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INTRODUC TION 

The  u s e r  of a t u r b o m a c h i n e  i s  m a i n l y  i n t e r e s t e d  only in  the  o v e r a l l  h y d r o d y n a m i c  
p e r f o r m a n c e  of the  dev ice .  However ,  t he  d e s i g n e r  i s  a l m o s t  a l w a y s  c o n f r o n t e d  wi th  
the  p r o b l e m  of a c h i e v i n g  the  i n t e n d e d  p e r f o r m a n c e  in the  f ace  of many  con f l i c t i ng  
h y d r o d y n a m i c  and  s y s t e m  r e q u i r e m e n t s .  In c e r t a i n  a r e a s  i t  m a y  h a p p e n  t ha t  a 
f o r m e r l y  d e l e t e r i o u s  e f f ec t  ( s u c h  a s  the  o c c u r r e n c e  of c a v i t a t i o n ) c a n  be  t u r n e d  to 
good a d v a n t a g e  a s  in  the  c a s e  of the  s u p e r c a v i t a t i n g  h y d r o f o i l  o r  p r o p e l l e r .  U n f o r -  
tuna te ly ,  t h i s  happy c i r c u m s t a n c e  i s  no t  the  lo t  of the  d e s i g n e r  of a l iqu id  p u m p i n g  
s y s t e m  when  the  e f f e c t s  of c a v i t a t i o n  a r e  p r e d o m i n a n t .  T h a t  t h i s  i s  so, fo l lows  f r o m  
the  f ac t  t ha t  the  d i s s i p a t i o n  e f f e c t s  in  p r o d u c t i o n  of l i f t  by a hydro fo i l  a r e  r e l a t i v e l y  
u n i m p o r t a n t  w h e r e a s  d i s s i p a t i o n  i s  i m p o r t a n t  in  the  d e c r e a s e  of e n e r g y  of a f lu id  
s t r e a m  as  in the  c a s e  of a pump.  

The  b a s i c  c o m p r o m i s e  in p u m p  d e s i g n  t ha t  m a k e s  c a v i t a t i o n  a p r o b l e m  is  r o t a -  
t i ve  speed .  If the  s i z e  and  we igh t  of a p u m p i n g  uni t  w e r e  i m m a t e r i a l ,  then  a s u i t a b l e  
c o m b i n a t i o n  of r o t a t i v e  s p e e d  and  p u m p ( s ) c o u l d  a l w a y s  be  found to e l i m i n a t e  v i r t u a l l y  
any p r o b l e m  of c a v i t a t i o n .  F o r t u n a t e l y  f o r  the  o c c u p a t i o n a l  out look of h y d r a u l i c  e n g i -  
n e e r s ,  one r a r e l y  h a s  s u c h  f r e e d o m .  In fac t ,  we igh t  and  o v e r a l l  s i z e  a r e  of such  
i m p o r t a n c e  in m i s s i l e  t u r b o p u m p  a p p l i c a t i o n s  tha t  the  c o n v e n t i o n a l  l i m i t s  of r o t a t i v e  
s p e e d  and c a v i t a t i o n  c r i t e r i a  h a v e  b e e n  f a r  exceeded ,  so  t ha t  the  e f fec t  of c a v i t a t i o n  
on o v e r a l l  p e r f o r m a n c e  i s  c r i t i c a l .  A s u b s t a n t i a l  r e d u c t i o n  in we igh t  is  ob ta ined ,  of 
c o u r s e ,  by o p e r a t i o n  a t  h igh  s p e e d s ,  s i n c e  to a rough  a p p r o x i m a t i o n  the  t ip s p e e d  for  
a g iven  p r e s s u r e  r i s e  is  f ixed.  As the  r o t a t i v e  s p e e d  i s  i n c r e a s e d ,  the d i a m e t e r  is  
r e d u c e d  and the  weigh t  i s  r e d u c e d  m o r e  o r  l e s s  a s  the  cube  of the  d i a m e t e r .  Need -  
l e s s  to say ,  the  we igh t  of a u x i l i a r y  d r i v i n g  e q u i p m e n t  wil l  a l so  be  s m a l l e r  a t  h igh 
r o t a t i v e  s p e e d s  s i n c e ,  as  is  i n v a r i a b l y  the  c a s e ,  a h i g h - s p e e d  i m p u l s e  d r i v e  t u r b i n e  is  
u sed  and f e w e r  g e a r s  wil l  be  n e e d e d  in the  r e d u c t i o n  t r a i n .  The  flow n e a r  the  in le t  
p o r t i o n s  of the p u m p  is  now qui te  s u s c e p t i b l e  to c a v i t a t i o n  b e c a u s e  of the  l a r g e  r e l a -  
t ive  v e l o c i t i e s  tha t  o c c u r  in th i s  r eg i on .  Thus  t h e r e  is  e v e r y  i n c e n t i v e  to o p e r a t e  a 
l iqu id  pump at  the  h i g h e s t  p o s s i b l e  r o t a t i v e  speed ,  l i m i t e d  only by cav i t a t i on .  

T h e s e  f lows as  wel l  as  n o n - r o t a t i n g  f lows a r e  g o v e r n e d  by a c a v i t a t i o n  index  k 
e x c e p t  tha t  h e r e i n  they a r e  b a s e d  upon the  in le t  r e l a t i v e  ve loc i t y  d y n a m i c  p r e s s u r e ,  
the  u p s t r e a m  s t a t i c  p r e s s u r e  and the  v a p o r  p r e s s u r e  of the  f lowing f luid.  Some a p p r e -  
c i a t i o n  of the  f luid d y n a m i c  e f f ec t s  to be  expec t ed  m ay  be  ga ined  by a c o m p a r i s o n  of 
the  c a v i t a t i o n  n u m b e r s  a t  which  c o n v e n t i o n a l  p u m p s  o p e r a t e  and  those  of m o d e r n  
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propel lant  pumps. A wel l -des igned centr i fugal  (or axial) pump may be expected to 
operate with cavitaUon numbers  as low as about 0.3 before  ser ious  deter iora t ion  in 
per fo rmance  occurs .  However, a miss i l e  propel lant  pump may be cal led upon to 
operate sa t i s fac tor i ly  with values  of k = 0.03, say, although at some loss  of efficiency. 
(To make the compar ison fair ,  the se rv ice  life of the conventional unit as de termined 
by cavitat ion damage will  be many t imes  that of the propel lant  pump.) It is c lear  
that with such low values  of k, a cav i ta t ion- f ree  flow cannot be obtained and, in fact, 
considerat ions  of cavitaUon dominate the design of inlet  port ions of such machines.  

A cha rac t e r i s t i c  feature  of cavity flows in confined spaces is that for a given 
geometry there  i s  a minimum cavitat ion number below which steady flow is not pos-  
sible. This effect  may be t e rmed  "choking" in analogy with the compress ib le  phe-  
nomenon or  cavitat ion "breakdown." Examples  of such l imit ing flows in ducts a re  
given in Ref. 1 and in cascades  in Ref. 2. In the case of a pump operat ing at a given 
speed and flow rate ,  there  also exis ts  an inlet  p r e s s u r e  below which maintenance of 
the flow ra te  is  not possible.  It is  ex t remely  important  in des ignto  be able to pred ic t  
the minimum requi red  inlet p r e s s u r e ,  and to so design the machinery as to make 
this minimum as smal l  as the c i r cums tances  allow. 

F r o m  the foregoing r e m a r k s  it will have been anUcipated that the inlet con- 
f igurat ion of a pump designed for  cavitat ion will  be quite different  f rom a conventional 
machine. At smal l  cavitat ion numbers  (say l e s s  than 0.1) the cavity length becomes  
appreciable,  and for the l imi t ing cavitat ion number,  the cavity length is  infini te--at  
leas t  in al l  p lanar  flows. It is no surpr i se ,  then, that the blade length of the inlet 
port ions of pumps for cavitaUng se rv i ce  must  be long, or  at least  sufficiently long to 
insure finite cavity lengths over  the des i red  operat ing range. The length of the blade 
is conveniently expressed  in units of the c i rcumferen t i a l  blade spacing, and the rat io  
of these lengths is  cal led the solidity. The inlet porUons of such pumps will  t he re -  
fore be of high solidity (at l eas t  g rea te r  than unity) and to avoid high local  ve loc i t ies  
will  be predominantly axial. For  convenience of manufacture,  this inlet  region is 
often made separa te ly  and subsequently joined to the main stage. Following super -  
charger  terminology,  this separa te  piece is cal led an " inducer ."  The function of the 
inducer is  to p r e s s u r i z e  the flow sufficiently to enable the following pumping equip- 
ment  to pe r fo rm  sat isfactor i ly .  If the p r i m a r y  ro tor  is of the centr i fugal  type, the 
p r e s s u r e  inc rease  of the inducer  port ion usually needs to be only about ten percent  
of the p r e s s u r e  r i s e  of the sys tem.  The power requi rement  of the inducer is then not 
an overr id ing considerat ion and the necessa ry  cavitation per formance  of this compo- 
nent can then be obtained at the cost  of efficiency if need be. 

The inducer is  thus only an extension of the main rotor.  Its being separate ,  
however,  offers  advantages in that it may be run at a different speed on a coaxial  
shaft and cer ta in  fabricat ion diff icult ies a re  al leviated.  Figure 1 is a photograph of 
a typical pump-inducer  combination.* The inducer is  hardly a new device. For  
example,  one of the very  f i r s t  rocket  engines, the Walter  109-509A engine for the 
Me-163 rocket  plane, used an inducer-pump combination (3). In the intervening 
per iod there  has been a rapid development of inducers  and pumps for cavitat ing 
se rv ice  by organizat ions in te res ted  in miss i l e  development. However, re la t ive ly  
l i t t le design information has appeared in the open l i te ra ture .  We find, for  example,  
Z i m m e r m a n  in 1950 discussing the effect  of pump suction p r e s s u r e  r equ i remen t s  in 
t e r m s  of pumping machinery weight (4). Brumfield (5) and Ross (6) undertook an 
e lementary  analysis  to show in effect that there is an optimum inlet d iamete r  for a 

SFor a novel scheme to eliminate the inducer, and for a good discussion of the prob-  
lem, see Wislicenus,  G.F.,  "Cr i t i ca l  Considerat ions on Cavitation Limits  of Cen- 
trifugal and Axial -Flow Pumps,"  Trans.  ASME 78:1707 (1956). 

534 



E x p e r i m e n t a l  Study of Cavi ta t ing  I n d u c e r s  

g iven  s p e e d  and  flow r a t e .  R o s s  was  
p a r t i c u l a r l y  i n t e r e s t e d  i n  d e m o n -  
s t r a t i n g  the  e f f ec t  of i n l e t  c o n d i t i o n s  
on  we igh t  and  B r u m f i e l d  p o i n t e d  out  
the  a d v a n t a g e s  of p r e - w h i r l  in  a t t a i n -  
ing  low i n l e t  p r e s s u r e s .  The  f i r s t  
p a p e r  dea l i ng  exp l i c i t l y  w i t h the  
i n d u c e r  was  by  R o s s  and  B a n e r i a n  (7) 
in  wh ich  the  func t ion  of the  i n d u c e r  i s  
ou t l i ned  knd a g e n e r a l  d e s c r i p t i o n  of 
the  flow i s  given.  They  r e p o r t  few 
d e t a i l s  abou t  the  i n t e r n a l  flow in the  
i n d u c e r  bu t  show tha t  e x t r e m e l y  low 
i n l e t  p r e s s u r e s  c an  be  ach ieved .  

Both  the  p h o t o g r a p h  of Fig.  1 and  
t h o s e  in Ref.  7 show the  i n d u c e r  to be  
g e n e r a l l y  h e l i c a l  in  shape .  I t  i s  F ig .  1 - A  t yp i ca l  i n d u c e r  i n s t a l l a t i o n  on 
u s u a l l y  m a c h i n e d ,  and  in t h e s e  e x a m -  a c e n t r i f u g a l  pump  for  l iquid oxygen.  
p l e s  c o n s i s t s  of a h e l i c a l  s u r f a c e ,  the  ( C o u r t e s y  of Mr .  T. C a r t e r ,  T u r b o c r a f t  
l e a d  of w h i c h  m a y  v a r y  f r o m  i n l e t  to Corp . ,  Pasadena .}  
d i s c h a r g e .  The  hub d i a m e t e r  a s  we l l  
a s  the  t ip  d i a m e t e r  m a y  a l so  v a r y  a long  the  ax i s .  A l though  t h e r e  a r e  m a n y  d e s i g n  
v a r i a b l e s ,  the  g e n e r a l  a p p e a r a n c e  of an  i n d u c e r  i s  a r o t o r  of h igh  so l id i ty ,  s m a l l  
n u m b e r  of b l a d e s ,  and  s m a l l  b l a d e  angle .  The  p u r p o s e  of t h i s  p a p e r  i s  to  r e p o r t  the  
r e s u l t s  of s o m e  e x p e r i m e n t s  on  t y p i c a l  i n d u c e r  s h a p e s .  T h e s e  e x p e r i m e n t s  a r e  
i n t e n d e d  to show in a q u a l i t a t i v e  way the  g e n e r a l  f low p a t t e r n s  in  the  i n d u c e r  in  
v a r i o u s  s t a g e s  of c a v i t a t i o n  f r o m  i n c i p i e n t  to n e a r  b r e a k d o w n .  F o r  t h i s  o b j e c t i v e  the  
s i m p l e s t  (but  s t i l l  useful} i n d u c e r  s h a p e  i s  c h o s e n ;  a r i g i d  h e l i x  of c o n s t a n t  lead.  
T h r e e  b l a d e  t ip  a n g l e s  w e r e  s tud ied ,  n a m e l y ,  6 °, 9 °, and  12 °. The  so l id i ty  was  kep t  
c o n s t a n t  a t  2.5 fo r  e a c h  of t h e s e  i n v e s t i g a t i o n s .  Add i t i ona l  t e s t s  w e r e  m a d e  w i th  the  
9 ° i m p e l l e r  by v a r y i n g  the  so l id i ty  f r o m  1.0 to 3.25 and  by  c h a n g i n g  the  t ip  c l e a r a n c e  
o v e r  a wide  r a n g e .  

C o m p l e t e  p e r f o r m a n c e  da t a  ( c a v i t a t i n g  and  n o n c a v i t a t i n g )  w a s  o b t a i n e d  fo r  e a c h  
of the  f o r e g o i n g  a r r a n g e m e n t s .  As  wi l l  b e  seen ,  the  flow t h r o u g h  such  a s i m p l e  
g e o m e t r i c a l  d e v i c e  i s  e x t r e m e l y  c o m p l i c a t e d  and  no t  s u b j e c t  to  e x a c t  a n a l y s i s  
( a l though  t h i s  m a y  not  be  n e c e s s a r y  f o r  design}.  In the  fo l lowing  s e c t i o n s  the  n o n -  
c a v i t a t i n g  and  c a v i t a t i n g  p e r f o r m a n c e  of t h e s e  i n d u c e r s  wi l l  b e  p r e s e n t e d ,  t o g e t h e r  
wi th  s o m e  s i m p l e  c o r r e l a t i o n s  b a s e d  on t w o - d i m e n s i o n a l  f r e e  s t r e a m l i n e  t h e o r y .  It  
wi l l  be  shown t h a t  whi le  we a r e  not  ab le  to p r e d i c t  we l l  t he  o c c u r r e n c e  of b r e a k d o w n  
the  c o r r e l a t i o n s  found do o , ' te r  " r u l e s  of t h u m b "  f o r  d e s i g n  t h a t  wi l l  s e r v e  un t i l  b e t t e r  
i n f o r m a t i o n  b e c o m e s  a v a i l a b l e .  

E X P E R I M E N T A L  PROGRA M 

The  T e s t  R o t o r s  

The  c o m b i n a t i o n  of flow c o e f f i c i e n t s  and  h e a d  c o e f f i c i e n t s  r e q u i r e d  fo r  i n d u c e r  
a p p l i c a t i o n s  l i e s  f a r  ou t s i de  c o n v e n t i o n a l  p u m p  or  f an  p r a c t i c e .  A c c o r d i n g l y ,  i t  was  
d e s i r e d  to c o v e r  a r e a s o n a b l y  wide  r a n g e  of g e o m e t r i c  v a r i a b l e s  in  the  t e s t  p r o g r a m .  
To s i m p l i f y  c o n s t r u c t i o n  not  only  of the  r o t o r  bu t  the  r o t o r  hous ing ,  the  b l a d e  s h a p e s  
( a s  n o t e d  b e f o r e )  w e r e  r i g id ,  h e l i c a l  s u r f a c e s  w i th  t ip  b l a d e  a n g l e s  of 6 ° , 9 ° , and  12 ° . 
The  t ip  d i a m e t e r  was  2 i n c h e s  and  the  hub d i a m e t e r  was  1 inch.  The  so l i d i t y  fo r  the  
6 ° and  12 ° r o t o r s  was  m a i n t a i n e d  a t  2.5 w h e r e a s  i t  w as  s y s t e m a t i c a l l y  v a r i e d  in the  
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Fig. 2 - The 6" , 9 ~, and 12: experimental inducers. 
The tip diameter is Z inches, 

T Y p I C , q L  ~ I,-,q D~. 

LEAD 

D E V E L O P E E )  B L A D E  

Fig.  3 De f i n i t i on  sketch of 
[mpe l ]e  r g e o m e t r y  

9 ~" s e r i e s  f r o m  uni ty  to 3.25. The  t ip  c l e a r a n c e  
w as  a l s o  s y s t e m a t i c a l l y  v a r i e d  in  the  9 ° s e r i e s  
for  a g i v e n  so l id i ty  (2.5) o v e r  a wide range .  

F i g u r e  2 i s  a p h o t o g r a p h  of s e v e r a l  of the 
r o t o r s  t e s t e d .  The v a r i o u s  c o n f i g u r a t i o n s  t e s t e d  
a r e  t a b u l a t e d  in Tab le  1, and  Fig. 3 may  be 
c o n s u l t e d  fo r  the  d e f i n i t i o n s  of the  v a r i o u s  
g e o m e t r i c a l  t e r m s .  

All  i m p e l l e r s  w e r e  m a c h i n e d  f r o m  25 ST 
a l u m i n u m  s tock  and  anod ized  for  c o r r o s i o n  and  
d a m a g e  p r o t e c t i o n .  The  b l a d e  t h i c k n e s s  was  
abou t  0.045 inch  a t  the  t ip fo r  m o s t  of the  
i m p e l l e r s .  The  l e a d i n g  e d g e s  in a l l  c a s e s  w e r e  
s h a r p e n e d  so  t ha t  the  r e s u l t i n g  s h a p e  was  a 
wedge w i th  abou t  a t e n - d e g r e e  i nc luded  angle .  

T e s t  F a c i l i t y  

At the  s t a r t  of t h i s  p r o g r a m  no s u i t a b l e  t e s t  f ac i l i t y  was  ava i l ab l e .  The d e s i g n  
of the  a r r a n g e m e n t  shown in Fig. 4 was  d e t e r m i n e d  by  the  a v a i l a b l e  funds  and  the 
d e s i r e  f o r  a s i m p l e ,  r e l i a b l e ,  and  c o m p a c t  s y s t e m .  The h y d r a u l i c  c i r c u i t  c o n s i s t s  of 
a 6 0 - g a l l o n  s t o r a g e  t ank  on  wh ich  a r e  m o u n t e d  the  c y l i n d r i c a l  L u c i t e  w o r k i n g  s e c t i o n  
(Fig.  4) and  the  d r i v e  m o t o r  and  a s s o c i a t e d  c o n t r o l s .  C o n s i d e r a t i o n s  of the  a v a i l a b l e  
m o t o r s  and  p o w e r  supply  d i c t a t e d  t h a t  the  d i a m e t e r  of the  w o r k i n g  s e c t i o n  be  2 inches .  
F o r  m a x i m u m  v i s u a l  o b s e r v a t i o n  of the  flow, the  i m p e l l e r s  w e r e  m o u n t e d o n  a 1 - i n c h  
sha f t  t h a t  i s  s u p p o r t e d  by a w a t e r - l u b r i c a t e d  b e a r i n g  u p s t r e a m  and  a g r e a s e -  
l u b r i c a t e d  ba l l  b e a r i n g  in the  d o w n s t r e a m  d i f fuso r .  A m e c h a n i c a l  f a c e - s e a l  p r e v e n t s  
w a t e r  f r o m  ge t t ing  in to  the  b e a r i n g  o r  p r e v e n t s  a i r  f r o m  l e a k i n g  in to  the  c i r c u i t  
when  o p e r a t i n g  a t  low p r e s s u r e s .  A t h r e e - l e g g e d  s p i d e r  (with s t r u t s  of 9 - p e r c e n t  
t h i c k n e s s )  s u p p o r t s  the  u p s t r e a m  b e a r i n g .  The  s u p p o r t  i s  1 - 1 / 2  d i a m e t e r s  u p s t r e a m  
of the  i m p e l l e r  so  t ha t  no a p p r e c i a b l e  wake  e f f e c t s  shou ld  r e m a i n  in the  flow. 

The d i s c h a r g e  f r o m  the  d i f f u s o r  t h e n  p a s s e s  through a t u r b i n e - t y p e  f l o w m e t e r  
and  an  a u x i l i a r y  c i r c u l a t i n g  pump.  The  h y d r a u l i c  c i r c u i t  i s  c o m p l e t e d  by  d i s c h a r g e  
b a c k  in to  the  6 0 - g a l l o n  r e s e r v o i r .  The  a m b i e n t  p r e s s u r e  in  the  c i r c u i t  i s  changed  by 
app ly ing  v a c u u m  or  p r e s s u r e  to a s e p a r a t e  c o n t a i n e r  abou t  1 ga l lon  in v o l u m e  tha t  i s  
in  t u r n  c o n n e c t e d  to the  s t o r a g e  tank.  T h i s  t ank  i s  m o u n t e d  a p p r o x i m a t e l y  1 foot  
above  the  wor k i ng  s ec t i on ,  and  p u r g e  l i n e s  f r o m  a l l  h igh  p o i n t s  in  the c i r c u i t  l ead  to 
i t  so  t h a t  u n d i s s o l v e d  a i r  o b t a i n e d  e i t h e r  by  d e a e r a t i o n  of the  w a t e r  o r  d u r i n g  the  
n o r m a l  c o u r s e  of o p e r a t i o n  a t  low p r e s s u r e  c a n  be  r e m o v e d .  
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Tab le  1 

C o n s t a n t s  of I m p e l l e r s  T e s t e d  
Nomina l  Tip D i a m e t e r  = 2.0 in . ;  Hub D i a m e t e r  = 1.000 in. 

Blade  Tip I m p e l l e r  
No. Angle  

(deg) 

1 12.05 

2 12.05 

3 9.1 

4 9.1 

5 9.1 

6 9.1 

7 9.1 

8 9.1 

9 9.1 

10 9.1 

11 9.1 

12 6.1 

No. of 
Solidi ty B l a d e s  

Rad ia l  Tip C l e a r a n c e  
Tip C l e a r a n c e  Ra t io  ( g a p / b l a d e  

(in.) he igh t )  

2.5 4 0.002 

2.5 4 0.005 

2.5 3 0.0015 

2,5 3 0.004 

2.5 3 0,008 

2.5 3 0.020 

2.5 3 0.0055* 

3.25 3 0.0055 

2.0 3 0.0055 

1.5 3 0.0055 

1.0 3 0.0055 

2.5 2 0.0045 

0.004 

0.010 

0.003 

0 .008 

0.016 

0.040 

0.011 

0.011 

0.011 

0.011 

0.011 

0.009 

*Th[simpeller appears to have systematic manufacturing differences between 
it and the preceding ones of the same blade angle. 

The g r e a t e s t  c o m p r o m i s e  in the  d e s i g n  of the  t e s t  s y s t e m w a s  the  i m p e l l e r  d r i v e  
m o t o r .  With  the s m a l l  d i a m e t e r  (2 i nches )  of the  r o t o r  i t  i s  n e c e s s a r y  to o p e r a t e  a t  
h igh  r o t a t i v e  s p e e d s  to ob ta in  the low c a v i t a t i o n  n u m b e r s  sought .  (Since  h y d r a u l i c  
h o r s e p o w e r  v a r i e s  as  the  cube  of the  speed ,  and  f i f th  p o w e r  of the  d i a m e t e r ,  a s m a l l  
r o t o r  o p e r a t i n g  a t  h igh  speed  i s  d e m a n d e d  if the  p o w e r  r e q u i r e d  i s  no t  to  be  e x c e s s i v e  
fo r  a g iven  t ip speed . )  The  m i n i m u m  usefu l  r o t a t i v e  speed  for  c a v i t a t i o n  s t u d i e s  was  
though t  to be  about  9000 r p m .  A s u r v e y  of the  e l e c t r i c  m o t o r  m a r k e t  qu ick ly  showed  
t h a t  no induc t ion  m o t o r  s u i t a b l e  fo r  the  l a b o r a t o r y  v a r i a b l e  f r e q u e n c y  supply  was  
r e a d i l y  ava i l ab l e ,  and  as  a c o m p r o m i s e  cho ice  a 1 / 2 - h p  u n i v e r s a l  m o t o r  was  ob t a ined  
t ha t  could  o p e r a t e  at  r o t a t i v e  s p e e d s  f r o m  6000 to 12,000 r p m .  The  m o t o r  p o w e r  
output  was  c a l i b r a t e d  a t  s e v e r a l  s peeds ,  and e l e c t r i c a l  input  power  m e a s u r e m e n t s  
w e r e  s u b s e q u e n t l y  u s e d  to e s t a b l i s h  the  p u m p  ef f ic iency .  T h i s  p r o c e d u r e  was  not  
c o m p l e t e l y  s a t i s f a c t o r y  s ince  the m o t o r  c a l i b r a t i o n  depended  upon the  o p e r a t i n g  
t e m p e r a t u r e  a s  we l l  a s  load. 

I n s t r u m e n t a t i o n  

Al l  p r e s s u r e s  w e r e  m e a s u r e d  wi th  m e r c u r y  m a n o m e t e r s .  The  f low r a t e  was  
found f r o m  the  r o t a t i v e  speed  of a c a l i b r a t e d  t u r b i n e - t y p e  f l o w m e t e r .  Al though the 
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Fig.  4 - View of t e s t  f ac i l i t y  showing  the Luc i t e  
work ing  s e c t i o n  and the d r ive  m o t o r .  The d i s c h a r g e  
piping and m a n o m e t e r s  a r e  not v i s i b l e .  

m o t o r  s p e e d  w a s  m a n u a l l y  v a r i e d  and  c o n t r o l l e d ,  it  w a s  m e a s u r e d  by c o m p a r i n g  it  
wi th  the  ou tpu t  of a known s p e e d  s o u r c e .  The c o m p a r i s o n  s p e e d  w a s  c a p a b l e  of b e i n g  
v a r i e d  in d i s c r e t e  u n i t s  of 12 r p m .  In p r a c t i c e ,  the  a r m a t u r e  c u r r e n t  w a s  v a r i e d  
unt i l  t h e r e  w a s  no d i f f e r e n c e  b e t w e e n  the  m o t o r  s p e e d  and  tha t  of the  s o u r c e .  The  
d e t a i l s  of t h i s  s y s t e m  can  be found in Ref. 8. 

The  i m p e l l e r  to ta l  head  w a s  m e a s u r e d  wi th  a s m a l l  i m p a c t  p r o b e  0.05 inch  in 
d i a m e t e r  a t  a s t a t i o n  1.5 i n c h e s  d o w n s t r e a m  f r o m  the i m p e l l e r .  S u r v e y s  n e a r  the  
::ub or  c a s e  w e r e  m a d e  wi th  a b o u n d a r y  l a y e r  p r o b e  0.02 inch  in he igh t .  Flow a n g l e s  
and  s t a t i c  p r e s s u r e s  w e r e  a l s o  m e a s u r e d  in the  m i d s t r e a m  p o r t i o n  of the  a n n u l u s .  
However ,  owing to the  r e l a t i v e l y  l a r g e  s i z e  of t h e s e  i n s t r u m e n t s  and the  h igh c u r v a -  
t u r e  of the flow in the  p a s s a g e ,  a c c u r a t e  m e a s u r e m e n t s  of t h e s e  q u a n t i t i e s  cou ld  not  
be ob ta ined  n e a r  the  wa l l s .  
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Procedure 

The l i m i t a t i o n  to the  r e l a t i v e l y  low t ip  s p e e d s  of the  p r e s e n t  t e s t s  (about  90 
f t / s e c )  r e q u i r e d  the  i n l e t  s t a t i c  p r e s s u r e s  to the i m p e l l e r  b e  on  the  o r d e r  of 5 f ee t  
abso lu t e .  The f i r s t  s t ep  t h e r e f o r e  in the  t e s t s  w a s  to deaer~ate the  w a t e r  to l e v e l s  
s u c h  t h a t  the  f lu id  was  no t  s u p e r s a t u r a t e d  wi th  a i r  a t  t h e s e  i n l e t  p r e s s u r e s .  F o r  a l l  
e x c e p t  the  v e r y  l o w e s t  i n l e t  p r e s s u r e s  t h i s  w as  a c h i e v e d  by  l i m i t i n g  the  a i r  c o n t e n t  
to 3 p p m  ( i .e . ,  m o l e s  of a i r  p e r  mo le  of w a t e r ) .  A V an  Slyke b l o o d g a s  a n a l y z e r  w a s  
u s e d  to m e a s u r e  the  a i r  con ten t .  N e e d l e s s  to say ,  m u c h  t i m e  was  e x p e n d e d  i n o b t a i n -  
ing and  m a i n t a i n i n g  the  a i r - t i g h t n e s s  of the  s y s t e m  t ° get  such  r e l a t i v e l y  low v a l u e s  
of d i s s o l v e d  a i r .  E v e n  so, an  a i r  con t en t  of say  1 /2  p p m  would have  b e e n  p r e f e r a b l e .  

In t h e s e  e x p e r i m e n t s  the  p e r f o r m a n c e  of the  m a c h i n e  i s  s e p a r a t e d  in to  c a v i t a t i n g  
and  n o n c a v i t a t i n g  p e r f o r m a n c e .  The l a t t e r  t e s t s  w e r e  m a d e  to get  a g e n e r a l  i dea  of 
the  flow wi th in  the  i m p e l l e r  and  to s ee  how the  p e r f o r m a n c e  of s u c h  m a c h i n e s  c o m -  
p a r e d  w i th  t h a t  of m o r e  c o n v e n t i o n a l  de s igns .  F o r  t h i s  p u r p o s e ,  t o t a l  head ,  flow r a t e ,  
and  input  p o w e r  m e a s u r e m e n t s  w e r e  made .  E x t r a n e o u s  t o r q u e s  s u c h  a s  s e a l  f r i c t i o n  
w e r e  m e a s u r e d  by  the  e l e c t r i c  p o w e r  input  to the  m o t o r  and  c o m p u t a t i o n s  of the  
e f f i c i ency  could  t hen  be  m a d e .  

The  c a v i t a t i o n  t e s t s  w e r e  m a d e  by  m a i n t a i n i n g  c o n s t a n t  flow r a t e  and  s p e e d  and  
d e c r e a s i n g  the  s y s t e m  a m b i e n t  p r e s s u r e .  The  a m b i e n t  p r e s s u r e  was  l o w e r e d  un t i l  
the  i m p e l l e r  could  not  m a i n t a i n  the  g iven  flow r a t e  ( t e r m e d  c a v i t a t i o n  b r e a k d o w n )  or  
the  s y s t e m  m i n i m u m  in l e t  p r e s s u r e  w a s  r e a c h e d .  O p e r a t i o n  n e a r  the b r e a k d o w n  
po in t  was  qui te  u n s t a b l e ,  s i n c e  the  p o w e r  r e q u i r e m e n t  of the i m p e l l e r  v a r i e d  wide ly  
and  c o n s t a n t  s p e e d  could  not  b e  o b t a i n e d  wi th  a u n i v e r s a l  m o t o r .  F o r  t h i s  r e a s o n  
da ta  a t  b r e a k d o w n  i t s e l f  i s  of l i m i t e d  e x t e n t  and  m o s t  of the  d e d u c t i o n s  m a d e  w e r e  
b a s e d  on  i n f o r m a t i o n  o b t a i n e d  n e a r  t h i s  point .  

The  quan t i ty  of p r i n c i p a l  i n t e r e s t  in  the  c a v i t a t i n g  t e s t s  was  the  t o t a l - p r e s s u r e  
r i s e .  I t  was  m e a s u r e d  a t  the  d o w n s t r e a m  s t a t i o n  in the  m i d d l e  of the  a n n u l u s  (at  a 
r a d i u s  r a t i o  of 0.75). A l though  the  t o t a l  h e a d  a t  t h i s  p o s i t i o n  c o r r e s p o n d s  to a r o u g h  
a v e r a g e  of the  t o t a l  h e a d  o v e r  the annu lus ,  the  head  so  m e a s u r e d  m u s t  be  s m a l l e r  
t han  the  p r o p e r l y  we igh t ed  t o t a l  head .  The r e s u l t s  t hus  ob t a ined  a r e  c o n s e r v a t i v e .  

Bo th  c a v i t a t i n g  and  n o n c a v i t a t i n g  p e r f o r m a n c e  da ta  w e r e  t a k e n  for  e a c h  of the  
i m p e l l e r  c o m b i n a t i o n s  l i s t e d  in  Tab le  1. S tudies  on s o m e w h a t  m o d i f i e d  i m p e l l e r  
f o r m s  w e r e  a l so  m a d e  bu t  wi l l  not  be  r e p o r t e d  h e r e .  In fac t ,  b e c a u s e  of the  l a r g e  
a m o u n t  of e x p e r i m e n t a l  da t a  g a t h e r e d ,  only  t hose  s a l i e n t  f e a t u r e s  of i m p e l l e r  p e r -  
f o r m a n c e  bo th  c a v i t a t i n g  and  n o n c a v i t a t i n g  wi l l  be men t ioned .  

RESULTS 

To f a c i l i t a t e  the  p r e s e n t a t i o n ,  the  n o n c a v i t a t i n g  f e a t u r e s  of the flow t h r o u g h  the  
i n d u c e r s  wil l  be  d i s c u s s e d  f i r s t .  As  a f u r t h e r  a id  in v i s u a l i z i n g  the flow, the  r e s u l t s  
of a tuf t  s tudy m a d e  on a 12 ° i n d u c e r  (No. 1, Tab le  1) wi l l  be  given.  

Tuft  P h o t o g r a p h s  (Noncav i t a t ing )  

F i g u r e  5 shows  a s e q u e n c e  of t h r e e  p h o t o g r a p h s  of a 1 2 ° - i m p e l l e r  o p e r a t i n g  
v a r i o u s  f l o w - r a t e  c o e f f i c i e n t s .  As  s e e n  in t h i s  p i c t u r e ,  t h r e e  rows  of t h r e e  tu f t s  e a c h  
a r e  f a s t e n e d  to the  c a s e  and in add i t ion  t h r e e  t u f t s  a r e  m o u n t e d  on the  hub i m m e -  
d ia t e ly  u p s t r e a m ,  and  d o w n s t r e a m  of the  r o t o r .  At  the h i g h e s t  f low r a t e  shown 
(~-. = 0.10, o c c u r r i n g  a t  abou t  the  m a x i m u m  ef f i c iency) ,  the u p s t r e a m  tu f t s  show l i t t l e  
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~=0 .10  ¢ : 0 . 0 8  O 0 : 0  06 

Fig. 5 - Sequence of tuft photographs on a 12-" impeller at varlous flow rates. 
The rotation is from left to right and flow approaches the rotor from below. 

or  no d i s t u r b a n c e  and the hub tuf ts  a r e  in a c c o r d a n c e  with a s mo o t h  r e l a t i v e  flow 
hhere.  At the i n t e r m e d i a t e  flow r a t e  (~ = 0.08), however ,  the row of tuf ts  n e a r e s t  the 
i m p e l l e r  on the c a s e  show a s t r o n g  inf luence  f r o m  the i m p e l l e r  w h e r e a s  the hub tuf ts  
a r e  s t i l l  r e l a t i v e l y  unaffec ted .  At ~. = 0.06 back  f lows  on the c a s e  u p s t r e a m  of the 
i m p e l l e r  and on the hub i m m e d i a t e l y  d o w n s t r e a m  of the t r a i l i n g  edge a r e  quite 
no t i ceab le .  

Thus  at  the l owes t  f low r a t e  shown any r e s e m b l a n c e  to s t r a i g h t  axial  flow is  
gone. The g e n e r a l  c i r c u l a t i o n  p a t t e r n  in the m e r i d i a n  p lane  a p p e a r s  to be  tha t  of the 
s t r o n g  r ing  v o r t i c e s  d i s c u s s e d  by Spannhake (9). Addi t ional  v i sua l  tuft  s t u d i e s  w e r e  
made  on a 9 ° i m p e l l e r  to c o n f i r m  th i s  point.  F r o m  t h e s e  it a p p e a r s  that  at  flow 
c o e f f i c i e n t s  fo r  which the s t r o n g  u p s t r e a m  flow d i s t u r b a n c e  i s  o b s e r v e d ,  the suc t ion  
s u r f a c e  of the b lade  n e a r  the l ead ing  edge is  not s e p a r a t e d .  However ,  tu f t s  on the 
p r e s s u r e  s u r f a c e  at  the ou t s ide  d i a m e t e r  ind ica te  that  a s t r o n g  tip c l e a r a n c e  flow at 
the l ead ing  edge may be the agent  of the d i s t u r b a n c e .  The tip c l e a r a n c e  in t h e s e  
o b s e r v a t i o n s  was  1 p e r c e n t  o f , t h e  b lade  height ,  but  m o r e  o b s e r v a t i o n s  wi th  v a r i ab l e  
tip c l e a r a n c e  a re  n e c e s s a r y  b e f o r e  th i s  ques t ion  can be se t t l ed .  

The c o u r s e  of the flow th rough  the r e s t  of the i m p e l l e r  i s  f a i r l y  c o m p l i c a t e d  at 
t h e s e  flow r a t e s .  S t rong  r ad i a l  inflow on the p r e s s u r e  s ide  of the b lade  ju s t  down-  
s t r e a m  of the l ead ing  edge was  o b s e r v e d  on the inne r  half  of the b lade  he igh t  and 
s e c o n d a r y  f lows  w e r e  o b s e r v e d  on the hub. About halfway th rough  the i m p e l l e r ,  the 
flow on the hub a p p e a r s  to s e p a r a t e .  The back  flow at  the t r a i l i n g  edge on the hub 
shown in Fig. 5 f lows  into t h i s  reg ion .  A c o m p e n s a t i n g  r ad i a l  outflow is  o b s e r v e d  on 
the p r e s s u r e  s ide  of the b lade  n e a r  the t r a i l i n g  edge.  

Al though the flow p a t t e r n s  j u s t  d e s c r i b e d  (~ = 0.08 on the 12 ° i n d u ce r  and 0.075 
on the 9 ° i m p e l l e r )  a r e  not  ye t  fully unde r s tood ,  it s e e m s  c e r t a i n  that  the u p s t r e a m  
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disturbance is not a result of blade stall ~--~ ,,--- 

and c e n t r i f u g a l  p u m p i n g  ac t ion .  I t  m ay  \ be t h e r e f o r e  t h a t  t h e  r e s e m b l a n c e  
b e t w e e n  t h e  p r e s e n t  flow a n d  t h a t  
d e s c r i b e d  by Spannhake  i s  p u r e l y  co in -  o2 
c iden ta l .  

O v e r a l l  P e r f o r m a n c e  (Noncav i t a t ing )  

P u m p  p e r f o r m a n c e  i s  u sua l ly  
e x p r e s s e d  in t e r m s  of a d i m e n s i o n l e s s  
head  c o e f f i c i e n t  ~ and flow c o e f f i c i e n t  ¢ 

• ( see  Notat ion) .  The n o n c a v i t a t i n g  p e r -  
f o r m a n c e  of i m p e l l e r s  2, 3, and  12 i s  
g iven  in Fig. 6. (Reca l l  t h a t  the  to ta l  
head  was  m e a s u r e d  a t  the  m i d p a s s a g e  
pos i t i on . )  The  e f f i c i ency  e v e n  u n d e r  
n o n c a v i t a t i n g  c o n d i t i o n s  i s  r a t h e r  low 
(about  75 p e r c e n t ) ,  by o r d i n a r y  s t a n d a r d s .  
The e x c e s s i v e  p a s s a g e  length ,  p o o r  flow 
c o n d i t i o n s  at  the  l e ad ing  edge,  and  t ip 
c l e a r a n c e  l e akage  a l l  c o n t r i b u t e  to  t h i s  
low f igure .  

S e v e r a l  e l e m e n t a r y  e s t i m a t e s  of the  
p r e s s u r e  r i s e  c u r v e  w e r e  made ,  none  of 
which  w e r e  whol ly  s u c c e s s f u l .  One of 
t h e s e  i s  s h o w n i n  Fig. 6 fo r  the  9 ° i m p e l -  
l e r .  It was  ob ta ined  by a s s u m i n g  t ha t  the  
r o o t - m e a n - s q u a r e  r a d i u s  w as  typ ica l  fo r  
the  m a c h i n e ,  by a s s u m i n g  t ha t  t h e r e  i s  
p e r f e c t  gu idance  of the  flow by the  
b l ades ,  by a c c o u n t i n g  fo r  b l o c k a g e  due 
to vane  t h i c k n e s s ,  and by s u b t r a c t i n g  off 
a " f r i c t i o n "  l o s s  b a s e d  on an  e q u i v a l e n t  
n u m b e r  of p a s s a g e  d i a m e t e r s  and  the  
r e l a t i v e  ve loc i ty .  At the  b e s t  e f f i c i ency  
po in t  t h i s  e s t i m a t e  i s  2 2 p e r c e n t  high. It  
would be  s u r p r i s i n g  if such  a s i m p l e  
p r o c e d u r e  w e r e  to w o r k  well ,  s i n c e  i t  i s  
known tha t  a h e l i c a l  s u r f a c e  c a n n o t  
i m p a r t  a c o n s t a n t  t o t a l  head  to a l l  r a d i i  
and  s i n c e  it  i s  a p p a r e n t  t ha t  s t r o n g  r e a l  
f lu id  and  t ip c l e a r a n c e  e f f ec t s  occur .  
F i g u r e  7 shows  a flow s u r v e y  t a k e n  1.5 
d i a m e t e r s  d o w n s t r e a m  of i m p e l l e r  7 a t  
a flow coe f f i c i en t  of ~ = 0.093 ( n e a r  the  
b e s t  e f f i c i ency  point) .  The l oca l  flow 
coe f f i c i en t  and to ta l  head  c o e f f i c i e n t  v a r y  
a p p r e c i a b l y  but  s m o o t h l y  a c r o s s  the 
channe l .  The ve loc i t y  p r o f i l e  and  output  
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t o t a l  h e a d  coe f f i c i en t  w e r e  c o m p u t e d  on  t h e  b a s i s  of the  s i m p l e  r a d i a l  e q u i l i b r i u m  
t h e o r y  of Ref.  10 and  a r e  a l s o  shown on Fig. 7. ( in  t h e s e  c a l c u l a t i o n s ,  a c o n s t a n t  
1 2 - p e r c e n t  b l o c k a g e  of the  a n n u l u s  due to vane  t h i c k n e s s  was  a s s u m e d . )  The o b s e r v e d  
ax i a l  v e l o c i t y  p r o f i l e  fo l lows  the  t h e o r e t i c a l  t r e n d  a d e q u a t e l y  bu t  t h e r e  i s  a g r e a t  
d e p a r t u r e  of the  o b s e r v e d  q~' c u r v e  f r o m  the  r a d i a l  e q u i l i b r i u m  value .  We a r e  not  
ab le  to  e x p l a i n  fu l ly  the  r e a s o n s  f o r  the  wide  d i s c r e p a n c y  e x c e p t  to r e m a r k  t h a t  t ip  
c l e a r a n c e  l e a k a g e  and  the  t h r e e - d i m e n s i o n a l  f lows  t h a t  undoub ted ly  take  p l a c e  v i o l a t e  
the  a s s u m p t i o n s  of p e r f e c t  gu idance  and  l o s s l e s s  r e l a t i v e  flow u s e d  in the  r a d i a l  
e q u i l i b r i u m  c o m p u t a t i o n s .  T h e s e  e f f e c t s  a r e  so  p r o n o u n c e d  a t  a flow coe f f i c i en t  only  
7 p e r c e n t  l o w e r  ( i .e . ,  ~ = 0.087) t h a t  the  ax i a l  v e l o c i t y  p r o f i l e  i s  n e a r l y  l i n e a r  and  i s  
z e r o  a t  the  hub. At  l o w e r  flow c o e f f i c i e n t s  r e v e r s e  flow i s  m e a s u r e d  a t  the  hub 
v e r i f y i n g  the  type  of flow p a t t e r n  shown in Fig.  5. F o r  t h e s e  c o n d i t i o n s  the  s i m p l e  
r a d i a l  e q u i l i b r i u m  t h e o r y  fa i l s .  

The  f l o w - r a t e  c o e f f i c i e n t  c o m p u t e d  f r o m  the  d o w n s t r e a m  v e l o c i t y  s u r v e y  a g r e e d  
s a t i s f a c t o r i l y  wi th  the  m e a s u r e d  v a l u e  f o r  a flow c o e f f i c i e n t  of 0.093 and  h ighe r .  As  
a c h e c k  on  the  e l e c t r i c a l  m e a s u r e m e n t  of p o w e r  input  to the  i m p e l l e r ,  the  t o r q u e  was  
c o m p u t e d  f r o m  the  a n g u l a r  m o m e n t u m  m e a s u r e m e n t s  of Fig.  7. The  a g r e e m e n t  
b e t w e e n  t h e s e  two m e t h o d s  w as  e x c e l l e n t  (wi th in  5 p e r c e n t ) .  In c o m m o n  wi th  
o t h e r  i n v e s t i g a t i o n s  (11), an  i n c r e a s e  in  t ip  c l e a r a n c e  i s  found to d e c r e a s e  the  
m a x i m u m  e f f i c i e n c y  of the  i m p e l l e r s ,  to r e d u c e  the  h e a d  coe f f i c i en t ,  and  to i n c r e a s e  
the  t o r q u e  r e q u i r e d .  O v e r  the  r a n g e  of t ip  c l e a r a n c e s  shown  in  Tab le  1, the  m a x i m u m  
e f f i c i e n c y  i s  r e d u c e d  by  25 p e r c e n t a g e  p o i n t s ,  and  the  h e a d  i s  r e d u c e d  by 20 p e r c e n t .  
S o m e w h a t  s u r p r i s i n g  i s  the  f ind ing  t h a t  the  h e a d  c o e f f i c i e n t  i s  n e a r l y  a l i n e a r  func t ion  
of the  so l id i ty  a t  a g iven  flow r a t e .  F o r  e x a m p l e  ( see  Fig.  17), w h e n  the  so l id i ty  i s  
i n c r e a s e d  f r o m  uni ty  to 3.25 the  h e a d  coe f f i c i en t  a t  a flow coe f f i c i en t  of ~ = 0.093 
i n c r e a s e s  f r o m  0.083 to 0.12 o r  an  i n c r e a s e  of abou t  45 p e r c e n t .  A d e t a i l e d  e x p l a -  
n a t i o n  of t h i s  p h e n o m e n o n  m u s t  a w a i t  f u r t h e r  e x p e r i m e n t  s i n c e  a c c o r d i n g  to two-  
d i m e n s i o n a l  u n s e p a r a t e d  c a s c a d e  f low t h e o r y ,  s u b s t a n t i a l l y  a l l  of the  guid ing  e f f ec t  
of a f l a t  p l a t e  b l a d e  row i s  a c h i e v e d  when  the  so l id i ty  i s  abou t  uni ty.  

P e r f o r m a n c e  D u r i n g  C a v i t a t i o n  

• It i s  c o n v e n i e n t  when  m a k i n g  c a v i t a t i o n  t e s t s  to m a i n t a i n  the  flow g e o m e t r y  and  
h e n c e  the  flow coe f f i c i en t  c o n s t a n t  and  o b s e r v e  the  change  in head  as  a f unc t i on  of a 
c a v i t a t i o n  p a r a m e t e r .  In the  p u m p  and t u r b i n e  l i t e r a t u r e  the  c u s t o m a r y  c a v i t a t i o n  
index  i s  the  " s u c t i o n  s p e c i f i c  s p e e d , "  a quan t i t y  c l o s e l y  r e l a t e d  to the  m o r e  f a m i l i a r  
c a v i t a t i o n  n u m b e r ,  wh ich  m a y  be  c o n v e r t e d  in to  the  s u c t i o n  s p e c i f i c  s p e e d  ( S ) b y  
m e a n s  of the  f o r m u l a  in the  Nota t ion  sec t ion .  The  t o t a l - h e a d  output  of i m p e l l e r s  2, 
3, 12 a s  a f unc t i on  of c a v i t a t i o n  n u m b e r  w as  d e t e r m i n e d  a s  d i s c u s s e d  above  and i s  
shown in Fig. 8. A c o m m o n  f e a t u r e  of a l l  of t h e s e  c u r v e s  i s  t ha t  the  head  i s  e s s e n -  
t i a l ly  u n a f f e c t e d  un t i l  the  c a v i t a t i o n  n u m b e r  i s  0.1 o r  l e s s .  E v e n  then,  the  h e a d  d r o p s  
off only s lowly  (excep t  fo r  the  low flow r a t e s )  un t i l  a c a v i t a t i o n  n u m b e r  i s  r e a c h e d  at  
wh ich  a f u r t h e r  d e c r e a s e  c a u s e s  the  v e r y  l a p i d  d e c r e a s e  in p e r f o r m a n c e  known as  
c a v i t a t i o n  b r e a k d o w n .  As  m e n t i o n e d  p r e v i o u s l y ,  l i m i t a t i o n s  of the  c i r c u i t  p r e v e n t e d  
o b t a i n i n g  b r e a k d o w n  for  a l l  cond i t ions .  However ,  s o m e  def in i t e  b r e a k d o w n  p o i n t s  
a r e  shown in Fig. 8 and even  for  t ! o s e  flow r a t e s  when  no s h a r p  d e c r e a s e  o c c u r s ,  a t  
the  m i n i m u m  va lue  of k shown,  b1 eakdown i s  i m m i n e n t .  

T h e s e  d i a g r a m s  show tha t  e x t r e m e l y  low c a v i t a t i o n  n u m b e r s  c an  be  a c h i e v e d  (in 
the  o r d e r  of 0.03) fo r  a l l  i m p e l l e r s ,  so  t h a t  s u c t i o n  spec i f i c  s p e e d s  in the  r a n g e  
25,000 to 30,000 can  be  r e a d i b  ~ a c h i e v e d  (a l though  a t  the  r i s k  of c a v i t a t i o n  damage) .  
However ,  t h e s e  p l o t s  do not  r e v e a l  the  i n t e r e s t i n g  and  c o m p l i c a t e d  flow p a t t e r n s  tha t  
deve lop  a s  c a v i t a t i o n  t a k e s  p lace .  To i l l u s t r a t e  t h e s e  po in t s ,  a n u m b e r  of p h o t o g r a p h s  
of the  12 ° i m p e l l e r  wi l l  be  used.  The  f i r s t  s e r i e s  (Fig.  9) shows  the  i m p e l l e r  
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o p e r a t i n g  at a flow coe f f i c i en t  in the good e f f i c i ency  range  (c = 0.12) as  the inlet  
p r e s s u r e  or  cav i ta t ion  n u m b e r  i s  lowered .  A pa tch  of cav i t a t ion  is  s een  at the blade 
tip in Fig. 9 that  g r o w s  as  the p r e s s u r e  i s  l o w e r e d  unt i l  at k = 0.02 it i s  about 3/4 as  
long as  the blade.  Ti:e cav i t a t ion  bubble is  n e v e r  c l e a r ,  as  it  i s  on a s h a r p - e d g e  
hydrofo i l  in a w a t e r  tunnel ,  but a lways  has  a f r o s t y  appea rance .  Close  i n spec t i on  
shows  that  the g r e a t e s t  p a r t  of the fuzzy cav i t a t ion  pa t ch  a r i s e s  f r o m  a tip clea~-ance 
flow s i m i l a r  to that  r e p o r t e d  in Ref. 12. The cav i t a t ion  is  conf ined l a rge ly  to the 
ou te r  p o r t i o n s  of the annulus ,  but at  the l owes t  cav i t a t ion  n u m b e r s  it does  occu~ f r o m  
roo t  to tip. The d e v e l o p m e n t  shown in Fig. 9 s a t i s f i e s  o n e ' s  intui t ive idea  of the 
growth  of cav i ta t ion  but at o the r  flow c o e f f i c i e n t s  the s equence  is  en t i r e l y  d i f f e r en t  
a s  fo r  example  those  in F igs .  10, 11. and 12. In Fig. 10 (¢ = 0.14) we see  eve ry  o the r  
b lade  cavi ta t ing.  This  a r r a n g e m e n t  is  s tab le  and it does  not a lways  occu r  on the 
s a m e  b lades .  At lower  flow za tes ,  ti~e a l t e r n a t e  b lade  c a v i t a t i o n a p p e a r s  to p ropaga t e  
f r o m  blade to blade in much tl~.e s a m e  way as  p r o p a g a t i n g  s ta l l  in a ca scade .  ~be 
f r equency  of p ropaga t i on  depends  upon the cav i t a t ion  n u m b e r ,  be ing  high at high k ' s  

k = 0.09 k= 0.04 

k = 0.023 k = 0.02 

Fig. 9 - Development of cavitation in a ig ° helical inducer for a flow rate coefficient 
= 0.1S. (These photographs are not strictly in a sequence since they were taken at 

different times and rotative speeds.) 
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k = 0.06 k = 0.16 

Fig. i0 - Cavitation on the IZ ~ inducer at a flow coefficient of ~ = 0.14, 
showing the occurrence of alternate blade cavitation 

k = 0.22 k = 0.056 

Fig. ii - Cavitation on the iZ ° inducer at a flow coefficient of ~= 0.10. The confused 
flow pattern at the lower cavitation number is typical ofnonsteady oscillating cavitation. 

and d e c r e a s i n g  to z e r o  f r e q u e n c y  j u s t  b e f o r e  c a v i t a t i o n  breakdown. ' , '  In t h i s  r e g i m e  
b l ade  f o r c e s  c an  be qui te  h igh  and  the  v a r i o u s  m e c h a n i c a l p a r t s  of the  p u m p  a s s e m b l y  
can  be  e a s i l y  exc i t ed  to r e s o n a n c e .  It i s  d i f f icu l t  to show the s t a t e  of the flow in  t h i s  
" o s c i l l a t i n g  c a v i t a t i o n "  cond i t i on  but  Fig. 11 g ives  s o m e  idea  of the  d i s t u r b e d  flow 
p r e s e n t .  At e v e n  l o w e r  flow r a t e s  the  b a c k - f l o w  p h e n o m e n a  i l l u s t r a t e d  in Fig. 5 g ives  
r i s e  to a s p e c t a c u l a r  v o r t i c a l  flow (Fig.  12). Even  t h i s  p e c u l i a r  flow p a t t e r n  i s  able  
to a c h i e v e  v e r y  low c a v i t a t i o n  n u m b e r s  ( shown a t  b r e a k d o w n  in the  l a s t  of t h i s  
sequence) .  

• The occurrence of these phenomena had been pointed out to the author by Dr. Toru 
Iura in 1955. 
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k = 0.15 k = 0.13 

k : 0.07 k = 0.03 

Fig. 12 - Cavitation development at a flow coefficient of ~v= 0.08 on the 12 ° inducer 

A d i a g r a m  showing  the  l o c a t i o n  of t h e s e  v a r i o u s  r e g i o n s  i s  shown in Fig. 13. 
The  b o u n d a r i e s  of t h e s e  r e g i o n s  a r e  not  s h a r p l y  def ined  and  depend  to a c o n s i d e r a b l e  
ex t en t  on the  d e t a i l s  of the  l e a d i n g  edge d e s i g n  and  s o m e w h a t  on the  t ip  c l e a r a n c e .  
However ,  i t  i s  t yp i ca l  of a l l  of the  h e l i c a l  i n d u c e r s  s tud ied .  The  o u t l i n e s  of the  o s c i l -  
l a t i n g  c a v i t a t i o n  r e g i o n  a r e  a l so  shown in F igs .  8b and  8c fo r  the  o t h e r  b l a d e  ang les .  

546 



E x p e r i m e n t a l  Study of Cav i t a t i ng  I n d u c e r s  

' ' L L 
, CAVITATION AT 

BLADE TIP 

0.5 

z 

0.2 

0.1 

• NO 

~ I  ~ I CAVITATION 

OSCIL'AT,"G ~ L..-----~'I--J~ 
CAVITATION I ] ~ I r 

I ~ ' -  FULLY O E V EL-OISE:D --'''- ' - ~  0 , I BREAKDOWN j I I 
a o 8  a lo  o.,z o.14 

FLOW COEFFICIENT 

F i g .  13 - T h e  v a r i o u s  m o d e s  o f  c a v i t a t i n g  f l o w  i n  a 
12  ° h e l i c a l  i n d u c e r  a s  a f u n c t i o n  o f  c a v i t a t i o n  n u m b e r  
and flow coef f i c i en t  

F r o m  t h e s e  d i a g r a m s  we see t h a t  m o s t  a p p l i c a t i o n s  fo r  h ighly  c a v i t a t i n g  i n d u c e r s  
wi l l  be  s u b j e c t  to  t h i s  p h e n o m e n o n ,  and  a c c o r d i n g l y  s o m e  e f f o r t  was  m a d e  to f ind  
s i m p l e  m o d i f i c a t i o n s  of the  i m p e l l e r  t ha t  would s u p p r e s s  it. T h r e e  w e r e  t r i e d :  
(a) i n c r e a s i n g  the  t ip  c l e a r a n c e ,  (b) c h a n g i n g  the  l e ad ing  edge con tou r  of the  i m p e l l e r  
and  (c) v a r y i n g  the  l e ad  of the  i m p e l l e r  b l a d e s  f r o m  in le t  to d i s c h a r g e .  I n c r e a s i n g  
the  t ip c l e a r a n c e  o f f e r e d  s o m e  he lp  ( in p r e v e n t i n g  o s c i l l a t i n g  cav i t a t ion )  bu t  a t  the 
e x p e n s e  of c a v i t a t i n g  p e r f o r m a n c e  and  o v e r a l l  e f f i c iency .  No e x t e n s i v e  l e ad ing  edge 
m o d i f i c a t i o n s  w e r e  c a r r i e d  out,  bu t  the  one t r i e d  wh ich  c o n s i s t e d  of m a k i n g  the  l e a d -  
ing edge of the  b l a d e  s u r f a c e  a s p i r a l  r a t h e r  t han  a r a d i a l  l ine ,  d e p r e s s e d  the  o c c u r -  
r e n c e  of o s c i l l a t i n g  c a v i t a t i o n  to l o w e r  c a v i t a t i o n  n u m b e r s  and a l so  i m p r o v e d  the 
c a v i t a t i o n  p e r f o r m a n c e  [ In the  l a s t  a t t e m p t  an  i m p e l l e r  was  c o n s t r u c t e d  wi th  a b l ade  
angle  of 6 ° a t  the  i n l e t  and  9 ° a t  the  d i s c h a r g e  and wi th  a so l id i ty  of 2.5. The o v e r a l l  
p e r f o r m a n c e  was  s i m i l a r  to the  9 ° i m p e l l e r  and the  c a v i t a t i o n  p e r f o r m a n c e  was  
s i m i l a r  to the  6 ° i m p e l l e r s  (a l though not  qui te  a s  good), bu t  the  ex t en t  and  s e v e r i t y  
of the  o s c i l l a t i n g  m o d e  w a s  g r e a t l y  r e d u c e d .  The f o r e g o i n g  r e m a r k s  imply  t ha t  t h i s  
zone  i s  to be avo ided  a t  a l l  cos t .  T h i s  i s  b e l i e v e d  to be  the  c a s e  only fo r  m e c h a n i c a l  
r e a s o n s ,  s i nce  t h e r e  i s  no h y d r a u l i c  r e a s o n  to do so. 

It  h a s  a l r e a d y  b e e n  m e n t i o n e d  t ha t  i n c r e a s e d  t ip c l e a r a n c e  t e n d s  to r e d u c e  
h y d r a u l i c  p e r f o r m a n c e .  The s a m e  r e s u l t  i s  a l so  found to be  t r u e  when  c a v i t a t i o n  
o c c u r s ,  a s  Fig. 14 shows.  A c c o r d i n g  to the  p r e s e n t  r e s u l t s  the s m a l l e s t  p o s s i b l e  t ip  
c l e a r a n c e  g ives  the  b e s t  c a v i t a t i o n  p e r f o r m a n c e .  Even  so, i m p r e s s i v e l y  low k ' s  a r e  
s t i l l  a c h i e v e d  wi th  the  l a r g e s t  c l e a r a n c e  used ,  a l t hough  at  g r e a t l y  r e d u c e d  output.  
(It shou ld  be m e n t i o n e d  h e r e  t h a t  t h e r e  i s  p r o b a b l y  no p a r t i c u l a r  m e r i t  in m a k i n g  the  
t ip  c l e a r a n c e  d i m e n s i o n l e s s  wi th  the  b l ade  t h i c k n e s s  s ince  for  the  r a n g e s  of Reyno lds  
n u m b e r  u s e d  i n e r t i a l  f o r c e s  p r e v a i l  in the  gap, and  the r o t o r  r a d i u s  i s  then  a b e t t e r  
c h a r a c t e r i s t i c  l eng th  (11).) P h o t o g r a p h s  t a k e n  of c a v i t a t i o n  wi th  the  l a r g e s t  t ip 
c l e a r a n c e  s u g g e s t  t ha t  the  i n c r e a s e d  t ip c l e a r a n c e  flow t h a t  t a k e s  p l a c e  g ives  r i s e  to 
l a r g e  d i s t u r b a n c e s  in  the  o u t e r  p o r t i o n s  of the p a s s a g e  t ha t  c a v i t a t e  p r e m a t u r e l y  and 
t h e r e b y  lower  the  output  head.  
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Fig.  14 - The  ef fec t  of t ip c l e a r a n c e  on the  c a v i t a t i ng  
p e r f o r m a n c e  of a 9 ° i n d u c e r  with a so l id i ty  of 2.5 at  a 
flow coe f f i c i en t  n e a r  the be s t  e f f i c i e n c y  point ((p = 0.093}. 
The so l id  s y m b o l s  i nd i ca t e  i nc e p t i on  of o s c i l l a t i n g  
cav i t a t ion .  
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Fig.  15 - The ef fec t  of so l id i ty  on the  c a v i t a t i n g  
p e r f o r m a n c e  of a 9 ° h e l i c a l  i n d u c e r  at a flow coef -  
f i c i en t  of "9 = 0.093. The so l id  s y m b o l s  denote  
incep t ion  of o s c i l l a t i n g  cav i t a t ion .  

The  e f f ec t  of so l id i ty  on c a v i t a t i o n  p e r f o r m a n c e  i s  s h o w n  in Fig.  15. It i s  s o m e -  
wha t  s u r p r i s i n g t h a t  e x t r e m e l y  low c a v i t a t i o n  n u m b e r s  c a n  be a c h i e v e d  wi th  a so l id i ty  
a s  low a s  uni ty .  However ,  the  h e a d  had  d roppe d  off by a f a c t o r  of t h r e e  a t  the  m i n i -  
m u m  k of 0.02 for  ~ = 1, w h e r e a s  fo r  c, = 3.25,  the  head  had  only d e c r e a s e d  by 20 
p e r c e n t  a t  the  s a m e  k. 

Some v e l o c i t y  p r o f i l e  m e a s u r e m e n t s  w e r e  a l s o  ob ta ined  d u r i n g  c a v i t a t i n g  flow 
fo r  a 9 ~ i m p e l l e r  (No. 7) to s e e  if s i g n i f i c a n t  c h a n g e s  o c c u r r e d  in the  d i s t r i b u t i o n s  of 
Fig.  7. I n t e r e s t i n g l y  e n o u g h  it  w a s  found  tha t  c a v i t a t i o n  i m p r o v e d  the a x i a l  v e l o c i t y  
p ro f i l e .  The  d i s t r i b u t i o n  of to ta l  head  a c r o s s  the  p a s s a g e  r e m a i n e d  about  the  s a m e  
a l t hough ,  of c o u r s e ,  lower .  At flow c o e f f i c i e n t s  r a n g i n g  o v e r  the  e f f i c i e n c y  p e a k  of 
t h i s  i m p e l l e r ,  and  a t  a l l  c a v i t a t i o n  n u m b e r s ,  c a v i t a t i o n  d e c r e a s e d  the  t o r q u e  of the  
i m p e l l e r  a s  found f r o m  the  v e l o c i t y  s u r v e y s .  The e f f i c i e nc y ,  h o w e v e r ,  s t i l l  d e c r e a s e d  
wi th  d e c r e a s i n g  k. 
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DISCUSSION 

C a v i t a t i o n  B r e a k d o w n  

One of the i n t e n t i o n s  of t h i s  work  w a s  to c o r r e l a t e  the  b r e a k d o w n  c a v i t a t i o n  
n u m b e r  wi th  the i m p e l l e r  g e o m e t r y .  F r o m  the  f o r e g o i n g  r e m a r k s  i t  i s  s e e n  t h a t  
whi le  t h e r e  a r e  e x a m p l e s  of c l e a r c u t  c a v i t a t i o n  b r e a k d o w n ,  b o t h  the  l i m i t a t i o n  of the 
e q u i p m e n t  and p h e n o m e n o n  i t s e l f  do not  a l w a y s  a l low such  a b l a c k - a n d - w h i t e  d i s -  
t i n c t i o n  to be  made .  N e v e r t h e l e s s ,  m a n y  p o i n t s  a t  c a v i t a t i o n  n u m b e r s  be low which  
o p e r a t i o n  was  not  p r a c t i c a l  w e r e  o b s e r v e d - - b o t h  v i s u a l l y  and  wi th  m e a s u r e m e n t s .  
In a l l  of the  c a s e s  w h e r e  b r e a k d o w n  had  e i t h e r  o c c u r r e d  o r  w a s  i m m i n e n t ,  the  l eng th  
of the  c a v i t a t i o n  r e g i o n  was  b e t w e e n  75 and  100 p e r c e n t  of the  b l ade  chord .  In no 
c a s e  did the  c a v i t a t i o n  r e g i o n  e x t e n d  beyond  the c h o r d  b e f o r e  b r e a k d o w n  had  o c c u r r e d .  
The  r e a s o n  fo r  t h i s  i s  qui te  c l e a r  s i nce  b e f o r e  b r e a k d o w n  the  i n c r e a s e  in the  to ta l  
head  (and hence  s t a t i c  p r e s s u r e )  i s  of the  o r d e r  of 10-15 p : c e n t  of the  t ip ve loc i t y  
head .  Th i s  p r e s s u r e  is  m u c h  h i g h e r  than  the  i n l e t  p r e s s u r e  and is  r e s p o n s i b l e  fo r  
c o l l a p s i n g  the  cav i ty .  But  fo r  t h i s  p r e s s u r e  r i s e  and h e n c e  to ta l  p r e s s u r e  r i s e  to 
ex i s t ,  a p e r i p h e r a l  ve loc i ty  AW u of about  10-15 p e r c e n t  of the  t ip s p e e d  m u s t  be i m -  
p a r t e d  to the flow. F r o m  Fig.  16 it  i s  s e e n  tha t  a w h i r l  ve loc i t y  of th i s  m a g n i t u d e  
c a n n o t  be  ob ta ined  wi th  a h igh  so l id i ty  c a s c a d e  of f la t  p l a t e s  if the  l eav ing  r e l a t i v e  
ve loc i ty  i s  c o m p a r a b l e "  to the  v e l o c i t y  on a cav i ty  b o u n d a r y  ( i . e . ,  g r e a t e r  than  the  
i n l e t  ve loc i ty ) .  

~t--aw,, 
(a)  Cb) 

Fig .  16 - Ve loc i ty  t r i a n g l e s  in a f la t  p l a t e  c a s c a d e  
(a) wi thout  and  (b) with  e x t e n s i v e  c a v i t a t i o n  

The q u e s t i o n  t hen  a r i s e s  a s  to w h e t h e r  we can  m a k e  a r e a s o n a b l e  e s t i m a t e  of the  
c a v i t a t i o n  n u m b e r  when  the  c a v i t a t i n g  r e g i o n  i s  n e a r l y  a s  long  a s  the  chord .  We wi l l  
c e r t a i n l y  have  to exc lude  f l o w - r a t e  c o e f f i c i e n t s  l e s s  t h a n  the  m a x i m u m  e f f i c i ency  
po in t  to r u l e  out  the  s t r o n g  t h r e e - d i m e n s i o n a l  e f f e c t s  s e e n  in Fig.  12. F o r  s i m i l a r  
r e a s o n s  i m p e l l e r s  wi th  l a r g e  t ip  c l e a r a n c e  wi l l  have  to be  exc luded .  E v e n  t hen  f r o m  
the  a n a l y s i s  of n o n c a v i t a t i n g  r e s u l t s  (Fig.  7), the  m a i n  flow t h r o u g h  the  i m p e l l e r  i s  
no t  f r i c t i o n l e s s  n o r  whol ly  t w o - d i m e n s i o n a l .  Even  so,  c o r r e l a t i o n s  b a s e d  on t h e o r y  
would be  use fu l  to have ,  even  if they a r e  u l t i m a t e l y  e m p i r i c a l .  F o r  th i s  p u r p o s e  i t  
was  a s s u m e d  tha t  the  flow t h r o u g h  the  h e l i c a l  i m p e l l e r  was  equ iva l en t  to the  flow 
th rough  a t w o - d i m e n s i o n a l  c a s c a d e  of f l a t  p l a t e s  with  a s t r e a m l i n e  s p r i n g i n g  f r e e  at  
the  l ead ing  edge and  f o r m i n g  a p a r t i a l  cav i ty  of l eng th  l e s s  than  the chord .  Now i t  is  
known tha t  the l i n e a r i z e d  f r e e  s t r e a m l i n e  t h e o r y  does  not  p r o v i d e  a so lu t ion  to the  
p r o b l e m  of the  p a r t i a l  cav i ty  on an i s o l a t e d  p la t e  when  the  cav i ty  l eng th  in a r e a s o n -  
ab le  f r a c t i o n  of the  c h o r d  (12). C o n s e q u e n t l y ,  the  v iew was  t aken  t ha t  a s  f a r  
a s  the  g rowth  of the  cav i ty  in an i n d u c e r  of h igh  so l id i ty  i s  c o n c e r n e d ,  the  m o s t  
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s i g n i f i c a n t  l e n g t h  i s  the  c i r c u m f e r e n t i a l  s p a c i n g  b e t w e e n  the  b l a d e s .  The l eng th  of 
the  b l a d e s . w a s  t hen  t aken  as  i n f in i t e  c o m p a r e d  wi th  the  s p a c i n g  and  the  g rowth  of a 
p a r t i a l  cav i ty  in s u c h  a c a s c a d e  was  c a r r i e d  out  by e x a c t  and  l i n e a r i z e d  f r e e  s t r e a m -  
l i n e  m e t h o d s .  

The  r e s u l t s  of b o t h  m e t h o d s  a g r e e d  we l l  e x c e p t  f o r  l a r g e  c a v i t a t i o n  n u m b e r s  
w h e r e  the  l i m i t a t i o n s  of the  l i n e a r i z e d  t h e o r y  w e r e  exceeded .  V a l u e s  of c a v i t y  l eng th  
v s  c a v i t a t i o n  n u m b e r  w e r e  a l s o  c a l c u l a t e d  (by the  l i n e a r i z e d  t heo ry )  fo r  a c a s c a d e  
g e o m e t r y  e q u i v a l e n t  to  the  m e a n  r a d i u s  of the  9 ° i m p e l l e r  a t  a f low coe f f i c i en t  of 

= 0.093,  and  the  r e s u l t s  of t h i s  c a l c u l a t i o n  a r e  shown  in  Fig. 17. A l so  p l o t t e d  in 
Fig.  17 a r e  a p p r o x i m a t e  l e n g t h s  of the  c a v i t y  a s  d e t e r m i n e d  by  v i s u a l  m e a s u r e m e n t s .  
The  a g r e e m e n t  i s  h a r d l y  o v e r w h e l m i n g  bu t  s e v e r a l  p o i n t s  a r e  w o r t h  m e n t i o n i n g :  
(a) the  g e n e r a l  t r e n d  of b o t h  c u r v e s  i s  the  s a m e  a l t h o u g h  a s y s t e m a t i c  d i f f e r e n c e  fo r  
s m a l l  l e n g t h s  and  h igh  k ' S  i s  found;  (b) the  m i n i m u m  c a v i t a t i o n  n u m b e r  i s  r e a c h e d  
v e r y  soon  a f t e r  the  r a t i o  of cav i ty  l e n g t h  to s p a c i n g  i s  1 - 1 / 2 ,  t h e r e b y  i n d i c a t i n g  t h a t  
e x c e s s i v e l y  h igh  s o l i d i t i e s  a r e  u n n e c e s s a r y ;  and  f i na l l y  (c) o u r  e m p i r i c a l  o b s e r v a t i o n  
i s  t h a t  f o r  p r a c t i c a l l y  a l l  t he  flow r a t e s  and  i m p e l l e r s  t e s t e d  (6 °, 9 °, and  12 °) the  
m i n i m u m  c a v i t a t i o n  n u m b e r  r e a c h e d  b e f o r e  b r e a k d o w n  was  l e s s  t h a n  two t i m e s  the  
m i n i m u m  c a v i t a t i o n  n u m b e r  p o s s i b l e  in  a g iven  c a s c a d e  wi th  a g iven  ang le  of a t t ack .  
In the  p r e s e n t  e x a m p l e  the  m i n i m u m  i s  the  a s y m p t o t e  of the  c u r v e  shown in Fig.  17. 
The v a l u e  of t h i s  a s y m p t o t e  c an  be  o b t a i n e d  qui te  s i m p l y f r o m  e l e m e n t a r y  m o m e n t u m  
c o n s i d e r a t i o n s  w h e n  i t  i s  r e c a l l e d  t h a t  t h e r e  i s  no  n e t  f o r c e  p a r a l l e l  to  the  p l a t e  and  
t h a t  the  c a s c a d e  i s  s u f f i c i e n t l y  long  so  t h a t  the  flow i s  p e r f e c t l y  guided  ( see  a l s o  
Ref.  13). The  r e s u l t  of t h i s  c a l c u l a t i o n  i s  t h a t  the  m i n i m u m  c a v i t a t i o n  n u m b e r  
a c h i e v a b l e  in a c a s c a d e  of i n f i n i t e l y  long  f l a t  p l a t e  s i s  k ~ a(/3 - a) w h e r e  a and /~  a r e  
the  l o c a l  ang le  of a t t a c k  and  b l a d e  ang le  r e s p e c t i v e l y  (both  of t h e s e  v a l u e s  to be  
sma l l ) .  T h i s  r e l a t i o n  h a s  a m a x i m u m  of /32/4 and i s  z e r o  a t  a = 0 and  a = /3. The f i r s t  
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Fig .  17 - G r o w t h  of a 
p a r t i a l  c a v i t y  in  a c a s -  
cade  as  a f u n c t i o n  of 
c a v i t a t i o n  n u m b e r .  The 
angle  of a t t a c k  and  b lade  
angle  c o r r e s p o n d  to the 
m e a n  r a d i u s  of the  90 ° 
i m p e l l e r  a t  a flow coef -  
f i c i en t  of @ = 0.093.  
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r e s u l t  fo l lows  f r o m  the  a s s u m e d  z e r o  t h i c k n e s s  of the  b l a d e s ,  and  the  l a t t e r ,  a l t hough  
p e r h a p s  s u r p r i s i n g ,  only  o c c u r s  when  t h e r e  i s  z e r o  flow t h r o u g h  the  b l a d e  row.  T h i s  
f o r m u l a  a l so  shows  t h a t  s m a l l e r  b l a d e  a n g l e s  a r e  b e t t e r  fo r  o b t a i n i n g l o w e r  c a v i t a t i o n  
n u m b e r s  and  t h i s  c o n c l u s i o n  i s  q u a l i t a t i v e l y  b o r n e  out  by  the  p r e s e n t  e x p e r i m e n t s .  

The p r e s e n t  c a l c u l a t i o n s ,  a l t hough  c r u d e ,  a ccoun t  fo r  the  t r e n d s  in b r e a k d o w n  
o c c u r r e n c e ,  a t  l e a s t  f o r  s u f f i c i en t l y  h igh  s o l i d i t i e s  and  f low r a r e s  w h e r e  the  flow i s  
p r e d o m i n a n t l y  two d i m e n s i o n a l .  F u r t h e r  work  a long  t h e s e  l i n e s  e m p l o y i n g  m o r e  
e l a b o r a t e  m o d e l s  wi l l  be  r e p o r t e d  in the  fu tu re .  

C a v i t a t i o n  S imi l i tude  

In the  a b s e n c e  of f r i c t i o n  o r  body f o r c e s  the  c a v i t a t i o n  n u m b e r  d e t e r m i n e s  the  
l oca t i on  and  ex t en t  of c a v i t a t i o n  on  a body.  The only  q u e s t i o n  is ,  Wha t  i s  the  p r e s s u r e  
in  the  cav i ty  ? In the  p r e s e n t  e x p e r i m e n t s  the  cav i ty  p r e s s u r e  was  a s s u m e d  to be  the  
v a p o r  p r e s s u r e  of the  bu lk  f luid,  s i n c e  i t  w as  not  p o s s i b l e  to  m e a s u r e  i t  d i r ec t l y .  
T h i s  a s s u m p t i o n  c a n n o t  be  r i g h t  s i n c e  in a f lu id  c o n t a i n i n g  d i s s o l v e d  a i r ,  the  cav i ty  
p r e s s u r e  can  e x c e e d  the  v a p o r  p r e s s u r e  by  the  a m o u n t  of the  a i r  d i f fused  into the  
cavi ty .  T h i s  p o s s i b i l i t y  w as  i n v e s t i g a t e d  by  r e m o v i n g  the  i m p e l l e r  and  b l o c k i n g  the  
annu lu s  of the  t e s t  s e c t i o n  to a s u f f i c i e n t  e x t e n t  to c r e a t e  a cav i ty  b e h i n d  a s m a l l  
l a m i n a .  The p r e s s u r e  in  the c a v i t y  w as  found to be  20 to 25 p e r c e n t  h i g h e r  t han  the  
v a p o r  p r e s s u r e  of the  f luid,  ( the a i r  c o n t e n t  in  the  w a t e r  ~:'as the  s a m e  a s  t h a t  in the  
i n d u c e r  t e s t s )  c o n f i r m i n g  s i m i l a r  e x p e r i m e n t s  of P a r k i n  and  K e r m e e n  (13). We 
s u s p e c t  t h e r e f o r e  t ha t  the  c a v i t a t i o n  n u m b e r s  l i s t e d  in the  p r e s e n t  r e p o r t  a r e  too 
high,  bu t  in  l i eu  of d i r e c t  m e a s u r e m e n t  we have  p r e f e r r e d  to b a s e  t h e m  on the  e q u i -  
l i b r i u m  v a p o r  p r e s s u r e  of the  l iquid.  Of c o u r s e  in  p u r e  l i qu id s  w i th  no d i s s o l v e d  a i r  
(e.g. ,  l iqu id  oxygen) the  p r e s s u r e  m a y  be  l e s s  t h a n  the  v a p o r  p r e s s u r e  of the  bu lk  
f lu id  due to t h e r m a l  e f f e c t s  in e v a p o r a t i n g  the  l iqu id  to f i l l  the  cavi ty .  It i s  known, 
for  example ,  t ha t  c a v i t a t i o n  p e r f o r m a n c e  in l iqu id  oxygen i s  b e t t e r  t han  t ha t  in  t a p -  
w a t e r  and  i t  i s  a l m o s t  c e r t a i n l y  fo r  t h i s  r e a s o n .  At p r e s e n t  s e v e r a l  g r o u p s  a r e  
w o r k i n g  on t h i s  p r o b l e m  bu t  no c o n c l u s i v e  r e s u l t s  a r e  a v a i l a b l e  yet .  

F u r t h e r  R e m a r k s  

T h e r e  a r e  a n u m b e r  of d i f f icu l t  p r o b l e m s  t ha t  r e m a i n  to be  s o l v e d  b e f o r e  the  
u n d e r s t a n d i n g  of c a v i t a t i n g  f lows  in r o t a t i n g  m a c h i n e s  i s  wel l  in  hand.  They  a r e ,  in  
fact ,  n e a r l y  too n u m e r o u s  to m e n t i o n ,  fo r  in  add i t ion  to e m b r a c i n g  the  unknowns  of 
the  t u r b o m a c h i n e  f ie ld ,  the  m a n y  e f f e c t s  of c a v i t a t i o n  a r e  inc luded.  N e v e r t h e l e s s ,  
w i th  the  aid of a few r u l e s  of t h u m b  and some  e m p i r i c a l  da ta  such  as  t h a t  p r e s e n t e d  
h e r e i n ,  an  i n d u c e r  can  be  d e s i g n e d  fo r  a s p e c i f i c  a p p l i c a t i o n  wi th  a m m t m u m  of 
deve lopmen t .  Thus  e v e n  wi th  ou r  i m p e r f e c t  u n d e r s t a n d i n g  of the  c a v i t a t i n g  f low 
t h r o u g h  m a c h i n e s ,  the  p u m p i n g  of l i qu ids  a t  e x t r e m e l y  low a m b i e n t  p r e s s u r e s  o f f e r s  
no i n s u p e r a b l e  p r o b l e m s .  
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N O T A T I O N  

c -- c h o r d  

h = h e a d  (ft of  w a t e r )  

k -- c a v i t a t i o n  n u m b e r  = (Pl  - Pk)/(PWl 2/2) 

N = r p m  

p = p r e s s u r e  

r = r a d i u s  

s = s p a c i n g  b e t w e e n  b l a d e s  

S = s u c t i o n  s p e c i f i c  s p e e d  = 

2,1,  / 2] • . 3 / 4  

( h t l  _ h v ) 3 / 4  - 8140 1 - ro  ] / L  

w h e r e  gpm i s  the  f low r a t e  in  g a l l o n s  p e r  m i n u t e  

u = t ip s p e e d  ( r~)  

V = a b s o l u t e  v e l o c i t y  

w = r e l a t i v e  v e l o c i t y  

:- ang l e  b e t w e e n  b l a d e  c h o r d  and  in l e t  r e l a t i v e  v e l o c i t y  

fl = b l a d e  ang l e  m e a s u r e d  f r o m  p l a n e  of r o t a t i o n  

v = e f f i c i e n c y  

= r a t i o  of  t ip  c l e a r a n c e  to b l a d e  h e i g h t  

p = d e n s i t y  

= s o l i d i t y  = c / s  

• ¢ = f low c o e f f i c i e n t  = a v e r a g e  ax i a l  v e l o c i t y / U  o e x c e p t  a s  n o t e d  

= m e a s u r e d  t o t a l  h e a d  c o e f f i c i e n t  = g h t / U :  

q~' = inpu t  h e a d  c o e f f i c i e n t  = r (Vu2 

= a n g u l a r  s p e e d  

- V u l ) / r  o U o 
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Subscripts 

1 = far upstream 

2 = far downstream 

i = hub 

0 = case 

k = cavity 

t = total quantity 

u = component para l le l  to tip speed 

v = denotes vapor 
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DISCUSSION 

T. I u r a  (Space  T e c h n o l o g y  L a b o r a t o r y )  

I w i s h  to s u p p l e m e n t  Dr .  A c o s t a ' s  r e s u l t s  wi th  s o m e  da t a  o b t a i n e d  t h r e e  y e a r s  
ago in the  i n d u c e r  t e s t  f a c i l i t y  a t  Rocke tdyne .  

The c a v i t a t i o n  p a t t e r n s  o b s e r v e d  w i th  h e l i c a l  i n d u c e r s  w e r e  s i m i l a r  to  t hose  
d e s c r i b e d  by  Dr.  A cos t a .  F o r  i n d u c e r s  w i th  four  b l a d e s ,  a t  a g iven  f low coe f f i c i en t ,  a 
r e d u c t i o n  in c a v i t a t i o n  n u m b e r  p r o d u c e d  the  fo l lowing  s e q u e n c e  of c a v i t a t i o n b e h a v i o r :  

1. I n i t i a l  c a v i t a t i o n  - equa l  on a l l  b l a d e s  a t  the  b l a d e  t i p s  

2. A l t e r n a t e  b l a d e  c a v i t a t i o n  - s t a b l e  p a t t e r n s  on a l ~ r n a t e  b l a d e s  

3. O s c i l l a t i n g  o r  p r o p a g a t i n g  c a v i t a t i o n  

4. Fu l ly  d e v e l o p e d  c a v i t a t i o n  - equa l  on a l l  b l a d e s .  

F i g u r e  D1, a c a v i t a t i o n  p e r f o r m a n c e  c u r v e  of a 1 6 . 2 : d e g r e e  h e l i c a l  i n d u c e r ,  
i l l u s t r a t e s  the  c a v i t a t i o n  r e g i m e s  m e n t i o n e d .  The a l t e r n a t e  b l a d e  and  u n s t a b l e  c a v i -  
t a t i o n p a t t e r n s  w e r e  m o s t  p r o n o u n c e d  a t  the  f low r a t e s  be low the  m a x i m u m - e f f i c i e n c y  
po in t  whi l e  s t a b l e  a l t e r n a t e  b l a d e  c a v i t a t i o n  p a t t e r n  w a s  no t  o b s e r v e d  on i n d u c e r s  
w i th  an  odd n u m b e r  of b l a d e s ;  a s y m m e t r i c  u n s t a b l e  p a t t e r n s  w e r e  in e v i d e n c e  b e t w e e n  
the  i n i t i a l  and  fu l ly  d e v e l o p e d  i n v i t a t i o n  r e g i m e s .  The  o s c i l l a t i n g  c a v i t a t i o n  c o n s i s t e d  

3= 

o 

o 

0.5 I.O 1.5 2.0 2.5 3.0 3.5 
CAVITATION PARAMETER,~=NPSH/NONCAVITATING HEAD 

Fig. D1 - Ca~tation performance of 16.Z-degree (at t ip)  
four-bladed helic~inducer 

4.0 
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of the cavitation pat tern osci l la t ing along the blade length in a highly e r r a t i c  manner. 
In one case (for a l l . 2 - d e g r e e  hel ical  inducer) a definite propagation pat tern was 
observed. The propagation speed, based on observat ions of high speed movies,  was 
about one-tenth of the inducer rotat ive speed. 

In regard to vibration accompanying inducer cavitation, Fig. D2 gives a qualita- 
tive picture of the vibration levels obtained with a 14.6-degree helical inducer. The 
measurements Were made with a vibration pickup mounted on the test section. As 
the cavitation number (or net positive section head) is lowered, the vibration increases 
steadily through the first three zones of cavitation. The maximum vibration level 
occurs just prior {0 fully developed cavitation after which it decreases rapidly due 
to bubbles collapsing in midstream rather than against the blade surfaces. 

In Fig. D3, the dimensionless breakdown NPSH (net positive suction head) is 
plotted as a function of the mean-diameter helix angle for various angles of attack. 
The breakdown NPSH is defined here as that value of NPSH at which the inducer 
head has completely dropped to zero. These data were obtained from tests of seven 
inducers ranging in tip solidity from 1.07 to 2.44. It was found that the breakdown 
NPSH was rather insensitive to solidity, although the rate of head drop-off was quite 
sensitive to solidity as pointed out by Dr. Acosta. Along with the breakdown NPSH 
data, the theoretical calculations based on Betz-Petersohn' s two-dimensional analysis 
are plotted. The theoretical breakdown curve has the same slope as the experimental 
data, but falls considerable below the actual results. Although the trend of breakdown 
is indicated by the two-dimensional model, there certainly is a need for the more 
elaborate models mentioned by Dr. Acosta and for a three-dimensional model. 

Figure  D4 shows the maximum inducer efficiency as a function of solidity, and 
Fig. D5 shows the cavitation pa rame te r  corresponding to the maximum-eff ic iency  
points plotted as a function of solidity. 
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I l I I 
OSCILLATING ALTERNATE BLADE CAVITATION 

/ I I I 
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I I I I 
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50  4 0  50  6 0  70  8 0  9 0  I 0 0  I10 
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Covifat ion Vibrotlon Amplitude 

Noncovition Vibration Amplitude 
VIBRATION AMPLITUDE RATIO 

Fig. D2 - Cavitation vibration data of 14.6-degree helical inducer. 
(amplitude measurements with vibration pickup on test section) 
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Fig. D3 - Cavitation head-breakdown character is t ics  o f  helical  inducers 
comparison of theory and experimental  results 
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Fig. D4 - Effect of solidity on inducer efficiency 

In regards  to cavitation s imi l i tude ,  tes ts  at Rocketdyne on centrifugal pumps 
with inducers  show that cavitation performance  in liquid oxygen is  better than that 
in water,  and in liquid nitrogen is  better than that in liquid oxygen. For a given type 
of pump, the cr i t ica l  NPSH (one percent head drop-off point) in water was  1.3 t i m e s  
that in liquid oxygen and 1.9 t i m e s  that in liquid nitrogen. However, these values  
are dependent on inlet conditions such as  flow rate and design blade angle. With the 
inducer taken out of the same  centri fugalpump,  tests  between water and liquid oxygen 
no longer showed a consistent  difference in cavitation performance.  

If one calculates  the comparative vapor-bubble growth rates from P l e s s e t  and 
Zwick's  theory (for superheated liquid), it i s  found that water has 10 t i m e s  the growth 
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Fig. D5 - Effect of solidity on blade cavitation parameter 

rate  of liquid oxygen or liquid nitrogen. However, P l e s s e t ' s  theory does not show 
much difference betweenthe growth rate  of liquid oxygen and liquid nitrogen. Clearly~ 
some theory is  needed to co r re la te  the thermodynamic p roper t i e s  of the liquid with 
the dynamic fea tures  of the pump flow in order  to explain the different behavior in 
var ious  fluids. 

A. J. Acosta 

It is c lear  that many organizat ions,  such as Rocketdyne and Aeroje t -Genera l  
Corporation, have been actively working in this field for some t ime to good effect. I 
r eg re t  that they have not previously found opportunity to present  their  resul ts .  To 
some degree perhaps,  the present  paper may ass i s t  in bringing their  work out. 

It is gratifying that many of th'e observat ions made by Dr. Iura, evidently on 
l a rge r  experimental  apparatus, ver i f ied  in a general  way our findings at the Cal ifor-  
nia Institute of Technology. 
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