area 

X(11) - MDP (Independent Variable) 



APPENDIX C 

DEFINITION OF CAVITATION CONDITIONS 

The degree of c a v i t a t i o n  as def ined i n  the  o v e r a l l  damage inves- 

t i g a t i o n s  i n  t h i s  l abora to ry  and i n  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n  d i f f e r  

between mercury and water. 

specimens a r e  used, c a v i t a t i o n  i n i t i a t e s  a t  t h e  t h r o a t  o u t l e t  f o r  a l l  

v e l o c i t i e s  used thus f a r ,  and the  degree of c a v i t a t i o n  app l i ed  t o  t h e  

mercury t e s t s  desc r ibes  the  e x t e n t  of t h e  c a v i t a t i o n  cloud s t a r t i n g  a t  

t h e  t h r o a t  o u t l e t  and extending downstream t o  t h e  point  i nd ica t ed ,  i . e . ,  

" cav i t a t ion  t o  nose" i s  s e l f  explanatory.  However, i n  t he  case of 

water, where t h r e e  specimens a r e  used, t hus  p re sen t ing  more blockage t o  

t h e  v e n t u r i ,  t he  c a v i t a t i o n  cloud i n i t i a t e s  on t h e  nose of t he  specimens 

and extends downstream t o  some po in t  a r b i t r a r i l y  l abe led  by t h e  degree 

of c a v i t a t i o n  terminology. The f i r s t  v i s i b l e  man i fe s t a t ion  of  c a v i t a -  

t i o n  occurs on the  nose of t h e  t e s t  specimen, and thus  t h e  t e r m  " v i s i b l e  

i n i t i a t i o n "  was app l i ed  i n  t h i s  case. 

f u l l y  developed c a v i t a t i o n  followed the o l d  p rogres s ion ,  r e g a r d l e s s  of 

t h e  terminat ion point  on t h e  specimen. The fol lowing are t h e  d e f i n i -  

t i o n s  of t h e  degrees of c a v i t a t i o n  as used i n  t h i s  i n v e s t i g a t i o n :  

I n  t h e  mercury v e n t u r i ,  where only two 

Then, succeeding degrees of more 

Mercury 

V i s i b l e  I n i t i a t i o n  - continuous r i n g  of c a v i t a t i o n  a t  t h e  t h r o a t  
out l e t ,  about 1/8" long. 
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Cavi t a t ion  t o  Nose - 

Standard Cav i t a t ion  - 

C a v i t a t i o n  t o  Back - 

Water 

V i s i b l e  I n i t i a t i o n  - 

Cavi t a t ion  t o  Nose - 

Standard Cav i t a t ion  - 

c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  terminat ion a t  t h e  nose of the  specimen. 

c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  terminat ion a t  t h e  middle of t he  
specimen. 

c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  terminat ion a t  the  rear of t he  specimen. 

c a v i t a t i o n  cloud extends from nose of spec i -  
men t o  a p o i n t  downstream on specimen about 
1/8" long. 

c a v i t a t i o n  cloud extends from nose of speci- 
men t o  te rmina t ion  a t  t h e  middle of the 
specimen. 

c a v i t a t i o n  cloud extends from nose of spec i -  
men t o  te rmina t ion  a t  t h e  r e a r  of t h e  
specimen . 

From t h e  pressure  p r o f i l e  d a t a  i n  t h i s  r e p o r t ,  t he  correspond- 

ence between water  and mercury from a s tandpoin t  of degree of c a v i t a t i o n  

i s  as fol lows:  

Mercury CondiLhri rcrresponds t o  Water Condi t ion 

Cav i t a t ion  t o  Nose -- V i s i b l e  I n i t i a t i o n  

Standard C a v i t a t i o n  -- Cavi t a t ion  t o  Nose 

Cav i t a t ion  t o  Back -- Standard C a v i t a t i o n  

This  would r e s u l t  i n  t he  pressure  g r a d i e n t s  on the  su r faces  and 

t h e  te rmina t ion  p o i n t s  on the  su r faces  being approximately the  same f o r  

corresponding condi t ions  from water  t o  mercury. 



B IBLIOGRAP HY 

1. H a m m i t t ,  F .  G . ,  "Cavitation Damage and Performance Research F a c i l -  
i t i e s , "  ASME F lu ids  Engr. Conf., Ph i l ade lph ia ,  Pa. ,  May, 1964, 
Symposium on Cav i t a t ion  Research F a c i l i t i e s  and Techniques, 1 7  5-184. 

2 .  Robinson, M. J . ,  "On t h e  De ta i l ed  Flow S t r u c t u r e  and the  Correspond- 
ing Damage t o  Test Specimens i n  a C a v i t a t i n g  Venturi ,"  Ph.D. Thesis ,  
Nuclear Engineering Department, The Un ive r s i ty  of Michigan, Ann 
Arbor, August, 1965. Also ORA Technical  Report No. 03424016-T, 
Laboratory f o r  F l u i d  Flow and Heat Transport  Phenomena, Nuclear 
Engineering Department, The Un ive r s i ty  of  Michigan, August, 1965. 

3. Rasmussen, R .  E .  H. ,  "Some Experiments on C a v i t a t i o n  Erosion i n  
Water Mixed wi th  A i r , "  Symposium on C a v i t a t i o n  in Hvdrodvnamics, 
National Phys ica l  Laboratory, Teddington, England, Sep t .  14-17, 
1955, 20 p.1 t o  20 p.25. 

4 .  Hami t t ,  F.  G . ,  Er icson,  D . ,  Ivany, R . ,  Garcia, R . ,  and Robinson, 
M. J . ,  " F e a s i b i l i t y  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  Number Measurements 
i n  Mercury and Water with Gas I n j e c t i o n , "  ORA Technical  Report No. 
06110-2-T, Laboratory f o r  F lu id  Flow and Heat Transport  Phenomena, 
Nuclear Engineering Department, The Un ive r s i ty  of Michigan, J u l y ,  
1964. 

5. H a m m i t t ,  F.  G . ,  Robinson, M. J . ,  Ericson,  D.  M . ,  Robinson, R. A . ,  
Jbopman, R.  P . ,  Ahmed, 0.  S. M . ,  "An I n v e s t i g a t i o n  of Entrained Gas 
E f f e c t  on Cav i t a t ion  Number i n  Mercury i n  a Ventur i ,"  ORA Technical  
Report No. 06110-3-T, Laboratory f o r  F l u i d  Flow and Heat Transport  
Phenomena, Nuclear Engineering Department, The Un ive r s i ty  of Michi- 
gan, February, 1966. 

6 .  Ericson, USAF Capt. D .  M . ,  J r . ,  Ph.D. Thes i s  i n  progress ,  Nuclear 
Engineering Department, The Un ive r s i ty  of Michigan. 

7 .  Harrison, C .  A . ,  Robinson, M .  J . ,  S i e b e r t ,  C .  A .  H a m m i t t ,  F .  G . ,  
and Lawrence, J . , "Complete Mechanical P r o p e r t i e s  S p e c i f i c a t i o n s  f o r  
Mate r i a l s  as Used i n  Venturi  C a v i t a t i o n  Damage Tests," ORA I n t e r n a l  
Report No. 03424-29-1, Department of Nuclear Engineering, Laboratory 
f o r  F lu id  Flow and Heat Transport  Phenomena, The Un ive r s i ty  of 
Michigan, August, 1965. 

102 



103 

8. DeCorso, S .  M., "Erosion Tests of Steam Turbine Blade Materials," 
ASTM Proceedings,  Am. SOC. Test ing Mats., Vol. 64, pp. 782-796. - 

9. Engel, 0. G. ,  "Pits i n  Metals Caused by C o l l i s i o n  wi th  Liquid Drops 
and S o f t  Metal S p h e r e s , " d .  of R- af N a t .  Bur. m., Vol. 62, 
No. 6, Research Paper No. 2958, June, 1959, pp. 229-246. 

10. C r a m e r ,  V .  F., and Hamit t ,  F. G . ,  "Cavitation P i t  Diameter-Depth 
Observations f o r  S t a i n l e s s  Steel  i n  Water," ORA Report No. 03424-9- 
I, Department of Nuclear Engineering, Laboratory f o r  F l u i d  Flow and 
Heat Transport  Phenomena, The Un ive r s i ty  of Michigan, Aug., 1961. 

11. H a m m i t t ,  F. G . ,  "Observations of Damage i n  a Flowing System," 
Trans. ASME, J .  Basic Engr., V o l .  85, Sep t . ,  1963, pp. 347-359. 

12. H a m m i t t ,  F. G . ,  e t .  a l . ,  "Cavitation Damage i n  Mercury and Water i n  
a Cav i t a t ing  Ventur i  and Other Components," ORA Technical  Report 
No. 03424-9-T, Laboratory f o r  F l u i d  Flow and Heat Transport  Phenom- 
ena, The Universi ty  of Michigan, Department of  Nuclear Engineering, 
S e p t . ,  1963. 

13. Olson, H. G . ,  unpublished t h e s i s  da t a ,  Ph.D. t h e s i s ,  Nuclear 
Engineering Department, The Un ive r s i ty  of Michigan, t h e s i s  i n  
progress .  

14. P l e s s e t ,  M. S., "Pulsing Techniques f o r  Studying C a v i t a t i o n  Erosion 
of Metals," Corrosion, May, 1962, pp. 181-188. 

15. Ivany, R. D . ,  H a m m i t t ,  F. G . ,  and Mi tche l l ,  T .  M . ,  "Cavi ta t ion 
Bubble Collapse Obsemetions i n  a Venturi," ASME Paper No. 65-WA/ 
FE-20, t o  be published Trans. ASME, J .  Basic Enzr., a b s t r a c t e d  
- = -  L L ~ ~ ~ ~ ~ ~ ~  -a--;,.=l _ _ _ _  E n e i n e e r - ,  Feb., 1966, p. 80. 

.. 
16. E l l i s ,  A. T . ,  "Observations on C a v i t a t i o n  Bubble Collapse," Pn.2. 

t h e s i s ,  Hydrodynamics Laboratory, C a l i f o r n i a  I n s t i t u t e  of Technol- 
ogy, December, 1952. 

1 7 .  Mi t che l l ,  T . ,  unpublished t h e s i s  da t a ,  Ph.D. t h e s i s ,  Nuclear 
Engineering Department, The Universi ty  of Michigan, t h e s i s  i n  
progress .  

18. E l l i s ,  A. T . ,  "Parameters Af fec t ing  Cav i t a t ion  and Some New Methods 
f o r  The i r  Study," Report No. E-115.1, Hydrodynamics Laboratory, 
C .I .T. ,  October, 1965. 

Mousson, J. M., " P i t t i n g  Resistance of Metals Under C a v i t a t i o n  con- 
d i t i o n s , "  ASME Trans. ,  Hydraulic Divis ion,  June, 1937, pp. 399-408. 

19. 

20. Wood, G.  M.,  Knudsen, L .  K . ,  and H a m m i t t ,  9. C . ,  "Cavi ta t ion Damage 
S tud ie s  wi th  Rotat ing Disk i n  Water," ASME Paper No. 66-FE-11, t o  
be published ASME Trans., J .  Basic Engr. 



104 

21. Boetcher, H. N . ,  "Failure of Metals Due t o  Cavitation Under Experi- 
mental Conditions," HYE-58-1, Trans. ASME, Vol. 58, 1936, pp.  355- 
360. 

22 .  Westervelt, F .  H., "Automatic System Simulation Programming," Ph.D. 
Thesis, The University of Michigan, November, 1960. 


