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ABSTRACT 

The r e s u l t s  of a comprehensive i n v e s t i g a t i o n  i n t o  t h e  

e f f e c t s  of s e v e r a l  v a r i a b l e s  on c a v i t a t i o n  i n c e p t i o n  p r i m a r i l y ,  

i n  a v e n t u r i ,  are r e p o r t e d .  These i n c l u d e  t o t a l  a i r  c o n t e n t ,  

v e n t u r i  t h r o a t  s i z e  and v e l o c i t y  w i t h  wa te r  a s  t h e  t e s t  f l u i d .  

The e f f e c t s  of g a s  c o n t e n t ,  v e n t u r i  t h roa t  s i z e ,  s u r f a c e  rough- 

n e s s ,  v e l o c i t y ,  and f l u i d  tempera ture ,  w i t h  mercury a s  t h e  tes t  

f l u i d  are also examined. The  d a t a  w a s  c o r r e l a t e d  us ing  a compu- 

t e r i z e d  leas t  mean squa re  r e g r e s s i o n  a n a l y s i s .  A f i n a l  corre- 

l a t i o n  of a l l  measured cavitation numbers with Reynolds number, 

based  on v e n t u r i  t h r o a t  diameter  and v e l o c i t y ,  i s  also inc luded .  
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CHAPTER I 

INTRODUCTION 

In the past there have been only a few attempts to 

examine the effect of gas content on cavitation in fluid-handling 

machinery such as centrifugal pumps, hydraulic turbines, etc. 

However, it is to be expected that there are significant in- 

fluences both upon cavitation damage and performance effects. 

The present paper is concerned only with these latter aspects. 

The effect upon cavitation number, both for inception 

and more fully-developed cavitation, of varying gas contents 

in cavitating venturis in both water and mercury is examined. 

Venturis were used for this purpose since they provide a rela- 

tively simple flowing system but still one which is similar 

enough to the flow geometry of many fluid-handling components 

so that the results should add to the basic understanding of 

the cavitation phenomena as it exists in such devices. In 

addition, the venturi results are compared where possible with 

results obtained in pumps. 

While no clear-cut understanding of the effects of gas 

content upon a flowing cavitating system eXiSt8 ,  it is evident 

that the relationships are very complex, and are bound up with 

the general group of phenomena usually labelled "scale effects," 

1 
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i . e . ,  t h e  observed d e p a r t u r e s  from c lass ica l  s c a l i n g  r e l a t l o n s  

i n  c a v i t a t i n g  systems due t o  changes i n  v e l o c i t y ,  s i z e ,  temper- 

a t u r e ,  e tc .  Thus t h e  e f fec ts  of v a r i a t i o n  i n  g a s  c o n t e n t  cannot  

i n  g e n e r a l  be looked upon a p a r t  f r o m  t h e  e f f e c t s  of  va ry ing  t h e  

o t h e r  parameters  which t o g e t h e r  c o n t r o l  t h e  c a v i t a t i n g  f low 

regime. 

I t  i s  expec ted  on t h e o r e t i c a l  grounds t h a t  e n t r a i n e d  

g a s  r a t h e r  t han  d i s s o l v e d  g a s  w i l l  be impor t an t  i n  i n f l u e n c i n g  

c a v i t a t i o n  i n c e p t i o n  i n  a f lowing system. S ince  t h e  l i f e t i m e  

of a c a v i t a t i o n  bubble  i n  such systems i s  t y p i c a l l y  ve ry  s h o r t  

( o r d e r  of m i l l i s e c o n d s ) ,  e s s e n t i a l l y  on ly  t h a t  d i s s o l v e d  g a s  

which i s  w i t h i n  t h e  l i q u i d  volume which a c t u a l l y  v a p o r i z e s  t o  

form t h e  bubble  can be involved.  S i n c e  t h e  s a t u r a t i o n  c o n t e n t  

of m o s t  g a s e s  i n  l i q u i d s  i s  only a few ppm by m a s s ,  t h e  d i s s o l v e d  

g a s  can i n  most cases form only a s m a l l  p o r t i o n  of t h e  bubble  

c o n t e n t s .  En t r a ined  g a s ,  however, i s  of ve ry  g r e a t  importance 

i n  bubble  n u c l e a t i o n  s i n c e  i t  p rov ides  t h e  i n t e r f a c e  ( o r  "nuc leus" )  

necessa ry  f o r  r u p t u r e  of t h e  l i q u i d  t o  occur  under t h e  very  

l i m i t e d  t e n s i o n s  which have been observed  t o  e x i s t  i n  such 

systems.  Assuming t h a t  i n  most c a s e s  a c a v i t a t i o n  bubble  w i l l  

grow f r o m  such an e n t r a i n e d  gas nuc leus ,  t h e  e n t r a i n e d  g a s  

p o r t i o n  of t h e  c o n t e n t s  of t h e  bubble  may be r e l a t i v e l y  sub- 

s t a n t i a l .  Thus i n  any i n v e s t i g a t i o n  o f  g a s  c o n t e n t  e f f e c t s  

upon c a v i t a t i o n  i n i t i a t i o n  i t  is obv ious ly  desirable  t o  measure 

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

s e p a r a t e l y .  
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Under t h e  p r e s e n t  s t a t e  of t h e  a r t  a good d e t e r m i n a t i o n  

of t h e  e n t r a i n e d  p o r t i o n  of the  t o t a l  g a s  c o n t e n t  i n  m o s t  

l i q u i d s  i s  d i f f i c u l t .  I t  cannot be w e l l  i n f e r r e d  from t h e  

t o t a l  g a s  us ing  known s o l u b i l i t y  c o e f f i c i e n t s ,  s i n c e  t h e  d i s -  

s o l v e d  g a s  i s  t y p i c a l l y  almost t h e  e n t i r e  q u a n t i t y ,  and t h e  

e x i s t e n c e  of an e q u i l i b r i u m  g a s - l i q u i d  s o l u t i o n  i n  a f lowing  

system cannot  be assumed due t o  p r e s s u r e  and/or t empera tu re  

g r a d i e n t s  w i t h i n  t h e  system. Thus t h e  development o f  a s imple  

l a b o r a t o r y  in s t rumen t  capab le  of measuring on ly  t h e  e n t r a i n e d  

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

of such  an in s t rumen t  have used e i t h e r  t h e  a b s o r p t i o n  of a c o u s t i c  

Approaches f o r  t h e  development 

energy  i n  a p p r o p r i a t e  f r e q u e n c i e s  by g a s  bubbles' o r  v i s u a l  

t echn iques .  

The use  of mercury as a t e s t  f l u i d ,  as h e r e i n  d i s c u s s e d ,  

p r o v i d e s  t h e  i n v e s t i g a t o r  w i t h  an  i n h e r e n t  advantage i n  t h i s  

r e s p e c t ,  s i n c e  t h e  s o l u b i l i t y  of most common gases i n  mercury 

i s  e s s e n t i a l l y  ze ro .  Thus t h e  t o t a l  g a s  and e n t r a i n e d  g a s  

q u a n t i t i e s  are e q u a l .  Th i s  f a c t  has  been u t i l i z e d  i n  t h e  

p r e s e n t  i n v e s t i g a t i o n .  



CHAPTER I1 

EXPERIMENTAL FACILITIES AND TECHNIQUES 

A. Major F a c i l i t i e s  

Two c l o s e d  loop  v e n t u r i  f a c i l i t i e s , *  one s u i t e d  fo r  

mercury o p e r a t i o n  up t o  600'F and 55 f t . / s e c . ,  and one for 

water t o  150'F and 220  f t . / s e c .  have been used.  Both w e r e  

f i t t e d  w i t h  d e v i c e s  f o r  i n j e c t i n g  g a s  3 ' 4  and bo th  have t h e  

c a p a b i l i t y  f o r  l i m i t e d  d e g a s s i f i c a t i o n .  T h i s  i s  provided  i n  

t h e  wa te r  f a c i l i t y  by a cold-water  vacuum d e a e r a t o r  i n  a bypass 

loop, and occur s  n a t u r a l l y  i n  t h e  mercury f a c i l i t y  due t o  t h e  

d i s e n t r a i n i n g  a c t i o n  of t h e  impe l lo r  of  t h e  c e n t r i f u g a l  sump 

pump which d r i v e s  t h e  loop. Thus i n  both  f a c i l i t i e s  i t  i s  

p o s s i b l e  t o  o b t a i n  s t e a d y - s t a t e  g a s  c o n t e n t  e i t h e r  by ach iev ing  

a ba lance  between i n j e c t i o n  and d e g a s s i f i c a t i o n  r a t e ,  o r ,  i n  

t h e  water loop, by a t t a i n i n g  a d e s i r e d  g a s  c o n t e n t  and t h e n  

s h u t t i n g  down bo th  i n j e c t i o n  and d e a e r a t i o n  equipment,  

B. V e n t u r i  Flow-Paths 

Geometr ica l ly  s i m i l a r  v e n t u r i s  ( F i g .  1) w e r e  used for 

a l l  t h e  tests. The t h r o a t  d i ame te r s  ranged from nominal v a l u e s  

of 118 t o  3/4 i n c h e s .  The l e n g t h  t o  d i ame te r  r a t i o s  of  t h e  

c y l i n d r i c a l  t h r o a t s ,  and t h e  converging and d i v e r g i n g  cone 

4 
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a n g l e s  i n  t h e  v i c i n i t y  of t h e  t h r o a t ,  w e r e  main ta ined  t h e  same 

f o r  a l l  t h r o a t  d i ame te r s .  Detai led drawings,  showing t a p  

l o c a t i o n s ,  a d a p t o r  c o n f i g u r a t i o n s ,  e tc .  a r e  p r e s e n t e d  elsewhere, 4 

P r e s s u r e  t a p s  are located near  t h e  i n l e t  and e x i t  of t h e  t h r o a t .  

a s  w e l l  as be ing  s u i t a b l y  spaced a long  t h e  d i f f u s e r ,  Ax ia l  

p r e s s u r e  p r o f i l e s  w e r e  ob ta ined  f o r  a l l  tests, and t h e  minimum 

p r e s s u r e  f r o m  these p r o f i l e s  used f o r  t h e  c a l c u l a t i o n  of cav i -  

t a t i o n  number, h e r e  d e f i n e d  as  

I n  g e n e r a l  P l e x i g l a s  v e n t u r i s  w e r e  used f o r  t h e  w a t e r  

tests and f o r  t h e  room tempera ture  mercury tests. 

t empera tu re  mercury tests (270°F and 400°F) ,  s t a i n l e s s  s teel  

v e n t u r i s  w i t h  t h e  same basic f low-path ( F i g .  1) w e r e  used. 

For t h e  h igh  

C. G a s  Measurement Techniques 

For t h e  water t e s t s  t h e  t o t a l  g a s  c o n t e n t  on ly  w a s  

measured us ing  a conven t iona l  Van Slyke  a p p a r a t u s .  A f l u i d  

sample i s  removed from the  loop  from a t a p  n e a r  t h e  v e n t u r i  

o u t l e t  and a measured volume s u b j e c t e d  t o  vacuum i n  t h e  Van 

S lyke ,  The sample i s  t h e n  a g i t a t e d  under  vacuum t o  free t h e  

d i s s o l v e d  and e n t r a i n e d  gas, which i s  t h e n  d r i v e n  i n t o  a s m a l l  

calibrated volume wherein i t s  p r e s s u r e  and t empera tu re  are 

measured. Assuming t h a t  t h e  g a s  molecular  weight  i s  known, or 

can  be e s t i m a t e d ,  i t  i s  then p o s s i b l e  t o  compute t h e  m a s s  of 

g a s  which w a s  a s s o c i a t e d  with t h e  o r i g i n a l  sample,  and hence 

bo th  t h e  volume p e r c e n t  gas i n  t h e  l i q u i d  and t h e  m a s s  p e r c e n t  

(or. P P ~ )  
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An entirely similar procedure was adopted for the mercury, 

using a suitably modified water Van Slyke. With these devices 

it was found possible to measure gas content in water down to 

about 0.1 volume percent with a precision of about - 10% which 

is equivalent with air to about 1 ppm by mass. The same minimum 

volume percent could be measured in mercury with about the same 

precision. Due to the density difference between mercury and 

water, this is the equivalent of about 0.1 ppm in mercury. 

-k 

It was also found possible to measure the volume of gas 

in mercury to about the same precision by allowing the gas in 

a mercury gas mixture within a standard capsule to expand from 

loop pressure to ambient and thus displace a volume of mercury 

into a calibrated capillary. By a comparison of this volume 

measurement to the mass measurement from the Van Slyke, it was 

found possible to infer the actual pressure under which the 

gas must have existed within the loop at the sampling point. 

By a comparison of this pressure with the measured loop pressure 

at that point and the use of the known value of surface tension 

in mercury, it was possible to estimate the mean bubble diameter 

of the entrained gas in the loop, assuming spherical bubbles, 

D. Gas Injection Techniques 

Only air was used forthe water tests, It was admitted 

as desired by simply slightly opening a fitting located i,n a 

region where the pressure was sub-atmospheric. The water-gas 

mixture was then allowed to become homogenized by operating the 



l oop  f o r  a f e w  minutes .  I f  it w e r e  d e s i r e d  t o  reduce  t h e  a i r  

c o n t e n t ,  t h e  d e a e r a t o r  w a s  used. I t  was found i n  g e n e r a l  t h a t  

no g a s  bubbles  were v i s i b l e  under s t r o b o s c o p i c  l i g h t  i l l u m i n a t i o n  

when t h e  g a s  c o n t e n t  was apprec i ab ly  below s a t u r a t i o n  a t  STP 

( 1 . 8 7  volume p e r c e n t ) .  

t h e  c a v i t a t i n g  r e g i o n ,  which normally commences a t  t h r o a t  

d i s c h a r g e ,  f o r  h i g h e r  g a s  c o n t e n t s  (F ig .  2 ) .  The mean r a d i u s  

Ent ra ined  gas  was v i s i b l e  upstream of 

of t h e s e  bubbles  i s  about  5 m i l s .  

For t h e  mercury tes ts  t h e  g a s  ( a i r ,  a rgon ,  and hydrogen 

a l l  w e r e  used)  w a s  i n j e c t e d  through a hypodermic n e e d l e  wi th  

t i p  f l a t t e n e d  i n t o  a s l i t  w i t h  an opening on t h e  o r d e r  of 0 . 1  

m i l s .  P re l imina ry  tes ts  i n  water  showed t h a t  s m a l l ,  w e l l -  

d i s p e r s e d  bubbles  cou ld  be ob ta ined  i n  t h i s  manner. A t y p i c a l  

bubble  c loud  i n  mercury upstream of t h e  c a v i t a t i n g  r e g i o n  of a 

P l e x i g l a s  v e n t u r i  has  an average bubble  r a d i u s  of abou t  8 m i l s  

(F ig .  3 ) .  This  i s  of t h e  same o r d e r  o f  magnitude computed u s i n g  

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

d i s c u s s e d ,  i f  c o r r e c t i o n  i s  made f o r  t h e  d i f f e r e n c e  between 

t h e  p r e s s u r e  a t  t h e  loop sampling p o i n t  and a t  t h e  v e n t u r i  

t h r o a t  where t h e  bubbles  w e r e  observed.  

E .  C a v i t a t i o n  D e t e c t i o n  i n  S t e e l  V e n t u r i  

I n  t h i s  s t u d y ,  c a v i t a t i o n  number h a s  been measured 

p r i m a r i l y  f o r  t h e  i n c e p t i o n *  c o n d i t i o n .  I t  w a s  e s t a b l i s h e d  t h a t  

" v i s i b l e  i n i t i a t i o n "  and " son ic  i n i t i a t i o n "  ( d e f i n e d  i n  t h e  

*For t h e s e  c l o s e d  loop f a c i l i t i e s ,  e x c e p t  f o r  t h o s e  cases 
where p r e p r e s s u r i z e d  w a t e r  w a s  used ,  it h a s  n o t  been p o s s i b l e  t o  
d e t e c t  any d i f f e r e n c e  between c a v i t a t i o n  " inc idence1 '  and "des- 
inencell as  d e f i n e d  i n  t h e  l i t e r a t ~ r e . ~  
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F i g .  2.--Typical photograph of a i r  bubbles in 
1/2" P l e x i g l a s  v e n t u r i  wi th  water. 



10 

F i g .  3.--Photograph of a rgon  bubbles  i n  1/2" 
P l e x i g l a s  vdf i tur i  w i t h  mercury as tes t  f l u i d .  
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appendix)  co inc ided  w i t h i n  t h e  exper imenta l  accuracy f o r  t h o s e  

c a s e s  where it was p o s s i b l e  t o  use  a t r a n s p a r e n t  ( P l e x i g l a s )  

v e n t u r i .  However, f o r  t h e  high-temperature  mercury runs  it was 

n e c e s s a r y  t o  use  a s t a i n l e s s  s teel  v e n t u r i  which i s ,  of c o u r s e ,  

opaque. Due t o  t h e  high-temperature ,  it w a s  a l s o  n o t  p o s s i b l e  

t o  u s e  a s imple  s t e t h o s c o p e  t o  o b t a i n  a s o n i c  i n d i c a t i o n  of 

c a v i t a t i o n  as  had been done f o r  t h e  low-temperature tes ts ,  

Consequent ly ,  a ' ' son ic  probe" ,  i . e . ,  a 1 / 4  i nch  d i ame te r  s teel  

r o d ,  1 2  i nches  i n  l e n g t h  w i t h  p i e z o e l e c t r i c  wafer  cemented t o  

one end,  w a s  f i r m l y  a f f i x e d  t o  t h e  v e n t u r i  a t  t h e  o t h e r  end. 

The v o l t a g e  s i g n a l  g e n e r a t e d  by t h e  wafer  w a s  observed on a n  

o s c i l l o s c o p e  and used t o  g i v e  an i n d i c a t i o n  of c a v i t a t i o n  

i n c e p t i o n .  The d e t a i l s  of t h i s  arrangement  and t h e  r e s u l t i n g  

s i g n a l  f o r  v a r i o u s  c a v i t a t i o n  c o n d i t i o n s  are r e p o r t e d  e l sewhere .  

The s i g n a l  w a s  i n c r e a s e d  s u b s t a n t i a l l y  by even ve ry  s l i g h t  

c a v i t a t i o n  so t h a t  t h i s  method w a s  a good i n d i c a t i o n  of c a v i -  

t a t i o n  i n i t i a t i o n .  Th i s  w a s  confirmed i n  t h e  P l e x i g l a s  v e n t u r i  

where it was found t h a t  c a v i t a t i o n  i n c e p t i o n  as i n d i c a t e d  by 

t h e  s o n i c  probe corresponded t o  ' ' v i s u a l  i n i t i a t i o n , "  

3 



CHAPTER I11 

SCOPE O F  EXPERIMENTAL DATA 

A .  Water T e s t s  

The scope of t h e  d a t a  ob ta ined  i n  wa te r  i s  shown i n  

Table  I where it i s  i n d i c a t e d  t h a t  4 d i f f e r e n t  v e n t u r i s  having 

nominal t h r o a t  d i ame te r s  of 1/8, 1/4, 1 1 2 ,  and 3 /4  i n c h  w e r e  

used.  For each  of t h e s e , d a t a  was o b t a i n e d  f o r  3 c a v i t a t i o n  

c o n d i t i o n s  a s  d e f i n e d  i n  t h e  appendix,  ranging  from i n c e p t i o n  

t o  wel l -developed.  

A s  shown, t h e  tempera tures  range  from 50°F t o  140'F 

and t h e  t h r o a t  v e l o c i t i e s  from 55 t o  2 2 0  f t . / s e c .  I t  w a s  n o t  

always p o s s i b l e  t o  o b t a i n  p r e c i s e l y  a d e s i r e d  v e l o c i t y ,  t e m -  

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

were set  a s  p r e c i s e l y  a s  p o s s i b l e .  The e f f e c t  of g a s  c o n t e n t  

v a r i a t i o n  over  a range  of about  1 t o  3.5 volume p e r c e n t  € o r  t h e  

o t h e r  parameters  approximately f i x e d  a s  i n d i c a t e d  i n  t h e  t a b l e  

was exp lo red .  The l a c k  of p r e c i s e  f i x i n g  of t h e s e  v a r i a b l e s  

n e c e s s i t a t e s  t h e  use  of a computerized c o r r e l a t i o n  t o  de te rmine  

t h e  e f f e c t  of s i n g l e  v a r i a b l e  changes,  when a l l  o t h e r  v a r i a b l e s  

are h e l d  c o n s t a n t  a s  w i l l  be  exp la ined  l a t e r .  

1 2  
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TABLE I 

DATA SET GROUPINGS AND RANGE OF EXPERIMENTAL 
VARIABLES FOR WATER T E S T S  

V e n t u r i  C a v i t a t i o n  Temperature Veloc i ty  Problem Number 
Number Condi t ion  O F  f t . / s e c .  Val.% L .  c .  

5 3 4  Sonic  

534  Standard  

5 3 4  1 s t  Mark 

Sonic  412  

412  

412  

6 1 4  

6 1 4  

6 1 4  

Standard  

1st  Mark 

Sonic  

S tandard  

1st Mark 

80 
80 
80 

60 
80 
80 
80  
80 
80 
90  

50  
50  
80  

1 2 0  
1 2 0  
1 2 0  

5 5  
80  

1 1 3  
1 0 0  
1 0  0 
1 4  0 

5 5  
5 5  
7 7  

1 0 5  
1 2 0  
1 3 5  

7 0  
7 0  
8 2  
6 5  
6 5  
85  

1 0 0  
7 0  
7 0  
85 

70  
1 0 0  
1 8 0  

1 0 0  
70  

1 0 0  
1 8 2  

7 0  
1 0 0  
1 8 0  

63 
1 0 0  
2 2 0  

63  
1 0 0  
2 2 0  

65  
2 1 0  

6 5  
55  

212  
6 5  

1 0 0  
2 0 0  
65  
1 0 0  
200  

1 2 0  

6 8  
9 6  

1 9 5  
7 0  

1 0 0  
200  
100  

6 7  
1 0 0  
2 0 0  

1 
2 4 1 5 1 6  
3 

3 5  
35  
3s 

7 

2 3  24 ,25  I 26 

36 

1 4  
1 5  
1 6  

2 7  29 ,30 ,31  

2 7  2 9 , 3 0 , 3 1  



1 4  

TABLE I (Continued) 

V e n t u r i  C a v i t a t i o n  Temperature V e l o c i t y  P r o b l e m  Number 
Number Condi t ion  OF f t . / s e c .  Vol.% L. c. 

818 

818 

818 Sonic  6 5  
6 5  
6 5  
80 

1 0 0  
1 0 0  

S tandard  60  
6 5  
7 5  

1 0 0  
1 0 0  

1st Mark 6 5  
6 5  
7 0  

7 5  
1 0 0  
1 5 0  
200  

80 
1 0 0  

76  
1 0 0  
200  

80  
1 0 0  
75 
1 0 0  
200  

1 7  
1 8  20,21,22 

19 

32  
3 3  
3 4  
3 2  
3 3  
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B. Mercury T e s t s  

The scope of t h e  mercury tests i s  shown i n  Table  11. 

F i v e  v e n t u r i s  were used ( 2  of s t e e l ) .  These i n c l u d e  1 / 8 ,  1 / 4 ,  

and 1 / 2  i nch  nominal t h r o a t  d iameters .  The i n j e c t e d  g a s e s  w e r e  

a rgon  and hydrogen. These w e r e  mixed i n  t h e  loop  w i t h  a r e s i d u e  

of a i r  which could  n o t  be e n t i r e l y  removed, and i n  some cases, 

as w i l l  be e x p l a i n e d  l a t e r ,  wi th  a t r a c e  r e s i d u e  of w a t e r ,  

Due t o  loop l i m i t a t i o n s  t h e  t h r o a t  v e l o c i t y  range  used i s  only  

from 2 2  t o  48 f t . / s e c .  so t h a t  no o v e r l a p  w i t h  t h e  water d a t a  

w a s  ob ta ined .  T e s t s  a t  about  80°F, 270°F, and 400°F  w e r e  made. 

The g a s  c o n t e n t  range  i n v e s t i g a t e d  f o r  t h e  o t h e r  loop  parameters  

f i x e d  w a s  about  from about  0.2 t o  4 .0  volume p e r c e n t .  Only t h e  

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

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

c a v i t a t i o n  c o n d i t i o n  f o r  r epea ted  r u n s  n e c e s s i t a t e s  computer ized 

c o r r e l a t i o n  of t h e  d a t a  as a l r eady  mentioned i n  connec t ion  wi th  

t h e  w a t e r  tes ts .  
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TABLE I1 

DATA 

Venturi Sas 
No. 

7 1 2  

SET GROUPINGS AND RANGE OF EXPERIMENTAL 
VARIABLES FOR MERCURY TESTS 

Temperature Velocity 
(OF) (Ft/Sec) 

- 400 

2 2  

34 

2 2  

34  

34  

34 

34 

Data Set 
No. 

8 

9 

10 

4 1 2  A 80 e :: 
48  

11 

6 1 4  A 80 1 2  

1 3  

818 A 80 34  1 4  

34  15 

34  1 6  

34  1 7  

4 0 0  3 4  1 8  

1800 



CHAPTER IV 

DATA REDUCTION 

A .  Experimental Measurements and Variables 

The independent variables of the experiment are: cavi- 

tation condition, fluid, gas, throat velocity, throat diameter, 

throat roughness, temperature, gas content; and previous pressure 

history of the fluid, in that this latter effect may influence 

the distribution and size of gas "nuclei," and also their 

population density in the case of the water tests. The depen- 

dent variable is the axial pressure profile. As previously 

mentioned, the cavitation number, cc as defined by eq. (1) , 
is computed from the axial pressure profile and throat velocity. 

In addition a l o s s  coefficient, is defined: 

and computed from the same data. 

Since the loss  coefficient is highly sensitive to 

diffuser efficiency, it is a good measure of the degree of 

cavitation. It could then be used as a definition of cavitation 

condition, alternative to the visual or acoustic appearance of 

the flow, and ideally a one-to-one correspondence between 

these methods of definition should exist. The present data, 

however, shows that this is not always the case, partly due 

1 7  
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presumably t o  expe r imen ta l  e r r o r  and p a r t l y  t o  ' 'scale e f f e c t s . "  

S i n c e  t h e  p r e s s u r e  and f low measurements r e q u i r e d  t o  measure 

t h e  loss c o e f f i c i e n t  are probably more p r e c i s e  than  t h e  subjec-  

t i v e  v i s u a l  or a c o u s t i c  s i g n a l s  used t o  se t  t h e  c a v i t a t i o n  

c o n d i t i o n ,  i t  may be argued t h a t  t h e  d a t a  f o r  presumably s i m i l a r  

t e s t  c o n d i t i o n s  should  be " c o r r e c t e d "  t o  a c o n s t a n t  l o s s  c o e f f i -  

c i e n t  b a s i s .  Th i s  procedure h a s  indeed  been fo l lowed i n  t h e  

computer ized c o r r e l a t i o n s  t o  be  d e s c r i b e d .  

B.  P re l imina ry  Data Reduction 

Various " p r e l i m i n a r y "  tests w e r e  conducted i n  bo th  

f l u i d s  des igned  t o  measure s i n g l e - v a r i a b l e  v a r i a t i o n  e f f e c t s ,  

e . g . ,  i n  a s p e c i f i c  v e n t u r i  a t  a set v e l o c i t y ,  e tc . ,  t h e  e f f e c t  

o f  g a s  c o n t e n t  change might be examined. These tests w e r e  

g e n e r a l l y  run  over a s h o r t  t i m e  span and i n  a s i n g l e  v e n t u r i .  

Thus t h e  c o n d i t i o n  of t h e  f l u i d  ( e s p e c i a l l y  impor t an t  i n  w a t e r  

w i th  i t s  h i g h l y  v a r i a b l e  "nuciei! '  c o n t e n t  even f o r  a c o n s t a n t  

t o t a l  g a s  c o n t e n t ) ,  t h e  roughness of t h e  v e n t u r i ,  e tc .  d i d  n o t  

change. Hence, i n  r e t r o s p e c t ,  t h e  d a t a  so  o b t a i n e d  shows a 

h i g h e r  deg ree  of c o n s i s t e n c y  than t h a t  d e r i v e d  from t h e  computer 

c o r r e l a t i o n s  exp la ined  l a t e r .  While these r e s u l t s  are r e p o r t e d  

i n  d e t a i l  e l sewhere  3'4'11, t h e  m o r e  s i g n i f i c a n t  c u r v e s  are repro-  

duced h e r e i n .  

C. Computerized Data C o r r e l a t i o n s  

A s  i n d i c a t e d  i n  T a b l e s  I and 11, a v e r y  comprehensive 

series of tests h a s  been made ove r  a long  t i m e  p e r i o d  and us ing  
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a l a r g e  number of " g e o m e t r i c a l l y - s i m i l a r "  v e n t u r i s  ( b u t  of 

c o u r s e  n o t  e x a c t l y  so when c o n s i d e r a t i o n  of s u r f a c e  roughness ,  

p o s s i b l e  s m a l l  d i s c o n t i n u i t i e s  around p r e s s u r e  t a p s ,  e t c ,  i s  

made). A s  p r e v i o u s l y  d i scussed ,  t h e r e  are a very  l a r g e  number 

of  independent  v a r i a b l e s ,  none of which can be s e t  p r e c i s e l y ,  

b u t  which can indeed  be measured q u i t e  p r e c i s e l y .  I n  f a c t ,  t h e  

c h a r a c t e r i s t i c s  of t h e  equipment a r e  such t h a t  i t  i s  n o t  f e a s i b l e  

t o  o b t a i n  f o r  some tests p r e c i s e ,  p r e s e l e c t e d  v a l u e s  of g a s  

c o n t e n t ,  v e l o c i t y ,  o r ,  i n  some cases, t empera tu re .  For  these 

r e a s o n s  a computer ized d a t a  c o r r e l a t i o n  p rocedure ,  p r e v i o u s l y  

e x p l a i n e d  i n  d e t a i l 3 " ,  was employed. 

The d a t a  ( f o r  each f l u i d )  w a s  grouped i n t o  s e v e r a l  se ts  

acco rd ing  t o  c a v i t a t i o n  c o n d i t i o n  and v e n t u r i  s i z e .  F o r  w a t e r ,  

e .g . ,  w i t h  3 c a v i t a t i o n  c o n d i t i o n s  and 4 v e n t u r i  s i z e s ,  1 2  such 

sets r e s u l t .  I t  w a s  t h e n  cons idered  t h a t  c a v i t a t i o n  number 

( w i t h i n  each set)  w a s  a f u n c t i o n  of v e l o c i t y ,  g a s  c o n t e n t ,  

t empera tu re ,  and loss c o e f f i c i e n t .  A l ea s t  mean squa re  f i t  

r e g r e s s i o n  a n a l y s i s  w a s  t h e n  used t o  g e n e r a t e  a power series 

e x p r e s s i o n  g i v i n g  c a v i t a t i o n  number i n  t e r m s  of t h e s e  o t h e r  

The e f f e c t  of a s i n g l e  v a r i a b l e  v a r i a t i o n  can then  be determined 

e a s i l y  by s imply a s s i g n i n g  " t y p i c a l "  c o n s t a n t  v a l u e s  t o  t h e  

o t h e r  v a r i a b l e s  i n  e q . ( 3 ) .  A r e l a t i o n  between c a v i t a t i o n  number 

and t h e  v a r i a b l e  of i n t e r e s t  t hen  r e s u l t s .  



2 0  

The data sets under each group were combined into 

"problems" (Tables I and 11) where the cavitation number is a 

function of the independent variable of interest, and the 

remaining variables are held constant at their average value 

for the data of that problem. The actual group equations are 

reported elsewhere 4'6 and will not be repeated here. 



CHAPTER V 

RESULTS AND D I S C U S S I O N  

A. P re l imina ry  Data R e s u l t s  

A s  a l r e a d y  mentioned, " p r e l i m i n a r y "  d a t a  of l i m i t e d  

scope w a s  o b t a i n e d ,  p r i m a r i l y  w i t h  w a t e r ,  t o  e x p l o r e  and i l l u s -  

t r a t e  t h e  e f f e c t  of d i f f e r e n t  s i n g l e - v a r i a b l e  v a r i a t i o n s .  S ince  

t h e s e  tes ts  w e r e  conducted over a s h o r t  e l a p s e d  t i m e  p e r i o d ,  

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

were e f f e c t i v e l y  e l i m i n a t e d  as p r e v i o u s l y  e x p l a i n e d ,  Hence, 

t h i s  data i s  i n  some cases more s u c c e s s f u l  i n  i l l u s t r a t i n g  

a n t i c i p a t e d  t r e n d s  t h a t  t h a t  which r e s u l t s  from t h e  more compre- 

h e n s i v e  d a t a  which w a s  used f o r  t h e  computer c o r r e l a t i o n s .  A 

few of t h e s e  " p r e l i m i n a r y "  r e s u l t s  wh ich  s e e m  e s p e c i a l l y  s i g -  

n i f i c a n t  w i l l  be p r e s e n t e d .  The remainder  a r e  found i n  refer- 

ences  3 and 4 .  

1. Gas Content  E f f e c t s  

F ig .  4 shows g a s  c o n t e n t  v e r s u s  c a v i t a t i o n  i n c e p t i o n  

number f o r  water f o r  3 v e l o c i t i e s  i n  a 112 i n c h  v e n t u r i .  I t  

shows c l e a r l y  t h a t  c a v i t a t i o n  number i n c r e a s e s  w i t h  i n c r e a s e d  

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

v e l o c i t y .  The f i r s t  e f f e c t  i s  c e r t a i n l y  t o  be a n t i c i p a t e d ,  

w h i l e  t h e  second may r e s u l t  from t h e  f a c t  t h a t  d i s s o l v e d  g a s ,  

21 
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which predominates  i n  t h e  water  tests ove r  t h e  e n t r a i n e d  p o r t i o n ,  

may have less i n f l u e n c e  a t  the  h i g h e r  v e l o c i t i e s ,  s i n c e  t h e  

t i m e  f o r  s o l u t i o n  e f f e c t s  i s  reduced. 

A c rGss -p lc t  ef t h e  sane d a t a  i n t o  t h e  forrr! of c a v i t a t i o n  

number vs .  t h roa t  v e l o c i t y  r e s u l t s  i n  F ig .  5.*,showing c lear ly  

t h e  dependence of t h e  v e l o c i t y  e f f e c t  (upon c a v i t a t i o n  number) 

on the  t o t a l  g a s  c o n t e n t .  The h i g h e r  g a s  c o n t e n t  cu rves  a r e  

t y p i c a l  of t h o s e  p r e v i o u s l y  obta ined  i n  t h i s  l a b o r a t o r y  w i t h  

a i r - s a t u r a t e d  water , b u t  over on ly  t h e  lower p o r t i o n  of t h e  7 

v e l o c i t y  range ,  where a s u b s t a n t i a l  decrease of i n c e p t i o n  

c a v i t a t i o n  number w i t h  i n c r e a s i n g  t h r o a t  v e l o c i t y  w a s  shown. 

However, as i n d i c a t e d  i n  F ig .  5 ,  t h i s  t r e n d  only  a p p l i e s  f o r  

t h e  lower v e l o c i t y ,  g a s - s a t u r a t e d  water, wh i l e  t h e  deaerated 

w a t e r  g e n e r a l l y  shows an i n c r e a s e  of c a v i t a t i o n  number w i t h  

v e l o c i t y  over  t h e  whole  range tested. S ince  t h e  minimum a i r  

c o n t e n t  a c t u a l l y  obtained i n  t h i s  d a t a  set w a s  about  0 . 7  volume 

p s r c e n t ,  t h e  h w e r  a i r  c o n t e n t  c c r v e s  are  e x t r a p o l a t i o n s  of t h e  

d a t a  and hence t h e i r  r e l i a b i l i t y  i s  somewhat i n  q u e s t i o n .  

F u r t h e r  conf i rma t ion  of t h e  behavior  of approximately 

a i r - s a t u r a t e d  water ( i n  a 3/4 i n c h  v e n t u r i )  i s  a f f o r d e d  by F i g .  

6. 

Fig .  7 shows t h a t  t h e  e f f e c t  upon c a v i t a t i o n  number of  

trace q u a n t i t i e s  of  w a t e r  i n  mercury,  when t aken  on a volume 

p e r c e n t  basis ,  i s  much l i k e  t h a t  of gas .  A s  i n  F i g .  4 ,  t h e  

s e n s i t i v i t y  of c a v i t a t i o n  number t o  t h e  impur i ty  c o n t e n t  i s  

reduced as t h e  v e l o c i t y  i s  inc reased .  That  w a t e r  traces i n  mercury 

*Reproduced from r e f e r e n c e  8 f o r  convenience.  
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a c t  i n  a manner s i m i l a r  t o  gas i s  n o t  s u r p r i s i n g ,  s i n c e  vapor 

p r e s s u r e  of  water i s  so  much greater  t h a n  t h a t  o f  t h e  mercury. 

F ig .  7 a l s o  shows t h a t  t h e  v e l o c i t y  e f f e c t  i n  mercury 

f o r  f i x e d  v o l a t i l e  impur i ty  con ten t  i s  s i m i l a r  t o  t h a t  f o r  t h e  

low-veloc i ty  p o r t i o n  o f  t h e  water  data ,  i n  t h a t  c a v i t a t i o n  number 

decreases as  v e l o c i t y  i n c r e a s e s .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  

a l l  t h e  mercury v e l o c i t i e s  a r e  below t h e  minimum w a t e r  v e l o c i t y .  

2 .  P r e p r e s s u r i z a t i o n  E f f e c t  

F ig .  8 shows t h e  e f f e c t  of v a r i o u s  p r e p r e s s u r i z a t i o n  

c o n d i t i o n s  of t h e  loop  w a t e r ,  which w a s  approximately a i r -  

s a t u r a t e d  a t  STP,  upon c a v i t a t i o n  i n c e p t i o n  number as a f u n c t i o n  

o f  t i m e  a f t e r  s t a r t  of  t e s t ,  C a v i t a t i o n  i n c e p t i o n  w a s  de te rmined  

by approaching from t h e  non-cav i t a t ing  side,  and t h e n  r e t u r n i n g  

ve ry  q u i c k l y  t o  non-cavi ta t ing  o p e r a t i o n  once t h e  i n c e p t i o n  

p r e s s u r e  had been noted ,  A s  i n d i c a t e d  i n  F i g .  8 ,  t h e  procedure  

w a s  r e p e a t e d  several  t i m e s  af ter  an  a p p r o p r i a t e  e l a p s e d  t i m e  

i n t e r v a l  f o r  each  case. The s i g n i f i c a n t  v a r i a t i o n  of c a v i t a t i o n  

number w i t h  time a s  w e l l  a s  t h e  s u b s t a n t i a l  t e n s i o n s  measured 

i n  t h e  water i n  one c a s e  are of i n t e r e s t .  

Although no such tests were made i n  mercury,  it would be 

expec ted  t h a t  no p r e p r e s s u r i z a t i o n  e f f e c t  would be found due t o  

t h e  l a c k  of  s i g n i f i c a n t  g a s  s o l u b i l i t y  i n  mercury,  

B.  Computerized C o r r e l a t i o n  R e s u l t s  

The complete computerized c o r r e l a t i o n  r e s u l t s  are r e p o r t e d  

i n  r e f e r e n c e s  3 and 4, so  t h a t  on ly  sample r e s u l t s  i l l u s t r a t i n g  

t h e  major t r e n d s  w i l l  be  inc luded  h e r e .  
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1. Mercury 

A t y p i c a l  c a v i t a t i o n  i n c e p t i o n  number vs .  g a s  c o n t e n t  

c u r v e ,  as  g e n e r a t e d  from t h e  computer c o r r e l a t i o n s ,  i s  shown 

i n  F ig .  9 f o r  argon a t  room temperature  i n  a l / 2  i nch  s teel  

v e n t u r i .  A s  would be expected t h e  c a v i t a t i o n  number i n c r e a s e s  

s u b s t a n t i a l l y  wi th  g a s  c o n t e n t  ove r  t h e  range  up t o  about  4% 

by volume. Of c o u r s e ,  t h e  zero p e r c e n t  p o i n t  i s  u n r e l i a b l e  

s i n c e  it i s  merely e x t r a p o l a t e d  from t h e  minimum g a s  c o n t e n t  

a c t u a l l y  o b t a i n e d  of  abou t  0,2&. 

F i g .  1 0  shows s i m i l a r  b u t  more comprehensive in fo rma t ion  

f o r  t h e  P l e x i g l a s  v e n t u r i  of t h e  same s i z e .  Th i s  i n d i c a t e s  

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

as  w i t h  t h e  h igh  g a s  c o n t e n t  low v e l o c i t y  wa te r  d a t a  ( F i g .  5 ) .  

However, i n  t h e  mercury t es t  t h i s  o c c u r s  for a l l  g a s  c o n t e n t s .  

The d i f f e r e n t  i n f l u e n c e  of gas  c o n t e n t  i n  mercury as  compared 

t o  water on t h e  v e l o c i t y  e f f e c t s  may be a r e s u l t  o f  t h e  f ac t  

t h a t  t h e  g a s  l a r g e l y  dissolved i n  w a t e r  and e n t r a i n e d  i n  mercury.  

Thus no t ime-dependent s o l u b i l i t y  e f f e c t s  e x i s t  i n  mercury.  

F i g .  11 shows t h e  e f f e c t  of t empera tu re  on t h e  c a v i t a t i o n  

number f o r  v a r i o u s  g a s  c o n t e n t s .  For  a l l  g a s  c o n t e n t s ,  t h e  

c a v i t a t i o n  number r eaches  a maximum f o r  a n  i n t e r m e d i a t e  temper- 

a t u r e  and t h e n  decreases s u b s t a n t i a l l y  a t  400°F0 Whi le  t h e  

curve shown i s  f o r  a rgon ,  s i m i l a r  r e s u l t s  w e r e  no ted  f o r  hydrogen. 

I t  i s  noted  t h a t  t h e  eff-ect i s  m o s t  pronounced f o r  t h e  l o w e r  g a s  

c o n t e n t s .  The e x i s t e n c e  of t h e  decrease i n  c a v i t a t i o n  number 

f o r  i n c r e a s e d  t empera tu re  i s  presumably a r e s u l t  o f  t h e  w e l l -  
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recognized  "thermodynamic e f f e c t s " '  s i n c e  t h e  vapor p r e s s u r e  

of mercury a t  400'F i s  becoming q u i t e  s u b s t a n t i a l .  The f a c t  

t h a t  t h e  e f f e c t  i s  reduced f o r  h i g h e r  g a s  c o n t e n t  i s  r easonab le  

an t h a t  t h e  e f f e c t  of t h e  vapor i t s e l f  is p r o p o r t i o n a t e l y  reduced 

a t  h i g h e r  g a s  c o n t e n t .  

The e f f e c t  o f  t h r o a t  diameter  upon c a v i t a t i o n  number f o r  

var ious  g a s  c o n t e n t s  i n  t h e  P l e x i g l a s  v e n t u r i  i s  shown i n  F i g .  

1 2 ,  w h i l e  t h e  t y p i c a l  e f f e c t  i n  t h e  s t a i n l e s s  s tee l  v e n t u r i  i s  

shown i n  F ig .  1 3 .  There i s  a n e t  d e c r e a s e  i n  c a v n t a t i o n  number 

w i t h  i n c r e a s i n g  t h r o a t  diameter f o r  t h e  s t a i n l e s s  s teel  v e n t u r i  

w h i l e  f o r  t h e  P l e x i g l a s  v e n t u r i  t h e r e  is a d e c r e a s e  i n  t h e  range  

between 1 / 8  and 1 / 4  i n c h ,  b u t  an  i n c r e a s e  a g a i n  between 1 x 4  

and 1/2 i n c h ,  A s  w i l l  be  noted l a t e r  ( F i g .  1 7 )  t h e  e f f e c t  i n  

t h e  w a t e r  d a t a ,  a l s o  u s i n g  a P l e x i g l a s  v e n t u r i ,  i s  s i m i l a r  t o  

t h a t  f o r  t h e  P l e x i g l a s  mercury v e n t u r i .  The d i f f e r e n c e  observed 

i n  t h i s  r e g a r d  between t h e  P l e x i g l a s  and steel  v e n t u r i s  may be 

due t o  d i f f e r e n c e s  i n  r e l a t i v e  roughness.  N o t e  t h a t  t h e  e f f e c t  

o f  i n c r e a s i n g  d i ame te r  f o r  t h e  P l e x i g l a s  v e n t u r i s  i s  s i m i l a r  

t o  t h a t  p r e v i o u s l y  mentioned for i n c r e a s i n g  v e l o c i t y  i n  gas-  

s a t u r a t e d  water (F ig .  69 i n  t h a t  t h e  c a v i t a t i o n  number goes 

through a minimum. T h i s  s i m i l a r i t y  s u g g e s t s  t h e  p o s s i b i l i t y  of 

Reynolds number as a c o r r e l a t i n g  parameter ,  as w i l l  be  d i s -  

cussed l a t e r .  

F i g .  1 4  shows l a r g e  d i f f e r e n c e s  i n  c a v i t a t i o n  number 

between tests us ing  argon and t h o s e  u s i n g  hydrogen as i n l e c t e d  

g a s e s ,  when compared, on a f i x e d  volume p e r c e n t  b a s i s .  Although 
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s u b s t a n t i a l  d i f f e r e n c e s  w e r e  encountered i n  a l l  t h e  tes ts  between 

t h e s e  t w o  g a s e s ,  t h e  d i f f e r e n c e  i s  most exaggera ted  i n  F ig .  1 4 .  

T h i s  d i f f e r e n c e  w a s  unexpected, and t h e  e x p l a n a t i o n  i s  n o t  

known. I t  i s  b e l i e v e d  t h a t  it may be due t o  a d i f f e r e n c e  i n  

mean bubble  s i z e  between t h e  two f l u i d s ,  perhaps  due t o  d i f f e r -  

ences  i n  i n t e r f a c i a l  t e n s i o n  between t h e  two g a s e s  and mercury,  

a l t h o u g h  t h e  s a m e  i n j e c t i o n  equipment w a s  used.  

2 .  Water 

The computer ized c o r r e l a t i o n  r e s u l t s  w i t h  w a t e r  a re  n o t  as 

c o n s i s t e n t  as  t h o s e  ob ta ined  wi th  mercury,  o r  as t h e  "p re l imina ry"  

water r e s u l t s  a l r e a d y  d i scussed .  I t  i s  b e l i e v e d  t h a t  i n  g e n e r a l  

t h e  w a t e r  r e s u l t s  are less c o n s i s t e n t  t h a n  t h o s e  f o r  mercury,  

because  of  t h e  u n c o n t r o l l e d  v a r i a b l e  i n  t h e  w a t e r  t e s t s  (and 

n o t  i n  t h e  mercury tes ts)  of  t h e  r a t i o  between d i s s o l v e d  and 

e n t r a i n e d  gas .  I t  i s  a l so  believed, as p r e v i o u s l y  mentioned, 

t h a t  t h e  "p re l imina ry"  water r e s u l t s  are  m o r e  s e l f - c o n s i s t e n t  

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

roughness  are p a r t i a l l y  e l i m i n a t e d  by t h e  f a c t  t h a t  t h e  t es t  

series occur  i n  on ly  s i n g l e  v e n t u r i s  and over  a s m a l l  t i m e  span 

so t h a t  t h e  same loop  water sample i s  used.  Although t a p  w a t e r  

w a s  used i n  t h e  loop, it i s  be l i eved  t h a t  s o l i d  impur i ty  c o n t e n t  

i s  n o t  o f  primary importance.  

F u l l  r e s u l t s  are found i n  r e f e r e n c e  4 ,  and on ly  t y p i c a l  

r e s u l t s  i l l u s t r a t i v e  of s i g n i f i c a n t  t r e n d s  are inc luded  h e r e .  

F i g .  15  shows t y p i c a l  c u r v e s  of  c a v i t a t i o n  number v s .  

gas c o n t e n t .  While t h e  curves  r ise c o n s i d e r a b l y  toward t h e  h igh  
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g a s  c o n t e n t  end,  t hey  a l so ,  i n  many c a s e s ,  show a tendency t o  

rise somewhat on t h e  low p r e s s u r e  end. I t  i s  n o t  b e l i e v e d  t h a t  

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

it is a r e s u l t  of t h e  c u r v e - f i t t i n g  t echn ique  employed. I t  i s  

f e l t  t h a t  t h e  computer-generated polynomial i s  i n f l u e n c e d  p re -  

m a r i l y  by t h e  high-gas c o n t e n t  end where t h e  bulk  of t h e  d a t a  

e x i s t s ,  and t h a t  t h e  r i s i n g  " t a i l "  of  t h e  polynomial a t  t h e  l o w  

g a s  c o n t e n t  end i s  n o t  p h y s i c a l l y  meaningful .  

F ig .  15  a lso i n d i c a t e s  t h e  v e l o c i t y  e f f e c t s  a l r e a d y  

d i s c u s s e d  i n  t h a t  t h e  h i g h e r  v e l o c i t i e s  cor respond t o  t h e  lower 

c a v i t a t i o n  numbers. 

P ig .  1 6  i l l u s t r a t e s  t h e  e f f e c t  of g a s  c o n t e n t  upon 

c a v i t a t i o n  number f o r  more fu l ly-developed  c a v i t a t i o n .  I t  i s  

n o t e d  t h a t  c a v i t a t i o n  number i n  t h i s  case d e c r e a s e s  wi th  i n -  

c r e a s i n g  gas  c o n t e n t ,  i . e . ,  t h e  p r e s s u r e  i n  t h e  c a v i t a t i n g  "void"  

r e g i o n  i s  reduced f o r  h i g h e r  g a s  c o n t e n t .  No e x p l a n a t i o n  f o r  

this %.expected o b s e r v a t i o n  i s  a v a i l a b l e .  

A t y p i c a l  e f f e c t  of t h r o a t  diameter upon c a v i t a t i o n  

i n c e p t i o n  number f o r  v a r i o u s  gas c o n t e n t s  i s  shown i n  F ig .  1 7 .  

A s  p r e v i o u s l y  no ted ,  t h i s  r e s u l t  f o r  a P l e x i g l a s  v e n t u r i  i s  

q u i t e  s i m i l a r  t o  t h a t  ob ta ined  f o r  mercury i n  P l e x i g l a s  ( F i g .  1 2 9 .  

3 .  Reynolds Number C o r r e l a t i o n s  

A p rev ious  i n v e s t i g a t i o n  from t h i s  l a b o r a t o r y  't8 i n d i -  

cated t h a t  a r easonab le  c o r r e l a t i o n  cou ld  sometimes be o b t a i n e d  

between c a v i t a t i o n  number and Reynolds number f o r  bo th  mercury 

and w a t e r  bo th  i n  v e n t u r i s  (of t h e  s a m e  geometry used i n  t h e  
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p r e s e n t  tests)  and i n  a low s p e c i f i c  speed c e n t r i f u g a l  pump 

which was a v a i l a b l e  f o r  t e s t .  The use  of Reynolds number 

appeared t o  p r o p e r l y  group p o i n t s  ob ta ined  f o r  d i f f e r e n t  t e m -  

p e r a t u r e s  and passage  d iameters .  I n  t h e s e  tes ts  it w a s  observed 

t h a t  f o r  bo th  c a v i t a t i o n  i n c e p t i o n  and wel l -developed c a v i t a t i o n ,  

t h e  c a v i t a t i o n  number decreased a s  Reynolds number w a s  i n c r e a s e d .  

However, t h e  mercury and water data w e r e  n o t  brought  t o g e t h e r  

by t h i s  form of p r e s e n t a t i o n ,  so t h a t  c l e a r l y  parameters  o t h e r  

t h a n  Reynolds number were s i g n i f i c a n t l y  involved .  F i g .  1 8 ,  

reproduced f o r  convenience from r e f .  8 ,  summarizes t h i s  p rev ious  

d a t a  f o r  t h e  v e n t u r i .  

More r e c e n t l y ,  J e k a t l '  showed somewhat s i m i l a r  r e s u l t s  

from tests on a c a v i t a t i n g  a x i a l  i nduce r  i n  w a t e r .  However, h i s  

tests showed t h a t  t h e  c a v i t a t i o n  parameter  passed  through a 

minimum as  Reynolds number was i n c r e a s e d  and then  i n c r e a s e d  

a g a i n  a t  h igh  Reynolds number. 

A s i m i l a r  o v e r a i l  t r e n d  t o  t l l a t  of J e k a t l 0  i s  i n d i c a t e d  

by t h e  p r e s e n t  wa te r  d a t a  (Fig.  1 9 ) .  Th i s  i s  c o n s i s t e n t  w i t h  

our  own p rev ious  tests i n  t h a t  t h e  r ise i n  c a v i t a t i o n  number 

o c c u r s  f o r  Reynolds number g r e a t e r  t han  l o 6 ,  which w a s  t h e  l i m i t  

of t h e  p rev ious  d a t a  ( F i g .  1 8 ) .  However, t h e  cu rves  f o r  t h e  

d i f f e r e n t  v e n t u r i  s i z e s  do not  c o i n c i d e  i n  t h e  p r e s e n t  w a t e r  

d a t a .  

F i g .  20  i n d i c a t e s  t h e  p r e s e n t  mercury d a t a  as p l o t t e d  

a g a i n s t  Reynolds number f o r  d i f f e r e n t  g a s  c o n t e n t s  f o r  bo th  

hydrogen and argon i n j e c t i o n .  A s  p r e v i o u s l y  mentioned t h e r e  i s  
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a c o n s i d e r a b l e  d i sc repancy  between t h e  two g a s e s .  T h i s  i s  par -  

t i c u l a r l y  pronounced i n  t h e  low Reynolds number end. 

t h e  c u r v e s  a r e  c a r r i e d  t o  a somewhat l a r g e r  Reynolds number than  

Although 

w a s  o b t a i n e d  w i t h  w a t e r ,  t h e  d a t a  shows no i n d i c a t i o n  of an 

up tu rn  f o r  h igh  Reynolds number. However, t h e r e  i s  c o n s i d e r a b l y  

more c o n s i s t e n c y  between t h e  d i f f e r e n t  s i z e d  v e n t u r i s  i n  mercury 

t h a n  w a s  t h e  c a s e  f o r  wa te r ,  so  t h a t  no d i f f e r e n t i a t i o n  acco rd ing  

t o  v e n t u r i  s i z e  i s  ind ica t ed  i n  t h e  curves .  

I t  i s  f e l t  t h a t  t h e  l a r g e  e f f e c t  of g a s  c o n t e n t  upon 

c a v i t a t i o n  number f o r  hydrogen-mercury a t  t h e  l o w  Reynolds 

number end ( s m a l l  v e n t u r i  d a t a )  may be due t o  t h e  f a c t  t h a t  t h e  

bubble  s i z e  does n o t  s c a l e  wi th  t h r o a t  d i ame te r .  The bubbles  

become of a p p r e c i a b l e  d iameter  compared w i t h  t h e  t h r o a t  opening 

f o r  t h e  s m a l l  t h r o a t s  ( p a r t i c u l a r l y  1/8 i n c h ) .  Thus, even though 

t h e  v e n t u r i s  are g e o m e t r i c a l l y  s i m i l a r ,  t h e  f lows  do n o t  scale 

p r o p e r l y ,  and s u b s t a n t i a l  bubble "blockage" of t h e  s m a l l  v e n t u r i  

t h r o a t  may e x i s t .  

F ig .  2 1  shows t h e  mercury-argon Reynolds number p l o t  

superimposed upon t h e  water curve. The hydrogen d a t a  i s  n o t  

i n c l u d e d  s i n c e  t h e  c a v i t a t i o n  numbers i n  t h e  l o w  Reynolds number 

r ange  a r e  of a d i f f e r e n t  o rde r  of  magnitude. I t  i s  no ted  t h a t  t h e  

mercury d a t a  l ies  g e n e r a l l y  above and t o  t h e  r i g h t  of t h e  w a t e r  

data on t h i s  p l o t ,  as it d i d  i n  t h e  ear l ie r  t es t s  where  g a s  

c o n t e n t  v a r i a t i o n  was n o t  involved  (F ig .  1 9 ) .  The hydrogen- 

mercury d a t a  ( n o t  shown) i s  g e n e r a l l y  d i s p l a c e d  f u r t h e r  from 

t h e  w a t e r  d a t a  i n  t h e  s a m e  d i r e c t i o n .  
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CHAPTER V I  

CONCLUSIONS 

The fo l lowing  g e n e r a l  conc lus ions  r e l a t i v e  t o  c a v i t a t i n g  

v e n t u r i s  can be drawn from t h i s  s tudy:  

1) There i s  a s u b s t a n t i a l  e f f e c t  of g a s  c o n t e n t  upon cav i -  

t a t i o n  i n c e p t i o n  number f o r  both water  and mercury,  For  wa te r  

t h e  e f f e c t  w a s  g r e a t e s t  a t  l o w  v e l o c i t y ,  a l though  t h i s  d i f f e r -  

e n t i a t i o n  was n o t  n o t i c e d  w i t h  mercury.  

29 There i s  a s u b s t a n t i a l  e f f e c t  of v e l o c i t y  and passage  

s i z e  upon c a v i t a t i o n  i n c e p t i o n  number f o r  bo th  f l u i d s .  I n  

g e n e r a l  t h e  c a v i t a t i o n  number t e n d s  t o  d e c r e a s e  wi th  i n c r e a s i n g  

v e l o c i t y  o r  s i z e ,  a l though t h e  t r e n d  may be r e v e r s e d  f o r  l a r g e  

s i z e  and d iameter .  While t h e  fo rego ing  a p p l i e s  t o  w a t e r  w i th  

g a s  c o n t e n t  nea r  STP s a t u r a t i o n ,  it w a s  no ted  t h a t  c a v i t a t i o n  

number i n c r e a s e d  w i t h  v e l o c i t y  throughout  t h e  range  f o r  w e l l -  

degassed  w a t e r .  

3 )  The e f f e c t  of t h e  tempera ture  v a r i a t i o n  i n  t h e  mercury 

tes ts  (60°F t o  400'F) w a s  as g r e a t  as t h a t  of g a s  c o n t e n t ,  s i z e ,  

o r  v e l o c i t y  v a r i a t i o n .  Genera l ly ,  t h e  c a v i t a t i o n  i n c e p t i o n  

number dec reased  a t  h igh  tempera ture  as would be expec ted  from 

c o n s i d e r a t i o n  of t h e  "thermodynamic parameter . "  No t empera tu re  

e f f e c t  w a s  no ted  i n  t h e  water tests s i n c e  t h e  t empera tu re  range  

w a s  i n s u f f i c i e n t .  

4 8  
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4 )  The e f f e c t  of s u r f a c e  roughness d i f f e r e n c e s  and minor 

s u r f a c e  d i s c o n t i n u i t i e s ,  as around p r e s s u r e  t a p s ,  upon c a v i t a t i o n  

i n c e p t i o n  number can be s u b s t a n t i a l .  

5 )  An improved c o r r e l a t i o n  of c a v i t a t i o n  number data can 

be achieved  i f  it i s  p l o t t e d  a g a i n s t  Reynolds number r a t h e r  t h a n  

v e l o c i t y ,  diameter,  t empera ture ,  etc.  s i n g l y .  Th i s  appea r s  

t o  be more t h e  case f o r  mercury than  f o r  w a t e r .  I n c e p t i o n  

c a v i t a t i o n  number f o r  bo th  f l u i d s  appea r s  t o  d e c r e a s e  w i t h  

i n c r e a s i n g  Reynolds number up t o  abou t  1 0  . Above t h a t  v a l u e ,  

t h e r e  i s  some i n d i c a t i o n  of a n  i n c r e a s e  of c a v i t a t i o n  number 

w i t h  i n c r e a s e d  Reynolds number. 

6 

6 )  V e l o c i t y ,  s i z e ,  and gas c o n t e n t  e f f e c t s  a r e  reduced a t  

h igh  Reynolds number. 



APPENDIX 

D E F I N I T I O N  O F  CAVITATION C O N D I T I O N S  

The fo l lowing  are t h e  d e f i n i t i o n s  of t h e  deg rees  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 :  

Son ic  I n i t i a t i o n *  ------ f i r s t  v i s i b l e  o r  s o n i c  m a n i f e s t a t i o n  
of c a v i t a t i o n  i n  t h e  v e n t u r i .  

V i s i b l e  I n i t i a t i o n *  ---- cont inuous  r i n g  of c a v i t a t i o n  a t  t h e  

S tanda rd  C a v i t a t i o n  ---- c a v i t a t i o n  c loud  ex tends  from t h r o a t  

th roa t  o u t l e t ,  about  1/8" long.  

o u t l e t  t o  t e r m i n a t i o n  a t  1 . 5 2 0 ( D )  
inches  downstream. 

F i r s t  Mark C a v i t a t i o n  -- c a v i t a t i o n  c l o u d  ex tends  f r o m  t h r o a t  
uuLIG:c. -..&-I rrc c- Lu C - u - .  Lc: l l t t l r la~~on .--A: a t  3 . 4 4 0  (a) 
inches  downstream. 

*The f low c o n d i t i o n s  cor responding  t o  t h e s e  two i n c e p t i o n  
c o n d i t i o n s  are t h e  same f o r  t h i s  set  of  tests,  so t h a t  bo th  
c o n d i t i o n s  a r e  c a l l e d  " c a v i t a t i o n  i n c e p t i o n  i n  t h e  paper .  
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