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A b s t r a c t

T h i s  i n v e s t i g a t i o n  i s  a im e d  a t  u n d e r s t a n d i n g  m ore  f u l l y  t h e  
f l u i d  d y n am ic  b a s i s  o f  t h e  p u l s e  f lo w  b e h a v io u r  o f  t w i n - e n t r y  
r a d i a l - i n f l o w  t u r b i n e s .  A lth o u g h  t u r b o c h a r g e r  t u r b i n e s  o p e r a t e  
u n d e r  h i g h l y  u n s te a d y  f lo w  c o n d i t i o n s ,  t e s t s  on t h e s e  t u r b i n e s  
a r e  u s u a l l y  c a r r i e d  o u t  i n  s t e a d y  f lo w  c o n d i t i o n s . A s u r v e y  o f  
f lo w  i n v e s t i g a t i o n s  on  r a d i a l  i n f l o w - t u r b i n e s  r e v e a l  v e r y  
l i t t l e  i n f o r m a t i o n  on  u n s t e a d y  f lo w  t e s t i n g .  An e x t e n s i v e  
e x p e r i m e n ta l  i n v e s t i g a t i o n  o f  t h e  f lo w  i n  a  v a n e l e s s  t w i n - e n t r y  
r a d i a l - i n f l o w  t u r b o c h a r g e r  t u r b i n e  i s  p r e s e n t e d  f o r  b o th  s t e a d y  
a n d  u n s te a d y  f lo w  c o n d i t i o n s .
U s in g  a  L a s e r  Two F o c u s  (L2F) v e l o c i m e t e r  i t  h a s  b e e n  p o s s i b l e  
t o  m e a su re  t h e  f lo w  i n  t h e  t u r b i n e  h o u s in g  im m e d ia te ly  u p s tr e a m  
o f  t h e  r o t o r ,  a n d  i n  t h e  e x h a u s t  p i p e  d o w n s tre a m  o f  i t .  The 
i n s t r u m e n t e d  t u r b i n e  a l l o w s  m e a s u r e m e n ts  t o  b e  m ade a t  
d i f f e r e n t  a z i m u t h  a n g l e s .  I n  a d d i t i o n ,  m i r r o r s  c a n  b e  
acco m m o d ated  t o  d e f l e c t  t h e  L2F beam  s o  t h a t  i t  i s  p o s s i b l e  t o  
m e a s u re  t h e  sam e p o i n t  i n  t h e  f lo w  fro m  d i f f e r e n t  a n g l e s ,  an d  
h e n c e  t o  i n v e s t i g a t e  t h e  p r e s e n c e  o f  a x i a l  c o m p o n e n ts  o f  
v e l o c i t y  a t  r o t o r  i n l e t .  I n  t h e  u n s t e a d y  f lo w  c o n d i t i o n  
m e a su re m e n ts  a r e  p h a s e - lo c k e d  w i th  t h e  p u l s e  g e n e r a t o r  so  t h a t  
t h e  v a r i a t i o n  i n  f lo w  c o n d i t i o n s  t h r o u g h  a  p u l s e  i n  t h e s e  
im p o r t a n t  r e g io n s  c a n  b e  s t u d i e d .
R e s u l t s  a r e  p r e s e n t e d  f o r  s t e a d y  f lo w  t e s t s  w i t h  e q u a l  an d  
p a r t i a l  a d m i s s i o n  f lo w  c o n d i t i o n s .  T h e s e  show  s i g n i f i c a n t  
c h a n g e s  i n  i n c i d e n c e  a t  r o t o r  e n t r y  a s  t h e  f lo w  c o n d i t i o n  
v a r i e s .  A t t h e  r o t o r  e x i t ,  a  l a r g e  c o m p o n e n t o f  s w i r l  i s  
o b s e r v e d  a t  o f f - d e s i g n  f lo w  c o n d i t i o n s .
U n s te a d y  f lo w  t e s t s  a l s o  r e v e a l  l a r g e  v a r i a t i o n s  o f  i n c id e n c e
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t h r o u g h  a  p u l s e  a t  r o t o r  e n t r y ,  a n d  s i m i l a r l y  l a r g e  c h a n g e s  in  
r o t o r  e x i t  s w i r l ,  e v e n  when o p e r a t i n g  a t  a  n o m in a l  d e s ig n  
c o n d i t i o n .  The i n t e r a c t i o n  o f  t h e  f lo w s  i n  t h e  tw o  v o l u t e  
e n t r i e s  when b o th  a r e  p u l s e d  i n  a n t i - p h a s e  ( s i m u l a t i n g  a  common 
p u l s e  tu r b o c h a r g in g  a r r a n g e m e n t)  a r e  v e r y  c l e a r l y  s e e n .
I t  h a s  b e e n  p o s s i b l e  f ro m  t h e s e  m e a s u re m e n ts  t o  d e d u c e  an d  
c o r r e l a t e  t h e  t i m e - v a r y i n g  v e l o c i t y  t r i a n g l e s  w i th  t i m e - v a r y i n g  
p o w er d e v e lo p e d  by  r o t o r ,  a n d  t u r b i n e  e f f i c i e n c y .
From  t h e s e  i n v e s t i g a t i o n s  i t  h a s  b e e n  p o s s i b l e  t o  u n d e r s t a n d  
m ore  f u l l y  t h e  o r i g i n  o f  t h e  l o s s e s  a s s o c i a t e d  w i th  p u l s a t i n g  
f lo w , t o  i n d i c a t e  t h e  a r e a s  w h ere  f u r t h e r  r e s e a r c h  i s  r e q u i r e d ,  
a n d  t o  s u g g e s t  how i t  may b e  p o s s i b l e  t o  m o d ify  t h e  t u r b i n e  
d e s ig n  t o  make b e t t e r  u s e  o f  t h e  e n g in e  e x h a u s t  p u l s e  e n e r g y .
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CHAPTER 1

I n t r o d u c t i o n

1 . 1  P r i n c i p l e s  o f  t u r b o c h a r g i n g

T he p r i n c i p a l  o b j e c t i v e  o f  t u r b o c h a r g i n g  i s  t o  i n c r e a s e  t h e  
p o w e r  o u t p u t  o f  a n  i n t e r n a l  c o m b u s t io n  e n g i n e .  T h i s  i s  
a c c o m p l i s h e d  b y  u s i n g  a  c o m p r e s s o r  t o  r a i s e  t h e  i n l e t  a i r  
d e n s i t y ,  s o  t h a t  a  g r e a t e r  m ass  o f  a i r  ( o r  a i r - f u e l  m ix tu r e )  
c a n  b e  i n t r o d u c e d  i n t o  t h e  e n g in e  c y l i n d e r  d u r in g  t h e  i n d u c t i o n  
p r o c e s s  t h a n  i s  n o r m a l ly  t h e  c a s e  w i th  n a t u r a l l y  a s p i r a t e d  
e n g i n e s .  W ith  m o re  a i r  i n  t h e  c y l i n d e r s ,  a  p r o p o r t i o n a l  
i n c r e a s e  i n  f u e l  c a n  b e  b u r n t  t o  r a i s e  t h e  e n g in e  pow er o u t p u t .

S u p e r c h a r g in g  g e n e r a l l y  r e f e r s  t o  u s in g  a  c o m p re s s o r  d r i v e n  by  
g e a r s  o r  b e l t s  d i r e c t l y  f ro m  t h e  c r a n k s h a f t  o f  t h e  e n g in e .  
T u r b o c h a r g in g  i s  a  s p e c i f i c  m e th o d  o f  s u p e r c h a r g i n g ,  u s i n g  a  
t u r b i n e  c o u p le d  t o  t h e  c o m p re s s o r  t o  fo rm  a  s e l f - c o n t a i n e d  u n i t  
c a l l e d  t u r b o c h a r g e r .  F i g . 1 .1  i l l u s t r a t e s  t h e  p r i n c i p l e  o f  
t u r b o c h a r g i n g .  A t y p i c a l  a u to m o t iv e  t u r b o c h a r g e r  i s  show n i n  
F i g . 1 . 2 .  I n  t u r b o c h a r g i n g ,  t h e  e x h a u s t  e n e r g y  (w h ic h  w o u ld  
o t h e r w i s e  b e  w a s te d )  i s  u s e d  t o  d r i v e  t h e  t u r b i n e  w h ich  i n  t u r n  
d r i v e s  t h e  c o m p r e s s o r .  T he a d v a n t a g e  o f  t u r b o c h a r g i n g  i s  
g r e a t e r  e f f i c i e n c y  t h a n  w i t h  a  s u p e r c h a r g e r .  T o d a y , 
t u r b o c h a r g i n g  t h e  e n g in e  i s  t h e  b e t t e r  know n m e th o d  o f  
a c h i e v i n g  s u b s t a n t i a l  g a i n s  i n  p o w er t o  w e ig h t  r a t i o ,  vo lum e 
a n d  c o s t  r a t i o ,  im p ro v e m e n t on  f u e l  e co n o m y  a n d  e x h a u s t  
e m i s s i o n s .  C o n t i n u o u s  im p r o v e m e n t  o n  p e r f o r m a n c e  o f  
t u r b o c h a r g e r  w i l l  h a v e  a  p o s i t i v e  e f f e c t  on e n g in e  p e r fo rm a n c e  
i n  t h e  f u t u r e .
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A r e c i p r o c a t i n g  e n g in e  i s  b a s i c a l l y  an  u n s te a d y  f lo w  d e v ic e ,  i n  
w h ic h  t h e  c y l i n d e r s  e x h a u s t  a  c o n t i n u o u s  p u l s e  f lo w .  The 
t u r b o c h a r g e r  t u r b i n e  c a n  a c c e p t  s u c h  u n s t e a d y  f lo w ,  b u t  
o p e r a t e s  m ore  e f f i c i e n t l y  u n d e r  s t e a d y  f lo w  c o n d i t i o n .
T he t y p e  o f  t u r b o c h a r g i n g  s y s te m  a p p l i e d  i s  e i t h e r  c o n s t a n t  
p r e s s u r e  t u r b o c h a r g in g  o r  p u l s e  t u r b o c h a r g i n g .

W ith  c o n s t a n t  p r e s s u r e  t u r b o c h a r g i n g ,  t h e  c y l i n d e r s  e x h a u s t  t o  
a  common m a n i f o ld  s u f f i c i e n t l y  l a r g e  t o  damp down t h e  u n s te a d y  
f lo w  b e f o r e  e n t e r i n g  t h e  t u r b i n e .  T h i s  s y s te m  i s  com m only 
a p p l i e d  i n  h i g h l y  r a t e d  e n g in e s  d e s ig n e d  f o r  c o n s t a n t  s p e e d  an d  
l o a d  s u c h  a s  m a r in e  e n g i n e s . The d i s a d v a n ta g e  o f  t h i s  s y s te m  i s  
t h a t  i t  d o e s  n o t  f u l l y  u t i l i z e  t h e  h ig h  k i n e t i c  e n e r g y  o f  t h e  
g a s e s  l e a v i n g  t h e  e x h a u s t  v a l v e .
I n  p u l s e  t u r b o c h a r g i n g ,  t h e  o b j e c t i v e  i s  t o  m a x im ise  t h e  u s e  o f  
t h i s  h ig h  p r e s s u r e  a n d  t e m p e r a t u r e  g a s  a t  t h e  e x h a u s t  v a lv e  
o p e n i n g .  T h i s  c r e a t e s  a  h i g h l y  u n s t e a d y  f lo w  th r o u g h  t h e  
t u r b i n e  c a u s i n g  a  r e d u c t i o n  t o  i t s  e f f i c i e n c y .  The l o s s  o f  
t u r b i n e  e f f i c i e n c y  du e  t o  p a r t i a l  a d m is s io n  a n d  h ig h  u n s te a d y  
f lo w  i s  u s u a l l y  m o re  t h a n  o f f s e t  b y  t h e  a d d i t i o n a l  e n e r g y  
a v a i l a b l e  a t  t h e  t u r b i n e ,  h e n c e  t h e  p u l s e  s y s te m  i s  b y  f a r  t h e  
m ore  w id e ly  u s e d .  U n l ik e  c o n s t a n t  p r e s s u r e  t u r b o c h a r g i n g ,  t h e  
s m a l l  vo lu m e  o f  t h e  e x h a u s t  m a n i f o ld  o f  p u l s e  s y s te m , r e s u l t s  
i n  r a p i d  t r a n s f e r  o f  e n e r g y  by  p r e s s u r e  w aves t o  t h e  t u r b i n e ,  
a n d  h e n c e  a  s u p e r i o r  a c c e l e r a t i o n  r e s p o n s e  o f  t h e  s y s te m  when 
f a s t  l o a d  c h a n g e s  o c c u r .  A ls o  t h e  l i g h t e r  a n d  m ore  c o m p a c t 
e x h a u s t  m a n i f o ld  i s  i m p o r t a n t  i n  i t s e l f  e . g  f o r  a u to m o t iv e  
a p p l i c a t i o n s .  In  a d d i t i o n ,  p u l s e  t u r b o c h a r g in g  o f  a  f o u r  s t r o k e  
e n g in e  p r o d u c e s  h i g h e r  t o r q u e  i n  t h e  low  s p e e d  r a n g e .  A t p a r t  
l o a d  o p e r a t i o n ,  h i g h e r  e f f i c i e n c y  i s  a c h i e v e d .  T h e se  im p o r ta n t  
f e a t u r e s  a r e  t h e  m a in  r e a s o n s  why p r e s e n t  d a y  a u to m o t iv e  
t u r b o c h a r g e d  e n g in e  a p p ly  t h e  p u l s e  s y s te m . F i g . 1 .3  show s t h e  
d i f f e r e n c e  b e tw e e n  c o n s t a n t  p r e s s u r e  an d  p u l s e  tu r b o c h a r g in g .
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The tw o  m a in  c o m p o n e n ts  o f  a  t u r b o c h a r g e r  a r e  t h e  c o m p re s s o r  
a n d  t u r b i n e .  R o to d y n a m ic  c o m p r e s s o r s  a n d  t u r b i n e s  a r e  u s e d  
s i n c e  t h e y  a r e  e f f i c i e n t  a t  h i g h e r  p r e s s u r e  r a t i o s  a n d  a r e  v e ry  
c o m p a c t . T he t y p i c a l  t u r b o c h a r g e r  o p e r a t i n g  s p e e d  r a n g e  f o r  
s m a l l  e n g in e  i s  90000 -  120000 RPM.
A r a d i a l  o u t f l o w  com p resso r is g e n e r a l l y  u s e d  i n  t u r b o c h a r g e r  
w h i l e  t h e  t y p e  o f  t u r b i n e  u s e d  d e p e n d s  on  t h e  a p p l i c a t i o n .  
A x i a l  f lo w  t u r b i n e s  a r e  u s e d  i n  l a r g e r  t u r b o c h a r g e r s  i n  r a i l  
t r a c t i o n ,  i n d u s t r i a l  e n g in e s  a n d  f o r  m a r in e  p u r p o s e s .  R a d i a l  
i n f l o w  t u r b i n e s  a r e  u s u a l l y  a p p l i e d  i n  s m a l l  a n d  m edium  s i z e  
t u r b o c h a r g e r s .  A l l  v e h i c l e  e n g in e  t u r b o c h a r g e r s  c u r r e n t l y  u s e  
r a d i a l  i n f l o w  t u r b i n e .  T h e i r  a d v a n ta g e s  o v e r  t h e  c o n v e n t i o n a l  
a x i a l  t u r b i n e  o f  t h e  sam e s i z e  a r e  s i m p l i c i t y ,  low  c o s t ,  e a s e  
o f  m a n u f a c t u r i n g  a n d  i n s t a l l a t i o n  a n d  r e l a t i v e l y  h i g h  
p e r f o r m a n c e . The r a d i a l  t u r b i n e  i s  a l s o  m ore  r o b u s t  a n d  l e s s  
s e n s i t i v e  i n  s m a l l  s i z e s  t o  t i p  c l e a r a n c e  c o m p a re d  w i t h  an  
e q u i v a l e n t  a x i a l  t u r b i n e .

The c o m p o n en t p a r t s  o f  a  r a d i a l  t u r b i n e  a r e  show n i n  F i g . 1 .4 .  
The v o l u t e  o f  a  t y p i c a l  t u r b o c h a r g e r  t u r b i n e  e i t h e r  c a n  b e  
v a n e l e s s  o r  c a n  h a v e  a v a n e d  n o z z l e .  N o z z le d  t u r b i n e s  a r e  n o t  
u s u a l l y  a p p l i e d  t o  a u to m o t iv e  t u r b o c h a r g e r s .  T hough t h e y  h a v e  
h i g h e r  p e a k  e f f i c i e n c i e s ,  t h e  m ass f lo w  r a n g e  i s  m ore l i m i t e d .  
A m ore f l e x i b l e  f lo w  r a n g e  r e q u i r e m e n t  l e d  t o  t h e  d e v e lo p m e n t 
o f  t h e  v a r i a b l e  g e o m e try  t u r b o c h a r g e r  ( F i g . 1 .4 )  b u t  t h i s  i n c u r s  
a n  a d d i t i o n a l  c o s t  a n d  c o m p l e x i t y  i n  d e s i g n .  A u to m o tiv e  
t u r b o c h a r g e d  e n g in e s  a r e  r e q u i r e d  t o  o p e r a t e  o v e r  a  l a r g e  m ass 
f lo w  r a n g e  a n d  t h e  v a n e l e s s  v o l u t e  t u r b i n e  c a n  c o p e  w i th  t h i s  
r e q u i r e m e n t  w i th  r e a s o n a b l e  e f f i c i e n c y  o v e r  a  w id e  m ass f lo w  
r a n g e .  The v a n e l e s s  v o l u t e  h a s  t h e  a d v a n ta g e  o f  m e c h a n ic a l  and  
m a n u f a c t u r i n g  s i m p l i c i t y ,  a n d  h e n c e  lo w  c o s t .  W ith o u t  t h e  
n o z z l e ,  t h e  v a n e l e s s  v o l u t e  w i l l  b e  r e q u i r e d  t o  p e r f o r m  t h e  
f o l l o w in g  f u n c t i o n s  :
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a )  d i s t r i b u t e  t h e  f lo w  a r o u n d  t h e  p e r i p h e r y  o f  t h e  t u r b i n e  
» r o t o r

b ) t o  a c c e l e r a t e  t h e  f lo w  a ro u n d  t o  t h e  d e s i r e d  v e l o c i t y  an d  
f lo w  a n g le  a t  t h e  r o t o r  t i p .

A u to m o tiv e  tu r b o c h a r g e d  e n g in e s  h a v e  m u l t i - c y l i n d e r s  a n d  m ost 
o p e r a t i n g  on  p u l s e  s y s te m  w i l l  h a v e  t h e  c y l i n d e r s  a r r a n g e d  w ith  
tw o  e x h a u s t  m a n i f o ld s  f e e d i n g  a  t w i n - e n t r y  t u r b i n e .  F o r  tw in -  
e n t r y  t u r b i n e ,  t h e  t u r b i n e  h o u s in g  c a n  e i t h e r  b e  tw i n - f l o w  o r  
d o u b le - f l o w ,  s e e  F i g . 1 .5 .  The t w i n - f l o w  h o u s in g  h a s  t h e  v o l u t e  
d i v i d e d  m e r i d i o n a l l y  o v e r  t h e  w ho le  c i r c u m f e r e n c e .  The r o t o r  i s  
f e d  b y  t h e  tw o  a d j a c e n t  s p i r a l s  i n  p a r a l l e l  o v e r  t h e  w h o le  
c i r c u m f e r e n c e .  T h i s  s y s te m  a l lo w s  m ore  i n t e r f e r e n c e  b e tw e e n  
e a c h  b r a n c h  o f  t h e  e n g i n e  e x h a u s t  m a n i f o l d .  I n  p u l s e  
t u r b o c h a r g i n g ,  when t h e  u n e q u a l  m ass f lo w s  a r e  p a s s i n g  th r o u g h  
e a c h  s e c t o r  ( o r  lim b )  , t h e  f lo w s  may m ix  o u t  b e f o r e  r e a c h in g  
t h e  r o t o r  b l a d e .  Even u n d e r  e x tre m e  c o n d i t i o n s  when o n e  s e c t o r  
h a s  z e r o  f lo w , t h e r e  w i l l  a lw a y s  b e  s u b s t a n t i a l  g a s  f lo w  a ro u n d  
t h e  w h o le  c i r c u m f e r e n c e  o f  t h e  r o t o r .  The sam e i s  .n o t t r u e  f o r  
t h e  d o u b l e - f l o w  h o u s in g  w h ic h  h a s  t h e  v o l u t e  s p l i t  i n t o  tw o  
s e c t o r s  w i t h  e a c h  e n t r y  f e e d i n g  a  180° s e c t o r  o f  t h e  r o t o r  
e n t r y .  When t h e r e  i s  m o m e n ta r i ly  z e r o  f lo w  i n  o n e  e n t r y ,  h a l f  
t h e  r o t o r  w i l l  b e  w i n d m i l l i n g .  D o u b le - f lo w  h o u s i n g s  a r e  
g e n e r a l l y  w i th  n o z z l e  r i n g s ,  a n d  u s u a l l y  f o r  l a r g e r  t u r b i n e s  
o n l y .  T w in -f lo w  h o u s in g s  a r e  a lw a y s  v a n e l e s s .
I n v e s t i g a t i o n  show s t h a t  i n  te r m s  o f  e f f i c i e n c y ,  t h e  tw in  f lo w  
h o u s in g ,  w h i le  b e in g  i n f e r i o r  a t  e q u a l  a d m is s io n  f lo w , becom es 
s u p e r i o r  w i t h  p a r t i a l  a d m is s io n  f lo w .  B e c a u s e  t h e  tw i n - f l o w  
h o u s in g  f e e d s  t h e  r o t o r  c i r c u m f e r e n t i a l l y  a l l  t h e  t i m e ,  i t  
r e d u c e s  f lo w  u n s t e a d i n e s s  on t h e  r o t o r  i t s e l f .  T h u s m o s t 
a u to m o t iv e  tu r b o c h a r g e d  e n g in e s  u s e  t h e  t w i n - f l o w  h o u s in g .

I n  sum m ary, m o st a u to m o t iv e  t u r b o c h a r g e d  e n g in e s  em p lo y  p u l s e
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t u r b o c h a r g i n g ,  u s i n g  t w i n - e n t r y  t u r b i n e s -  F o r  lo w  c o s t  a n d  
s i m p l i c i t y  i n  d e s i g n  a n d  m a n u f a c t u r i n g ,  t h e s e  a r e  u s u a l l y  
v a n e l e s s  t y p e .  F i g . 1 .6  sh o w s a  t y p i c a l  v a n e l e s s  t w i n - e n t r y  
r a d i a l  i n f l o w  t u r b i n e .

The h o u s in g  o f  t h e  t u r b i n e  h a s  t h e  f u n c t i o n  o f  d i s t r i b u t i n g  th e  
f lo w  a ro u n d  t h e  t u r b i n e  r o t o r  a n d  a c c e l e r a t i n g  t h e  f lo w .  I n  t h e  
t u r b i n e  r o t o r ,  w ork  i s  d o n e . T h is  w ork  d on e  i s  d e p e n d e n t  on t h e  
f lo w  c h a r a c t e r i s t i c s  a t  i n l e t  t o  t h e  r o t o r .  T h e r e f o r e  i t  i s  
im p o r t a n t  t o  u n d e r s t a n d  t h e s e  c h a r a c t e r i s t i c s  a n d  t o  b e  a b l e  t o  
l i n k  th em  t o  t h e  p e r fo r m a n c e  o f  t h e  t u r b i n e .

1 .2  E n e r g y  t r a n s f e r  i n  a  r a d i a l  t u r b i n e  r o t o r

I n  t h e  f o l l o w in g ,  t h e  e n e r g y  t r a n s f e r  a n d  v e l o c i t y  t r i a n g l e s  o f  
t h e  t u r b i n e  r o t o r  a r e  p r e s e n t e d  t o  g i v e  t h e  r e a d e r  an  
im p r e s s io n  o f  t h e  e f f e c t  o f  t h e  f lo w  c h a r a c t e r i s t i c s  on  r o t o r  
w o rk .

I n  t h e  r a d i a l  f lo w  t u r b i n e  e n e r g y  i s  t r a n s f e r r e d  fro m  t h e  f l u i d  
t o  t h e  r o t o r  i n  p a s s i n g  fro m  a  l a r g e  r a d i u s  t o  a  s m a l l  r a d i u s .  
The s p e c i f i c  e n e r g y  t r a n s f e r  i n  t h e  r o t o r  c a n  b e  d e r i v e d  fro m  
t h e  v e l o c i t y  t r i a n g l e s  a t  t h e  r o t o r  i n l e t  a n d  e x i t . As e n e rg y  
t r a n s f e r  t a k e s  p l a c e  f ro m  t h e  f l u i d ,  t h e r e  i s  a  d r o p  i n  
e n t h a l p y ,  p r e s s u r e  a n d  a b s o l u t e  v e l o c i t y .

1 .2 .1  V e l o c i t y  T r i a n g l e s

The v e l o c i t y  t r i a n g l e s  o f  a  r a d i a l  f lo w  t u r b i n e  a r e  g iv e n  in  
F i g . 1 . 7 .  T he f i g u r e  sh o w s a  t y p i c a l  o f f - d e s i g n  v e l o c i t y  
t r i a n g l e  a t  t h e  r o t o r  e n t r y .  A f t e r  e n t e r i n g  t h e  r o t o r ,  t h e  g a s  
i s  c o n s t r a i n e d  b y  t h e  b l a d e  p a s s a g e  t o  h a v e  a  p u r e l y  r a d i a l  
r e l a t i v e  v e l o c i t y  ( f o r  a  o ne  d im e n s io n a l  f lo w  m odel o f  a  r a d i a l  
b l a d e d  r o t o r ) , a n d  h e n c e  t h e  a c t u a l  g a s  a n g l e  i s  r a p i d l y
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c h a n g e d . I n  a  r e a l  r o t o r  t h e  i n c i d e n c e  a n g l e  b e tw e e n  t h e  g a s  
a n d  t h e  r o t o r  b l a d e  may c a u s e  f lo w  t o  s e p a r a t e  fro m  t h e  b l a d e s  
a n d  t h e r e  w i l l  b e  a  s u b s e q u e n t  m ix in g  l o s s  w i t h i n  t h e  i m p e l l e r .  
T h i s  l o s s  i s  c a l l e d  a n  i n c i d e n c e  l o s s  i n  t h e  o n e  d im e n s io n a l  
f lo w  m o d e l .  I n c id e n c e  l o s s  c a n  b e  d e f i n e d  a s  t h e  sum o f  w ork 
d o n e  i n  t u r n i n g  t h e  f l u i d  th r o u g h  t h e  i n c i d e n c e  a n g l e  a n d  th e  
m ix in g  l o s s  i f  s e p a r a t i o n  o c c u r s .  I d e a l l y  t h i s  w i l l  b e  z e r o  a t  
t h e  d e s i g n  p o i n t  a n d  w i l l  r a p i d l y  i n c r e a s e  a s  c o n d i t i o n s  
c h a n g e .

A t r o t o r  e x i t ,  t h e  g a s  w i l l  h a v e  a x i a l  a n d  t a n g e n t i a l  v e l o c i t y  
c o m p o n e n t s .  T he  f l u i d  d i s c h a r g i n g  f ro m  i t  m ay h a v e  a  
c o n s i d e r a b l e  v e l o c i t y  C2 a n d  an  a x i a l  d i f f u s e r  ( e x i t  d u c t )  
w o u ld  b e  c o n s i d e r e d  a s  a  m eans o f  r e c o v e r i n g  m o s t o f  t h e  
e n e r g y ,  1 / 2 l C 2 ) 2 w h ic h  w o u ld  o t h e r w i s e  b e  w a s t e d .  B u t i n  
a u to m o t iv e  a p p l i c a t i o n s  t h e  c o n s t r a i n t s  o f  t h e  i n s t a l l a t i o n  
r a r e l y  p e r m i t s  an  e x h a u s t  d i f f u s e r .  I d e a l l y  a t  t h e  d e s ig n  p o i n t  
C2 i s  a  minimum a n d  t h e  e x i t  f lo w  a n g le  ( a 2) i s  z e r o .  T h is  i s  
u s u a l l y  n o t  t h e  c a s e  a c c o r d in g  t o  e x p e r im e n ta l  r e s u l t s .

1 . 2 .2  E n e rg y  T r a n s f e r

toThe r a t e  o f  c h a n g e  o f  a n g u l a r  momentum i s  e q u a l /  t h e  sum o f  th e  
m om ents o f  e x t e r n a l  f o r c e s  ( t h a t  i s ,  t h e  t o r q u e  TQ) . S in c e  
a n g u l a r  momentum i s  t h e  moment o f  l i n e a r  momentum, t h e  r a t e  o f  
c h a n g e  w i l l  b e  g iv e n  b y  t h e  p r o d u c t  o f  t h e  m ass  f lo w  t im e s  
v e l o c i t y .  The t o r q u e  b e co m e s;

TQ = m ( r 1CQl -  r 1C02 ) ..................................................................  (1)

The e n e r g y  t r a n s f e r  w i l l  b e  g iv e n  b y  t h e  p r o d u c t  o f  t o r q u e  and  
a n g u l a r  v e l o c i t y  (CO) , h e n c e  

W = CO. TQ
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W = C O .  (m ( r 1C01 -  r 2C02) )

s i n c e  U= CO.r

W = m. (U 1 .C Ql -  U2 .C02) ...................................................(2)

T h is  i s  t h e  b a s i c  e q u a t i o n  f o r  e n e r g y  t r a n s f e r  i n  t h e  t u r b i n e  
r o t o r .
R e w r i t in g  (2) beco m es

2 .  ( W/m ) = 2 (U ^ C ^  -  U2 .C02)

-  <0i2 + c 012 -  <cei -  U ,)2) -  (U22 + c 022 -  (C02 -  u 2) 2)

From  v e l o c i t y  t r i a n g l e

C0i ^
<c ei -  u x) = a
<cei 2 i 2 s i n c e 2

-  u i> = W 2 — CW1 W 1 a  =

T hus

2 .  (W/m) = (Oj2 + C012 -  (W22 -  Cr l2) )  -  <U22 + C022 -  (W22-C r22))

2 .  (W/m) = (Uj2 -  W22 + C j 2) -  (U22 -  W22 + C22) 

h e n c e  s p e c i f i c  w ork

W/m = 0 .5  ((U j2-  U22) -  (W22-  W22) + (Cj2 -  C22) ) .....................(3)

T he t h r e e  b r a c k e t e d  t e r m s  i n  e q u a t i o n  (3 ) i l l u s t r a t e  k ey  
f e a t u r e s  o f  a  r a d i a l  i n f lo w  t u r b i n e .

1 s t  te r m  + (Ux2 -  U22) : T h is  r e p r e s e n t s  a l a r g e  c o n t r i b u t i o n  t o
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t h e  t u r b i n e  w o r k  d u e  t o  t h e  c h a n g e  i n  r a d i u s  ( n o t  p r e s e n t  i n  a n  
a x i a l  t u r b i n e )

2 n d  t e r m  -  (Wx2 -  W22 ) : F o r  p o s i t i v e  w o r k ,  W2 m u s t  e x c e e d  Wl f
t h a t  i s  t h e  f l o w  m u s t  a c c e l e r a t e  t h r o u g h  t h e  r o t o r ,  r e l a t i v e  t o  
t h e  r o t o r .

3 r d  t e r m  + ( C X2 -  C22 ) : T h e  a b s o l u t e  e x i t  v e l o c i t y  m u s t  b e
m i n i m i s e d  s i n c e  t h i s  i s  a  d i r e c t  l o s s  o f  p o t e n t i a l  t u r b i n e  
w o r k .  I t  i s  f o r  t h i s  r e a s o n  t h a t  e x i t  s w i r l  s h o u l d  b e  z e r o  o r  
a t  l e a s t  k e p t  t o  m in im u m . E x i t  s w i r l  i s  u n d e s i r a b l e  b u t  t h i s  i s  
a l m o s t  u n a v o i d a b l e  a t  o f f - d e s i g n  o p e r a t i o n .  I t  i n c r e a s e s  t h e  
e x i t  k i n e t i c  e n e r g y  f o r  a  f i x e d  m a s s  f l o w  r a t e ,  t h u s  r e d u c i n g  
t h e  p o t e n t i a l  t u r b i n e  w o r k .
F r o m  t h e  v e l o c i t y  t r i a n g l e s ,  i t  i s  e v i d e n t  t h a t  t h e  f l o w  
c h a r a c t e r i s t i c s  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  r o t o r  s p e c i f i c  
w o r k  a n d  h e n c e  t u r b i n e  e f f i c i e n c y .  T u r b i n e  e f f i c i e n c y  a f f e c t s  
t h e  o v e r a l l  t u r b o c h a r g e r  e f f i c i e n c y  a n d  h e n c e  e n g i n e  
p e r f o r m a n c e .

M o s t  s m a l l  a n d  m e d iu m  s i z e  d i e s e l  v e h i c l e s  u s e  p u l s e  
t u r b o c h a r g i n g  t o  b e t t e r  u t i l i z e  t h e  e x h a u s t  p u l s e  e n e r g y .  T h e  
t u r b i n e  i s  t h e n  e x p o s e d  t o  a  h i g h l y  u n s t e a d y  f l o w ,  a n d  o p e r a t e s  
o f f - d e s i g n  f o r  m o s t  o f  t h e  e n g i n e  c y c l e .  T h e  p r o b l e m  c a n  b e  
m a d e  l e s s  s e v e r e  b y  g r o u p i n g  t h e  c y l i n d e r s ,  a n d  a  com m o n  
c o n f i g u r a t i o n  i s  t o  s p l i t  t h e  e x h a u s t  m a n i f o l d  i n t o  t w o ,  a n d  
h a v e  e a c h  h a l f  f e e d i n g  a  s e p a r a t e  e n t r y  t o  t h e  t u r b i n e .  B y  
g r o u p i n g  t h e  c y l i n d e r s  a p p r o p r i a t e l y ,  w i t h  r e g a r d s  t o  f i r i n g  
o r d e r  a n d  e x h a u s t  v a l v e  t i m i n g ,  i t  m ay  b e  p o s s i b l e  t o  m a k e  t h e  
p u l s e s  i n  e a c h  e n t r y  a n t i - p h a s e ,  t h e r e b y  r e m o v i n g  t h e  w o r s t  o f  
t h e  u n s t e a d i n e s s ,  F i g . 1 . 8 .

D e s p i t e  t h i s ,  u n d e r  t h e  p u l s e  s y s t e m  t h e  t u r b i n e  i s  s t i l l  
e x p o s e d  t o  a  h i g h l y  u n s t e a d y  f l o w .  N o r m a l  t w i n - e n t r y  r a d i a l
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i n f l o w  t u r b i n e  d e s i g n  i s  b a s e d  o n  s t e a d y  f l o w  i n f o r m a t i o n  w i t h  
c o n t i n u o u s  t u r b i n e - c o m p r e s s o r  e q u i l i b r i u m ,  a n d  t h e r e f o r e  t a k e s  
n o  a c c o u n t  o f  t h e  u n s t e a d y  p u l s e  f l o w  c o n d i t i o n s  w h i c h  e x i s t  
i n  a c t u a l  t u r b o c h a r g e r  o p e r a t i o n .  T h u s  t h e  p l o t t i n g  o f  m e a n  
v a l u e s  ( u s i n g  s t e a d y  f l o w  t e s t i n g )  o n  t h e  t u r b i n e  m a p  f o r  
m a t c h i n g  a n d  d e s i g n  p u r p o s e s  c a n  b e  q u i t e  m i s l e a d i n g .  H e n c e  i t  
b e c o m e s  i m p o r t a n t  t o  k n o w  t h e  t u r b i n e  p e r f o r m a n c e  u n d e r  
p u l s a t i n g  c o n d i t i o n s  w h i c h  a r e  r e p r e s e n t a t i v e  o f  a n  e n g i n e  a n d  
t o  u s e  t h e s e  d a t a  f o r  m a t c h i n g  a n d  d e s i g n .  H o w e v e r ,  t o  a s s e s s  
a c c u r a t e l y  t h e  o p e r a t i n g  r a n g e  o n  a  t u r b i n e  w o u l d  r e q u i r e  p l o t s  
o f  i n s t a n t a n e o u s  g a s  f l o w ,  p r e s s u r e  r a t i o ,  b l a d e  s p e e d  r a t i o  
a n d  e f f i c i e n c y .  T h i s  i n f o r m a t i o n  i s  v e r y  d i f f i c u l t  t o  m e a s u r e ,  
w h i c h  i s  t h e  m a in  r e a s o n  w h y  a l l  c u r r e n t  t u r b o c h a r g i n g  m a t c h i n g  
a n d  d e s i g n  c o n t i n u e  t o  u s e  s t e a d y  s t a t e  d a t a .  I t  i s  n o t  u n t i l
r e c e n t l y  t h a t  f u l l  i n s t a n t a n e o u s  p e r f o r m a n c e  d a t a  h a v e  b e e n

(38)m e a s u r e d  b y  D a l e  a n d  W a t s o n .  H e r e  t h e  c h a r a c t e r i s t i c s  o f  t h e  
t u r b i n e  u n d e r  s t e a d y  a n d  u n s t e a d y  f l o w  c o n d i t i o n s  w e r e  a n a l y s e d  
a n d  c o m p a r e d ,  a n d  t h e  r e s u l t s  r e v e a l e d  t h e  i m p o r t a n c e  o f  p u l s e  
f l o w  t e s t i n g .

P u l s e  f l o w  t e s t i n g  o f  t u r b o c h a r g e r  t u r b i n e s  f o r  p e r f o r m a n c e  h a s  
n o w  b e e n  s t u d i e d  b y  t h e s e  a u t h o r s .  A s  f a r  a s  t h e  a u t h o r  i s  
a w a r e ,  h o w e v e r , t h e r e  i s  a n  a b s e n c e  o f  k n o w l e d g e  o f  t h e  i n t e r n a l  
g a s  f l o w  c h a r a c t e r i s t i c s  o f  a  t u r b o c h a r g i n g  t u r b i n e  o p e r a t i n g  
u n d e r  p u l s a t i n g  f l o w .
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1 . 3  O b j e c t i v e s

I n  v i e w  o f  l i m i t e d  k n o w l e d g e  o n  g a s  f l o w  c h a r a c t e r i s t i c s  o f  
r a d i a l - i n f l o w  t u r b i n e s  u n d e r  s t e a d y  f l o w ,  a n d  m o r e  i m p o r t a n t l y  
n o  s t u d y  s o  f a r  o n  u n s t e a d y  g a s  f l o w  c h a r a c t e r i s t i c s ,  t h e  
o b j e c t i v e s  o f  t h i s  p r o j e c t  w e r e  s e t  a s  f o l l o w s :

(1)
T o  i n v e s t i g a t e  t h e  g a s  f l o w  c h a r a c t e r i s t i c s  o f  a  t w i n - e n t r y  
r a d i a l  t u r b i n e  a t  r o t o r  i n l e t  a n d  e x i t  u n d e r  s t e a d y  f l o w  w i t h  a  
s e r i e s  o f  d i f f e r e n t  m a s s  f l o w  r a t i o s  b e t w e e n  e a c h  e n t r y .

(2)
T o  i n v e s t i g a t e  t h e  g a s  f l o w  c h a r a c t e r i s t i c s  o f  t h e  s a m e  t u r b i n e  
a t  r o t o r  i n l e t  a n d  e x i t  u n d e r  u n s t e a d y  f l o w  w i t h  c o n d i t i o n s  
r e p r e s e n t a t i v e  o f  a  t u r b o c h a r g e r  o p e r a t i o n  .

( 3 )
T o  l i n k  t h e s e  w i t h  t h e  t u r b i n e  p e r f o r m a n c e .

T h i s  p r o j e c t  i s  a  c o n t i n u a t i o n  o f  D a l e  a n d  W a t s o n * s  w o r k .  T h i s  
i n v e s t i g a t i o n  i n v o l v e s  e x t e n s i v e  e x p e r i m e n t a l  w o r k  c a r r i e d  o u t  
u s i n g  a  l a s e r  t w o  f o c u s  v e l o c i m e t e r .  D e t a i l e d  f l o w  m e a s u r e m e n t  
h a v e  b e e n  m a d e  a t  b o t h  t h e  r o t o r  i n l e t  a n d  e x i t  f o r  a  r a n g e  o f  
o p e r a t i n g  c o n d i t i o n s  a t  s t e a d y  a n d  u n s t e a d y  f l o w .  F l o w s  a t  
d i f f e r e n t  a z i m u t h  a n g l e s  a r o u n d  t h e  v o l u t e  w e r e  a l s o  s t u d i e d .  
D i f f e r e n t  d i v i d e r  d e p t h s  ( m e r i d i o n a l  d i v i d e r  w a l l )  h a v e  b e e n  
a p p l i e d  i n  t h e  f l o w  m e a s u r e m e n t  a n d  s t u d i e d .
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Fig. 1.1
Principle of Turbocharging

E x h a u s t  g a s  e n e r g y  d r i v e s  t h e  t u r b in e  
w h ic h  in  t u r n  d r i v e s  t h e  c o m p r e s s o r  to  
i n c r e a s e  t h e  a i r  in le t  d e n s i ty  to  t h e  e n g in e  
c y l in d e r  d u r in g  t h e  in d u c tio n  p r o c e s s .
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Fig. 1.5 Two types of twin-entry radial inflow turbine
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Constant Pressure Tnrbockarfiai
Cylinders ****suii to a common manifold 
suflicieiuly large to ̂ *mp down the unsteady 
flow before feeding the turbine.

F iring  o rd e r 
1 - 5 - 3 - 6 - 2 - 4 - 1

Pulse Turbocharging
Highly pulsating flow is made leu  severe by 
grouping the cylinders, and a common configuration 
is to split the exhaust nianifold into two, and feeding 
a twin-entry turbine

Fig. 1.3 Turbocharging System

Fig. 1.4 Vaneless volute and Volute with nozzles
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1

Rotor exit

Fig. 1.7 Velocity triangles of ■  turbine rotor
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-Is. 1,2,3 cyls. 4,5,6

Massflow
ra te(k g /s)

Blade
r a tio
(U/C)

T u r b o c h a r g e r  t u r b i n e  o p e r a t i n g  c o n d i t i o n s  a t  s t e a d y  
e n g in e  s p e e d ,  m a x i m u m  t o r q u e .  S ix  c y l i n d e r  e n g in e ,  
t w i n - e n t r y  t u r b i n e

Fig 1.8 Turbochargor Turbina Operating Condition
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C h a p t e r  2

L i t e r a t u r e  S u r v e y

T h i s  c h a p t e r  c o n t a i n s  a  l i t e r a t u r e  s u r v e y  o f  r e l a t e d  w o r k  
c a r r i e d  o u t  o n  r a d i a l - i n f l o w  t u r b i n e s ,  i n  p a r t i c u l a r  f o r  
a u t o m o t i v e  a p p l i c a t i o n s .  T h i s  s u r v e y  i s  p r e s e n t e d  i n  t h e  
f o l l o w i n g  s e c t i o n s :

2 . 1  F lo w  f i e l d  i n v e s t i g a t i o n  i n  t h e  v o l u t e
2 . 2  T e s t  a n d  P e r f o r m a n c e
2 . 3  L a s e r  v e l o c i m e t e r  a p p l i c a t i o n  o n  t u r b o m a c h i n e r y

2 . 1  F l o w  f i e l d  i n v e s t i g a t i o n  i n  t h e  v o l u t e

2 . 2 . 1  V o l u t e  S u r v e y

T h e  f u n c t i o n  o f  t h e  v o l u t e  w i l l  d e p e n d  o n  w h e t h e r  o r  n o t  t h e  
t u r b i n e  h a s  i n l e t  n o z z l e  v a n e s .  I f  i t  h a s ,  t h e n  t h e  v o l u t e  
m u s t  s i m p l y  d e l i v e r  a  u n i f o r m  g a s  f l o w  t o  t h e  n o z z l e s .  H o w e v e r ,  
m o s t  a u t o m o t i v e  t u r b o c h a r g e r  t u r b i n e s  h a v e  t h e  i n l e t  n o z z l e s  
e l i m i n a t e d  s o  t h a t  t h e  v o l u t e  m u s t  t a k e  o v e r  t h e  f u n c t i o n  o f  
f l o w  g u i d a n c e  a t  e n t r y  t o  t h e  r o t o r  i n  a d d i t i o n  t o  f l o w  
d i s t r i b u t i o n  a n d  a c c e l e r a t i o n .  T h e  g e o m e t r y  o f  t h e  v o l u t e  m u s t  
t h e r e f o r e  d e t e r m i n e  t h e  g a s  a n g l e  a t  v o l u t e  e x i t .  D e s i g n e r s  
h a v e  c o m b i n e d  o n e  d i m e n s i o n a l  a n a l y s i s  w i t h  f r e e  v o r t e x  t h e o r y  
t o  d e t e r m i n e  t h e  g e o m e t r y  o f  t h e  v o l u t e  ( v o l u t e  c r o s s - s e c t i o n  
a r e a  o r  A /R  r a t i o )  f o r  o p t im u m  g a s  a n g l e  w i t h  r e s p e c t  t o  t h e  
t u r b i n e  p e r f o r m a n c e .
S e v e r a l  s t u d i e s  h a v e  b e e n  c o n d u c t e d  t o  d e v e l o p  m e t h o d s  f o r  
p r e d i c t i n g  r a d i a l  i n f l o w  t u r b i n e  a e r o d y n a m i c s  p e r f o r m a n c e  ( 1 -
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7 )  . T h e s e  m e t h o d s  a r e  m a i n l y  b a s e d  o n  o n e  d i m e n s i o n a l  f l o w  
a n a l y s i s  w i t h  f r e e  v o r t e x  t h e o r y  a n d  a  c o m b i n a t i o n  o f  
a p p r o p r i a t e  l o s s  m o d e l s  i n  t h e  i n l e t  v o l u t e ,  v a n e d  a n d / o r  
v a n e l e s s  n o z z l e ,  r o t o r  a n d  e x i t  d u c t .  W h i l e  t h e  p u r p o s e  o f  
t h e s e  d e s i g n  m e t h o d s  i s  t o  p r o v i d e  u n i f o r m  f l o w  c o n d i t i o n s  
a r o u n d  t h e  n o z z l e  p e r i p h e r y  o f  r o t o r  t i p  ( i n  t h e  c a s e  o f  
v a n e l e s s  v o l u t e ) ,  B h i n d e r  ( 8 )  r e p o r t e d  t h a t  t h e  m e a s u r e d  f l o w  
a n g l e  i n  a  v a n e l e s s  t u r b i n e  d e s i g n e d  u s i n g  t h i s  m e t h o d  s h o w e d  
s i g n i f i c a n t  v a r i a t i o n  a r o u n d  t h e  r o t o r ,  F i g . 2 . 1 .  T h e r e  w e r e  
o t h e r  i n v e s t i g a t i o n s  ( e . g  9 , 1 0 )  c a r r i e d  o u t  a n d  t h e y  a l s o  
s h o w e d  v a r i a t i o n  o f  f l o w  p r o p e r t i e s  a r o u n d  t h e  e x i t  o f  t h e  
v o l u t e ,  F i g . 2 . 2 .

A g r o u p  o f  r e s e a r c h e r s  f r o m  t h e  U n i v e r s i t y  o f  C i n c i n n a t i  h a v e  
c o n t r i b u t e d  a  c o n s i d e r a b l e  a m o u n t  o f  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  w o r k  o n  t h e  a n a l y s i s  o f  t h e  f l o w  i n  r a d i a l  i n f l o w  
t u r b i n e  v o l u t e s .  T h e i r  i n v e s t i g a t i o n s  ( 1 1 , 1 2 , 1 3 )  r e v e a l  t h a t  
t h e  f l o w  i n  t h e  r a d i a l  i n f l o w  t u r b i n e  i s  a c t u a l l y  t h r e e  
d i m e n s i o n a l  a n d  i s  a l s o  c o m p l i c a t e d  b y  t h e  i n t e r a c t i o n  b e t w e e n  
t h e  r o t o r  a n d  n o z z l e .  I n  t h e s e  i n v e s t i g a t i o n s ,  T a b a k o f f  e t  a l  
( 1 1 , 1 2 , 1 3 )  o b t a i n e d  h o t - w i r e  m e a s u r e m e n t s  i n  s c r o l l s  o f  

d i f f e r e n t  c r o s s  s e c t i o n a l  g e o m e t r i e s  a n d  r e v e a l e d  t h e  p r e s e n c e  
o f  t w o  c o u n t e r  r o t a t i n g  v o r t i c e s  a t  t h r e e  d i f f e r e n t  s c r o l l  
c r o s s  s e c t i o n .  K h a l i l  e t  a l  ( 1 4 )  p r e s e n t e d  m a p s  o f  t h e  t o t a l  
p r e s s u r e ,  M a ch  n u m b e r s ,  a n d  f l o w  a n g l e s  a t  t h e  i n l e t  a n d  e x i t  
o f  t h e  v a n e d  n o z z l e .  T h e s e  m e a s u r e m e n t s  c l e a r l y  d e m o n s t r a t e  t h e  
t h r e e  d i m e n s i o n a l  f l o w  b e h a v i o u r  i n  t h i s  c o m p o n e n t .

I n  1 9 8 6 ,  M a la k  e t  a l  ( 1 5 )  p r e s e n t e d  t h e  r e s u l t s  o f  a n  
e x p e r i m e n t a l  s t u d y  o f  t h e  t h r e e  d i m e n s i o n a l  f l o w  f i e l d  i n  a  
r a d i a l  i n f l o w  t u r b i n e  s c r o l l  u s i n g  a  t w o  c o l o u r  L a s e r  D o p p l e r  
V e l o c i m e t e r  s y s t e m .  T h e  t h r e e  c o m p o n e n t s  o f  v e l o c i t y  w e r e  
m e a s u r e d  a t  7 5 8  p o i n t s  l y i n g  o n  7 a z i m u t h  s e c t i o n s  o f  a  s q u a r e  
c r o s s  s e c t i o n  n o n - s y m m e t r i c a l  s c r o l l .  T h e  p u r p o s e  o f  t h i s  s t u d y
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i s  t o  o b t a i n  d e t a i { e d  m e a s u r e m e n t s  o f  t h e  t h r e e  v e l o c i t y  
c o m p o n e n t s  t h r o u g h  t h e  s c r o l l  a n d  t h e  v a n e l e s s  n o z z l e s .  T h e  
r e s u l t s  s h o w e d  c l e a r l y  t h e  f o r m a t i o n  a n d  d e v e l o p m e n t  o f  t h e  
f r e e  v o r t e x  p a t t e r n  a t  t h e  d i f f e r e n t  s c r o l l  c r o s s  s e c t i o n s . T h e  
c r o s s - s t r e a m  v e l o c i t i e s  s h o w e d  t h e  p r e s e n c e  o f  o n e  v o r t e x ,  n o t  
t h e  f a m i l i a r  t w o  c o u n t e r  r o t a t i n g  v o r t i c e s  e x i s t i n g  i n  t h e  
c u r v e d  d u c t s .

M i l l e r  e t  a l  ( 1 6 )  p r e s e n t e d  a  t h r e e  d i m e n s i o n a l  f l o w  s u r v e y  a t  
t h e  r o t o r  i n l e t .  E x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  a  f i v e  h o l e  
c o b r a  p r o b e  t r a v e r s i n g  a x i a l l y  ( m e a s u r i n g  4 p o i n t s )  a t  1 2  
a z i m u t h  s e c t i o n s  t o  d e t e r m i n e  t h e  r o t o r  i n l e t  f l o w  p r o p e r t i e s  
a t  d e s i g n  f l o w  c o n d i t i o n s ,  F i g . 2 . 3 a .  T h i s  i n v e s t i g a t i o n ,  t a k i n g  
i n t o  a c c o u n t  t h e  t h r e e  d i m e n s i o n a l  c o m p o n e n t s  o f  v e l o c i t y ,  
r e p o r t e d  t h a t  f l o w  p r o p e r t i e s  w e r e  g e n e r a l l y  u n i f o r m  i n  t h e  
a x i a l  d i r e c t i o n  a n d  a r o u n d  t h e  t u r b i n e  h o u s i n g  f o r  a z i m u t h  
a n g l e  =  6 0 °  t o  3 0 0 ° ,  F i g . 2 . 3 b .  T h e  v e r y  s m a l l  v a r i a t i o n  i n  t h e  
a x i a l  d i r e c t i o n  m a y  b e  a  c o n s e q u e n c e  o f  s y m m e t r i c a l  v o l u t e .  I n  
t h e  t o n g u e  r e g i o n  ( a z i m u t h  a n g l e  =  3 3 0 °  t o  3 0 ° )  ,  s i g n i f i c a n t  
v a r i a t i o n s  i n  v e l o c i t y  a n d  a b s o l u t e  f l o w  a n g l e  w e r e ,  n o t e d .

S o  f a r  t h e  w o r k  c a r r i e d  o u t  o n  r a d i a l  i n f l o w  t u r b i n e  h a s  b e e n  
m a i n l y  o n  s i n g l e  e n t r y  v o l u t e s .  V e r y  l i t t l e  i n f o r m a t i o n ,  h o w e v e r ,  
c a n  b e  f o u n d  o f  t h e  f l o w  d e t a i l s  i n  a  t w i n - e n t r y  v o l u t e .  An  
i n t e r n a l  r e p o r t  b y  M i l l e r  e t  a l  ( 1 7 )  p r e s e n t e d  s o m e  i n f o r m a t i o n  
o n  t h e  f l o w  f i e l d  o f  a  t w i n - e n t r y  r a d i a l  i n f l o w  t u r b i n e  w i t h  
e q u a l  i n l e t  p r e s s u r e s  i n  e a c h  e n t r y .  T h i s  c o r r e s p o n d s  t o  a  f u l l  
a d m i s s i o n  c o n d i t i o n .  T h e  r o t o r  i n l e t  f l o w  f i e l d  i n  t h e  a x i a l  
d i r e c t i o n  e x h i b i t e d  t h e  i n f l u e n c e  o f  t h e  d i v i d e r  w a l l  i n  a  w a k e  
e f f e c t .  F i g . 2 . 4 a  s h o w s  t h e  v a r i a t i o n  o f  a b s o l u t e  f l o w  v e l o c i t y  
i n  t h e  a x i a l  d i r e c t i o n  a t  v o l u t e  e x i t  f o r  s e v e r a l  a z i m u t h  
a n g l e s .  A r o u n d  t h e  m i d d l e  o f  t h e  v o l u t e  e x i t  ( d i r e c t l y  b e l o w  
t h e  d i v i d e r  w a l l  t i p )  t h e  l o w e r  a b s o l u t e  v e l o c i t y  i s  p r o b a b l y  
d u e  t o  t h e  w a k e  s h a d e  b y  t h e  d i v i d i n g  w a l l .  S i m i l a r l y  t h i s
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e f f e c t  i s  a l s o  o b s e r v e d  i n  t h e  a b s o l u t e  f l o w  a n g l e s ,  F i g . 2 . 4 b .  
T h e  p a t t e r n  o f  b e h a v i o u r  a t  a z i m u t h  a n g l e s ,  02 =  3 0 °  a n d  3 3 0 °  i s  
l e s s  c l e a r ,  a n d  t h i s  i s  p r o b a b l y  d u e  t o  t h e  e f f e c t  o f  t h e  
t o n g u e .  D i s t r i b u t i o n  o f  t h e  s t a t i c  p r e s s u r e  a r o u n d  t h e  v o l u t e  
i s  s h o w e d  i n  F i g . 2 . 4 c .  T h e  s u d d e n  v a r i a t i o n  o f  s t a t i c  p r e s s u r e  
a t  a z i m u t h  a n g l e  0 ° ,  3 6 0 °  r e p r e s e n t s  t h e  e f f e c t  o f  t h e  t o n g u e .  
T h i s  o b s e r v a t i o n  a t  t h e  t ip  of the t o n g u e  i s  c o n s i s t e n t  w i t h  
S c r i m s h a w f s  i n v e s t i g a t i o n  ( 1 0 ) .

T h e  m o r e  r e c e n t  p u b l i c a t i o n  o f  v o l u t e  f l o w  f i e l d  s u r v e y s  b y  
L y m b e r o p o u l o s  ( 1 8 )  p r e s e n t s  t h e  n u m e r i c a l  a n a l y s i s  a n d  
e x p e r i m e n t a l  m e a s u r e m e n t s  o f  f l o w s  i n  t h e  v a n e l e s s  v o l u t e  o f  a  
r a d i a l  i n f l o w  t u r b i n e .  C a s e s  o f  s i n g l e  a n d  t w i n - e n t r y  v o l u t e s  
w e r e  s t u d i e d .  F o r  t h e  t w i n - e n t r y  v o l u t e ,  t h e  t u r b i n e  i n l e t  
c o n d i t i o n s  w e r e  v a r i e d  t o  s t u d y  t h e  p a r t i a l  a d m i s s i o n  e f f e c t s .  
I n  a d d i t i o n ,  d i f f e r e n t  s e p a r a t i n g  w a l l  d i a m e t e r s  w e r e  a p p l i e d  
t o  s t u d y  i t s  e f f e c t s .  F i g . 2 . 5 a  s h o w s  t h e  f l o w  a n g l e  m e a s u r e m e n t  
a r r a n g e m e n t  a n d  t h e  s i n g l e  a n d  t w i n - e n t r y  v o l u t e s .
T h e  v a r i a t i o n  o f  f l o w  a n g l e  a n d  t o t a l  p r e s s u r e  a c r o s s  t h e  
v o l u t e  e x i t  f o r  s e p a r a t i n g  w a l l  d i a m e t e r s ,  SW<(> =  7 8  a n d  86mm
a r e  s h o w n  i n  F i g . 2 . 5 b  a n d  F i g . 2 . 5 c  r e s p e c t i v e l y .  F o r  t h e  c a s e  
o f  e q u a l  f l o w s  ( P 01 = P 02 =  1 . 2 5  b a r ) ,  i n  t h e  m i d d l e  o f  t h e  
v o l u t e  e x i t ,  t h e  f l o w  a n g l e  ( F i g .  2 . 5 c )  i s  h i g h e r ,  w h i c h  c o u l d
b e  d u e  t o  t h e  w a k e  s h e d  o f  t h e  d i v i d i n g  w a l l .  T h e  t o t a l

sop r e s s u r e  a l s o  f a l l s ,  b u t  l e s s / f o r  SW<p =  86m m  t h a n  78m m , a n d  
t h i s  i s  p r e s u m a b l y  c a u s e d  b y  t h e  m i x i n g  l o s s  o f  t h e  w a k e .
F o r  u n e q u a l  i n l e t  t o t a l  p r e s s u r e s  i n  t h e  t w o  e n t r i e s ,  SW<|> =  
7 8 m m , F i g . 2 . 5 b  s h o w s  v a l u e s  o f  n e g a t i v e  f l o w  a n g l e s  
r e p r e s e n t i n g  r e v e r s e  f l o w .  W it h  SW<|> =  86m m , r e v e r s e  f l o w  i s  n o t  
o b s e r v e d  u n d e r  p a r t i a l  a d m i s s i o n  c o n d i t i o n ,  F i g . 2 . 5 c .  T h i s  i s  
l i k e l y  t o  b e  d u e  t o  t h e  m i x i n g  o f  t h e  t w o  s t r e a m s  t a k i n g  p l a c e  
e a r l i e r  a t  a  h i g h e r  r a d i u s ,  s o  t h a t  t h e r e  i s  m o r e  t i m e  f o r  t h e  
f l o w s  t o  m ix  b e f o r e  a r r i v i n g  a t  t h e  m e a s u r i n g  p l a n e .  T h e s e  
f i n d i n g s  s h o w  t h a t  t h e  t w o  s t r e a m s  e x e r t  a  p o w e r f u l  i n f l u e n c e
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o n  o n e  a n o t h e r ,  w h i c h  i s  p r e d i c t e d  i n  t h e  n u m e r i c a l  a n a l y s i s ,  
t o  l e a d  t o  r e v e r s a l  a n d  r e c i r c u l a t i o n  i n  e x t r e m e  c a s e s  w h e r e  
o n e  o f  t h e  e n t r y  h a s  z e r o  f l o w .  T h e s e  r e s u l t s  a r e  v e r y  
i n t e r e s t i n g  i n  t h a t  t h e y  s h o w  t h a t  t h e  f l o w f i e l d  a r o u n d  t h e  
r o t o r  i n l e t  v a r i e s  s i g n i f i c a n t l y  u n d e r  p a r t i a l  a d m i s s i o n  
c o n d i t i o n s  w h i c h  i s  t h e  n o r m a l  c a s e  o f  t u r b o c h a r g e r  t u r b i n e  
o p e r a t i o n .

2 . 1 . 2  R o t o r  E x i t  S u r v e y

T h e  a b o v e  s u r v e y  s o  f a r  c o n t a i n s  i n f o r m a t i o n  o n  f l o w  p r o p e r t i e s  
a t  t h e  r o t o r  i n l e t . S o m e  i n v e s t i g a t i o n  a t  t h e  r o t o r  e x i t  h a d  
b e e n  c a r r i e d  o u t  ( 1 7 , 1 9 - 2 4 ) .  F r o m  e q u a t i o n  ( 3 )  i n  C h a p t e r  1 ,  
t h e  e x i t  f l o w  c h a r a c t e r i s t i c s  f r o m  t h e  r o t o r  a r e  i m p o r t a n t  i n  
t h a t  t h e y  d e t e r m i n e  t h e  s w i r l  a t  t h e  r o t o r  e x i t ,  a n d  h e n c e  t h e  
w o r k  d o n e  b y  t h e  f l u i d  a n d  u l t i m a t e l y  t h e  e f f i c i e n c y  o f  t h e  
t u r b i n e .  I n  NASA r e p o r t s  ( 1 9 - 2 3 ) ,  t h e  e x i t  f l o w  a n g l e s  w e r e  
m e a s u r e d  a s  a  f u n c t i o n  o f  r a d i u s  r a t i o  a t  s o m e  p o i n t  d o w n s t r e a m  
o f  t h e  r o t o r .  F i g . 2 . 6  s h o w s  t h e  m e a s u r i n g  a r r a n g e m e n t  a t  t h e  
r o t o r  e x i t .  I n  t h e  e x p e r i m e n t ,  a  c e n t r e b o d y  ( c y l i n d r i c a l  t u b e )  
w a s  u s e d  a t  t h e  r o t o r  e x i t  i n  o r d e r  t o  o b t a i n  m e a s u r e m e n t  o f  
h u b  s t a t i c  p r e s s u r e  a n d  t o  p r o v i d e  a  f l o w  a r e a  a t  t h e  m e a s u r i n g  
s t a t i o n  e q u a l  t o  t h e  f l o w  a r e a  a t  t h e  r o t o r  p a s s a g e  e x i t .  A l l  
m e a s u r e m e n t s  w e r e  d o n e  u s i n g  p n e u m a t i c  p r o b e s  a n d  t h e s e  h a v e  
s l o w  r e s p o n s e .  A s  a  r e s u l t ,  t h e  m e a s u r e m e n t s  a r e  a v e r a g e  v a l u e s  
r a t h e r  t h a n  t h e  b l a d e - t o - b l a d e  v a r i a t i o n .  M e a s u r e m e n t s  o f  t h e  
f l o w  a n g l e  a t  t h e  t u r b i n e  e x i t  w e r e  o b t a i n e d  b y  t h e  u s e  o f  a  
s e l f  a l i g n i n g  p r o b e  a n d  a c t u a t o r .  F i g . 2 . 7  s h o w s  t h e  d e f i n i t i o n  
o f  t h e  e x i t  f l o w  a n g l e .
A g e n e r a l  o b s e r v a t i o n  s h o w s  l a r g e  v a r i a t i o n s  o f  e x i t  f l o w  a n g l e  
a c r o s s  t h e  m e a s u r e m e n t  s e c t i o n  f r o m  s h r o u d  t o  h u b ,  F i g . 2 . 8 .  
M i l t o n  e t  a l  ( 1 9 )  m e a s u r e d  t h e  v a r i a t i o n s  o f  t h e  e x i t  f l o w  
a n g l e  a n d  s t a t i c  p r e s s u r e  w i t h  r a d i u s  r a t i o  a n d  i n d i c a t e d  t h a t  
t h e r e  w a s  a  n o n - u n i f o r m  w o r k  d i s t r i b u t i o n  f r o m  h u b  t o  s h r o u d ,
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w i t h  m in im u m  w o r k  o c c u r i n g  a l o n g  t h e  o u t e r  w a l l .  T h i s  f u r t h e r  
s u g g e s t e d  t h a t  m in im u m  l o s s e s  o c c u r e d  n e a r  t h e  h u b  r e g i o n  a n d  
t h e  l o s s e s  i n c r e a s e d  t o w a r d s  t h e  s h r o u d .  T h i s  m a y  b e  d u e  t o  t h e  
b l a d e  u n l o a d i n g  w h i c h  r e s u l t e d  f r o m  t i p  l e a k a g e  a n d  f r o m  lo w  
m o m e n t u m  f l u i d  b e i n g  c e n t r i f u g e d  t o  t h i s  r e g i o n .  T h i s  
o b s e r v a t i o n  i s  s u p p o r t e d  b y  S a m u e l  e t  a l  ( 2 1 , 2 2 )  i n  w h i c h  l a r g e  
p o s i t i v e  f l o w  a n g l e  w i t h  l o w  v e l o c i t y  a r e  o b s e r v e d  n e a r  t h e  
s h r o u d  w i t h  l a r g e  t i p  l e a k a g e s .
A g e n e r a l  o b s e r v a t i o n  o n  t h e  r o t o r  e x i t  f l o w  a n g l e  ( 1 9 - 2 2 )  s h o w  
t h a t  t h e  a n g l e  c h a n g e s  f r o m  n e g a t i v e  ( a r o u n d  t h e  h u b  r e g i o n )  t o  
p o s i t i v e  ( a r o u n d  t h e  s h r o u d  r e g i o n ) . T h e  p o s i t i v e  a n g l e  
i n d i c a t e s  a  f l o w  v e l o c i t y  w i t h  a  c o m p o n e n t  i n  t h e  d i r e c t i o n  o f  
r o t a t i o n ,  F i g . 2 . 7 a .  A s  a  r e s u l t  o f  t h i s  c h a n g e  i n  t h e  e x i t  f l o w  
a n g l e ,  t h e  t a n g e n t i a l  c o m p o n e n t  a l s o  c h a n g e s  i n  d i r e c t i o n  ( w i t h  
r e s p e c t  t o  d i r e c t i o n  o f  r o t a t i o n ) , f r o m  h u b  t o  s h r o u d .  M i l t o n  
e t  a l  ( 2 0 )  c a l c u l a t e d  t h e  l o c a l  t o t a l  e f f i c i e n c y  a t  e a c h  o f  t h e  
r a d i a l  p o s i t i o n s  o n  t h e  b a s i s  o f  t h e  c h a n g e  i n  t a n g e n t i a l  
m o m e n tu m  t h r o u g h  t h e  r o t o r  a n d  t h e  m e a s u r e d  v a l u e s  o f  t o t a l  
p r e s s u r e  a n d  t e m p e r a t u r e  a t  t h e  r o t o r  e x i t .  T h e  r e s u l t  s h o w s  a  
m a x im u m  v a r i a t i o n  o f  1 0  p o i n t s  i n  e f f i c i e n c y ,  w i t h  m a x im u m  
e f f i c i e n c y  c o r r e s p o n d i n g  t o  m in im u m  f l o w  e x i t  a n g l e  i n  t h e  h u b  
r e g i o n .  T h e  l o w e s t  l o c a l  t u r b i n e  e f f i c i e n c y  w a s  c a l c u l a t e d  t o  
b e  i n  t h e  s h r o u d  r e g i o n .

M o r e  d e t a i l e d  m e a s u r e m e n t s  o n  r o t o r  e x i t  w e r e  m a d e  b y  M i l l e r
( 1 7 ) .  M e a s u r e m e n t s  i n  s e v e r a l  r a d i a l  p l a n e s  ( d i f f e r e n t  

c i r c u m f e r e n t i a l l y  l o c a t i o n s )  a t  0 . 5 0 6 "  a w a y  f r o m  t h e  r o t o r  e x i t  
b l a d e  w e r e  m a d e  u s i n g  a  f i v e  h o l e  p r o b e .  F i g . 2 . 9  s h o w s  t h a t  t h e  
a b s o l u t e  v e l o c i t y  V3 i n c r e a s e s  b y  1 0 0  f t / s  ( 3 0  m / s )  f r o m  h u b  t o  
s h r o u d .  T h e  p r e s e n c e  o f  e x i t  s w i r l  i s  i n d i c a t e d  b y  t h e  a b s o l u t e  
f l o w  a n g l e  a 3 w h i c h  i n c r e a s e s  f r o m  - 1 5 °  a t  t h e  h u b  t o  2 5 °  a t  
t h e  s h r o u d .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t s  
c a r r i e d  o u t  i n  NASA ( 1 9 - 2 3 ) ,  s h o w i n g  l a r g e  v a r i a t i o n  o f  r o t o r  
e x i t  f l o w  a n g l e .
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T h e  r o t o r  e x i t  s u r v e y  r a d i a l  ( s h r o u d  t o  h u b )  w e r e  m a d e  a t  
s e v e r a l  c i r c u m f e r e n t i a l  p l a n e s ,  0 3 =  0 °  t o  3 6 0 °  a t  3 0 °  
i n t e r v a l s .  F o r  0 3 •= 3 3 0 °  a n d  0 ° ,  w h i c h  i s  i n  t h e  t o n g u e  r e g i o n ,  
t h e  a b s o l u t e  v e l o c i t y  i s  g e n e r a l l y  l o w e r .  T h i s  e f f e c t  c a n  a l s o  
b e  o b s e r v e d  i n  t h e  e x i t  f l o w  a n g l e  t h o u g h  i t  i s  l e s s  
s i g n i f i c a n t .

A r o t o r  e x i t  f l o w  s u r v e y  b y  M iz u m a c h i  e t  a l  ( 2 4 )  w a s  c a r r i e d  
o u t  w i t h  t h e  o b j e c t i v e  o f  o b t a i n i n g  e x p e r i m e n t a l l y  t h e  r e l a t i v e  
e x i t  f l o w  a n g l e  a n d  v e l o c i t y  c o e f f i c i e n t  o f  t h e  r a d i a l  t u r b i n e  
b l a d e s  d u r i n g  r o t a t i o n ,  F i g . 2 . 1 0 .  T h e  e x p e r i m e n t  w a s  c a r r i e d  
o u t  b y  t r a v e r s i n g  a  f i v e  h o l e  y a w  m e t e r  a l o n g  t h e  r a d i u s  o f  t h e  
t u r b i n e  e x i t ,  a n d  t h e  d i r e c t i o n  a n d  e x i t  f l o w  a b s o l u t e  v e l o c i t y  
C2 w e r e  m e a s u r e d .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  o n  s e v e r a l  
t y p e s  o f  r o t o r  h a v i n g  d i f f e r e n t  n u m b e r s  o f  b l a d e s  a n d  d i f f e r e n t  
p r o f i l e s  o f  e x d u c e r s . T h e  e x p e r i m e n t  s h o w e d  t h a t  t h e  r e l a t i v e  
e x i t  f l o w  a n g l e s  v a r y  f r o m  h u b  t o  t h e  s h r o u d .  I n  a d d i t i o n ,  t h e  
e x i t  f l o w  a n g l e s  m e a s u r e d  d i f f e r e d  c o n s i d e r a b l y  f r o m  t h e  r o t o r  
e x i t  b l a d e  a n g l e .  H o w e v e r  t h e  d i s t a n c e  b e t w e e n  t h e  a x i s  o f  
m e a s u r e m e n t  a n d  t h e  r o t o r  t r a i l i n g  e d g e  i s  n o t  c l e a r .  T h i s  
d i s t a n c e  m a y  a f f e c t  t h e  m e a s u r e d  f l o w  a n g l e .

F i g . 2 . 1 1  g i v e s  a  g e n e r a l  s u r v e y  o f  t h e  f l o w  f i e l d  
i n v e s t i g a t i o n s  o f  r a d i a l  i n f l o w  t u r b i n e s .  A g e n e r a l  o b s e r v a t i o n  
s h o w s  t h a t  r e l a t i v e l y  l i t t l e  w o r k  h a s  b e e n  c a r r i e d  o u t  t o  
i n v e s t i g a t e  t h e  f l o w  i n  t h e  r o t o r  e x i t  r e g i o n .  I t  i s  o b v i o u s  
t h a t  f l o w  f i e l d  s u r v e y s  i n  t w i n - e n t r y  v o l u t e s  a r e  e v e n  m o r e  
s p a r s e .  N a r r o w i n g  t h e  s u b j e c t  t o  u n s t e a d y  f l o w  i n  a  t w i n - e n t r y  
t u r b i n e  w i l l  p r a c t i c a l l y  e l i m i n a t e  a l l  r e f e r e n c e s .  T h e  n e a r e s t  
r e f e r e n c e  w h i c h  t h e  a u t h o r  c a n  f i n d ,  r e l a t i n g  t o  u n s t e a d y  f l o w  
i n v e s t i g a t i o n  i s  b y  T i n d a l  e t  a l  ( 2 5 )  . T h e  i n v e s t i g a t i o n  w a s  
c a r r i e d  o u t  o n  s i n g l e  e n t r y  v o l u t e  o f  3  g e o m e t r i c a l l y  s i m i l a r  
r a d i a l  i n f l o w  t u r b i n e s .  P u l s a t i o n s  i n  t h e  i n l e t  f l o w  w e r e  
g e n e r a t e d  b y  m e a n s  o f  a  r o t a r y  v a l v e .  T h e  a i r  v e l o c i t y  w a s
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m e a s u r e d  u s i n g  h o t - w i r e  a n e m o m e t e r  a n d  a  f a s t  d a t a  l o g g i n g  
s y s t e m .  I n s t a n t a n e o u s  v e l o c i t y  p r o f i l e s  m e a s u r e d  d u r i n g  t h e  
u n s t e a d y  f l o w  t e s t  a r e  s h o w n  i n  F i g . 2 . 1 2 .  T h e  i n s t a n t a n e o u s  
v e l o c i t y  m e a s u r e d  i n  t h e  m i d d l e  o f  t h e  v o l u t e  e x i t  s h o w s  
f l u c t u a t i o n s  w h i c h  T i n d a l  s u g g e s t s  a r e  p r o b a b l y  a s s o c i a t e d  w i t h  
a  c h a n g e  o f  f l o w  d i r e c t i o n  w h e n  t h e  r o t a r y  v a l v e  o p e n s .  T h i s  
i n v e s t i g a t i o n  s h o w s  t h a t  t h e  i n s t a n t a n e o u s  v e l o c i t y  d o e s  v a r y  
i n  t h e  u n s t e a d y  f l o w .  H o w e v e r  n o  m e a s u r e m e n t  o f  t h e  
i n s t a n t a n e o u s  f l o w  a n g l e  w a s  m a d e .

2 . 2  T e s t  a n d  P e r f o r m a n c e

T h i s  s e c t i o n  p r e s e n t s  t h e  s u r v e y  o f  t w i n - e n t r y  v a n e l e s s  r a d i a l  
i n f l o w  t u r b i n e s  o n  t e s t  a n d  p e r f o r m a n c e .  T h e  t e s t  c o n d i t i o n s  
c a n  e i t h e r  b e  s t e a d y  o r  u n s t e a d y  f l o w .  U n d e r  s t e a d y  f l o w  
c o n d i t i o n s ,  f u l l  a d m i s s i o n  i m p l i e s  t h a t  t h e  a b s o l u t e  p r e s s u r e  
r a t i o  b e t w e e n  t h e  t w o  t u r b i n e  i n l e t s  i s  e q u a l  t o  o n e .  B y  
r e s t r i c t i n g  t h e  f l o w  t o  o n e  o f  t h e  t u r b i n e  i n l e t s ,  p a r t i a l  
a d m i s s i o n  c o n d i t i o n s  r e s u l t  a n d  t h e  p r e s s u r e  r a t i o  i s  n o t  
u n i t y .
W hen  t e s t i n g  u n d e r  u n s t e a d y  f l o w  c o n d i t i o n s ,  t h e  p r e s s u r e  t o  
t h e  t u r b i n e  i n l e t  i s  p u l s e d .  U n d e r  t h i s  c o n d i t i o n ,  p a r t i a l  
a d m i s s i o n  c o n d i t i o n s  c a n  s t i l l  b e  a p p l i c a b l e  d e p e n d i n g  o n  t h e  
p h a s e  o f  t h e  p r e s s u r e  p u l s e .  F o r  i n s t a n c e ,  w h e n  t h e  p r e s s u r e  
p u l s e s  i n  e a c h  i n l e t  a r e  i n  p h a s e ,  t h e  r e s u l t  i s  t h e  e f f e c t  o f  
u n s t e a d y  f l o w  o n  f u l l  a d m i s s i o n .  T h i s  c a n  a l s o  r e p r e s e n t  a  
s i n g l e  e n t r y  t u r b i n e  b e i n g  f e d  b y  p u l s a t i n g  f l o w .  W i t h  t h e  
p r e s s u r e  p u l s e s  s e t  1 8 0 °  o u t  o f  p h a s e ,  i t  w i l l  s i m u l a t e  t h e  
e f f e c t  o f  u n s t e a d y  f l o w  o n  p a r t i a l  a n d  f u l l  a d m i s s i o n .
T h e  s u r v e y  o n  s t e a d y  a n d  u n s t e a d y  f l o w  c o n d i t i o n s  w i l l  b e  
p r e s e n t e d  i n  s e p a r a t e  s e c t i o n s .
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2 . 2 . 1  S t e a d y  F lo w  C o n d i t i o n s

F i g .  2 . 1 3  p r e s e n t s  a n  o u t l i n e  o f  t h e  s u r v e y s  o n  t e s t  a n d  
p e r f o r m a n c e  o n  r a d i a l  i n f l o w  t u r b i n e s  t h a t  h a d  b e e n  c a r r i e d  o u t  
s i n c e  1 9 6 5 .  T h i s  s u r v e y  s h o w s  t h a t  i n  t h e  1 9 6 0 s  a n d  e a r l y  
1 9 7 0 s ,  a l l  t h e  w o r k  c a r r i e d  o u t  w a s  m a i n l y  o n  t h e  t w i n - e n t r y ,  
d o u b l e - f l o w  h o u s i n g  t y p e  o f  r a d i a l  t u r b i n e  ( 2 , 2 6 - 2 9 ) .  I n  
a d d i t i o n ,  t e s t s  w e r e  d o n e  o n  a  n o z z l e d  t u r b i n e .
T h e  m o r e  c o m m o n ly  u s e d  t w i n - f l o w  h o u s i n g  w a s  n o t  i n v e s t i g a t e d  
u n t i l  1 9 7 7  w h e n  P i s c h i n g e r .  ( 3 0 )  m a d e  a  s t u d y  t o  c o m p a r e  t h e  
p e r f o r m a n c e  o f  t w i n - f l o w  a n d  d o u b l e - f l o w  t y p e s  o f  h o u s i n g .  
T h e s e  t e s t  w e r e  c o n d u c t e d  u n d e r  s t e a d y  a n d  p a r t i a l  a d m i s s i o n  
c o n d i t i o n s .  P i s c h i n g e r  p r e s e n t e d  t h e  t u r b i n e  e f f i c i e n c y  v e r s u s  
t h e  r a t i o ,  C2 / U 2 ,  f o r  b o t h  h o u s i n g s  t e s t e d  u n d e r  f u l l  
a d m i s s i o n ,  F i g . 2 . 1 4 .  T h e  d o u b l e - f l o w  t u r b i n e  i s  2 t o  3% 
s u p e r i o r  t o  t h e  t w i n - f l o w  h o u s i n g .  H o w e v e r  t h i s  d o e s  n o t  
n e c e s s a r y  m e a n  a  s u p e r i o r i t y  i n  e n g i n e  p e r f o r m a n c e  b e c a u s e  o f  
t h e  i m p o r t a n c e  o f  t h e  p a r t i a l  a d m i s s i o n  b e h a v i o u r  ( m o s t  o f  t h e  
t i m e  t h e  t u r b i n e  i s  f e d  b y  o n  p a r t i a l  a d m i s s i o n  c o n d i t i o n s )  
w h i c h  i s  n o t  c h a r a c t e r i z e d  i n  F i g . 2 . 1 4 .  T h u s  p a r t i a l  a d m i s s i o n  
c o n d i t i o n s  w e r e  a p p l i e d  u p  t o  t h e  l i m i t s  o f  z e r o  f l o w  i n  e i t h e r  
e n t r y .  T h e  r e s u l t s  p r e s e n t e d  i n  F i g . 2 . 1 5  s h o w  t h a t  i n  t e r m s  o f  
e f f i c i e n c y ,  t h e  t w i n - f l o w  h o u s i n g  w h i l e  b e i n g  i n f e r i o r  a t  f u l l  
a d m i s s i o n  b e c o m e s  s u p e r i o r  w h e n  t h e r e  i s  a  s i g n i f i c a n t  
d i f f e r e n c e  b e t w e e n  t h e  t w o  e n t r y  c o n d i t i o n s .
A f t e r  P i s c h i n g e r ' s  w o r k  o n  t h e  t w i n - f l o w  a n d  d o u b l e - f l o w  
h o u s i n g s  o f  a  r a d i a l  t u r b i n e ,  t h e r e  a p p e a r s  t o  h a v e  b e e n  l i t t l e  
f u r t h e r  i n v e s t i g a t i o n  o n  d o u b l e - f l o w  h o u s i n g s .  T h e  m o s t  r e c e n t  
i n v e s t i g a t i o n  o f  t e s t  a n d  p e r f o r m a n c e  o f  a  t w i n - f l o w ,  v a n e l e s s  
r a d i a l  t u r b i n e  w a s  p r e s e n t e d  b y  D a l e  ( 3 8 , 3 9 , 4 0 )
A s p e c i a l l y  d e s i g n e d  h i g h - s p e e d  e d d y  c u r r e n t  d y n a m o m e t e r  m a d e  
p o s s i b l e  t h e  d i r e c t  m e a s u r e m e n t  o f  t u r b i n e  t o r q u e  o v e r  a  w i d e  
l o a d  r a n g e .  T h e  d y n a m o m e t e r  i s  c a p a b l e  o f  m e a s u r i n g  e f f i c i e n c y  
o v e r  a  l o a d  r a n g e  e q u i v a l e n t  t o  b l a d e  s p e e d  r a t i o  ( u / c ) o f  0 . 2
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t o  0 . 9 .  T h is  i s  i n  c o n t r a s t  t o  t h e  e a r l i e r  w ork  o f  P i s c h i n g e r  
( 3 0 ) ,  i n  w h ic h  a  c o m p re s s o r  w as u s e d  a s  t h e  l o a d i n g  d e v i c e .  

T h i s  g r e a t l y  l i m i t s  t h e  t e s t  r a n g e  o f  t h e  t u r b i n e ,  u n l e s s  
s p e c i a l  m e a s u r e s  a r e  t a k e n  ( e . g  u s i n g  a  r a n g e  o f  c o m p re s s o r  
i m p e l l e r s  o f  d i f f e r e n t  d i a m e t e r ,  o r  t h r o t t l i n g  t h e  c o m p re s s o r  
i n l e t ) . When t e s t i n g  u n d e r  p a r t i a l  a d m is s io n  c o n d i t i o n ,  so  t h a t  
t h e  p r e s s u r e  r a t i o  b e tw e e n  t h e  e n t r i e s  i s  v a r i e d ,  D a le  (38) 
c o n c lu d e d  t h a t  t h e  f lo w  i n  e a c h  e n t r y  i s  s i g n i f i c a n t l y  a f f e c t e d  
b y  t h e  p r e s s u r e  r a t i o  i n  t h e  o t h e r .  T h e  e f f i c i e n c y  
c h a r a c t e r i s t i c s  a r e  a l s o  i n f l u e n c e d  by  t h e  u n e q u a l  c o n d i t i o n s  
a t  t h e  tw o  e n t r i e s .  Maximum e f f i c i e n c y  d o e s  n o t  n e c e s s a r i l y  
o c c u r  w i t h  e q u a l  i n l e t  c o n d i t i o n s ,  e v e n  w i t h  a  h o u s in g  o f  
s y m m e t r i c a l  c r o s s - s e c t i o n .  H o w e v e r, t h e  l o w e s t  e f f i c i e n c y  
o c c u r s  a t  e x tr e m e  p a r t i a l  a d m is s io n  c o n d i t i o n s  w h e re  o ne  e n t r y  
h a s  n o  f lo w ,  F i g . 2 .1 6 .  R e l a t i v e  t o  f u l l  a d m is s io n  d a t a ,  t h e  
t u r b i n e  e f f i c i e n c y  w i th  p a r t i a l  a d m is s io n ,  r a n g e d  fro m  +5% t o  
-12% ( th e  lo w e r  e f f i c i e n c y  b e in g  a t  z e r o  f lo w  i n  on e  e n t r y )  . 
D a le  (30) fo u n d  t h a t  t h e  maximum e f f i c i e n c y  o c c u rs  when M a/j^ =
1 .5  w h e re  Ma a n d  Mb a r e  t h e  m ass f lo w s  i n  t h e  tw o  e n t r i e s .
The l a t e s t  i n f o r m a t io n  on t w i n - e n t r y  v a n e l e s s  t u r b i n e  t e s t  an d  
p e r f o r m a n c e  w as p r e s e n t e d  b y  A c to n  ( 4 2 ) ,  i n  w h ic h  t h e  w ork 
c a r r i e d  o u t  i s  s i m i l a r  t o  t h a t  d o n e  b y  D a le  (38 ) . F u l l  a n d  
p a r t i a l  a d m is s io n  f lo w  t e s t s  w e re  c o n d u c te d .  H ow ever i n  t h i s  
i n v e s t i g a t i o n  t h e  t u r b i n e  w ork  w as e v a l u a t e d  b y  a p p ly in g  t h e  
c o n v e n t i o n a l  m e th o d  o f  c o u p l in g  a  c o m p re s s o r  t o  t h e  t u r b i n e  t o  
a b s o r b  a n d  m e a su re  t h e  t u r b i n e  w ork a n d  a l s o  a d d in g  l o s s e s  due 
t o  t h e  b e a r i n g .  W a lla c e  e t  a l  (27) r e s e a r c h e d  w i th  a  w id e  ra n g e  
o f  c o m p r e s s o r s  t o  b r a k e  t h e  t u r b i n e  a n d  r e p o r t e d  t h a t  t h i s  
m e th o d  w o u ld  r e q u i r e  ±  0 .0 5 K  a c c u r a c y  o n  th e r m o c o u p le  
m e a s u re m e n ts  t o  s a t i s f y  e f f i c i e n c y .  To a c h i e v e  s u c h  a c c u r a c y  
w i th  th e r m o c o u p le s  w o u ld  r e q u i r e  e x tr e m e  c a r e  i n  m a n u f a c tu r e ,  
c a l i b r a t i o n ,  a n d  p l a c e m e n t  t o  e n s u r e  t h a t  t h e  m e a s u r e d  
t e m p e r a t u r e  i s  a r e p r e s e n t a t i v e  o n e .  I n  t h e  i n v e s t i g a t i o n  by  
A c to n  ( 4 2 ) ,  t h e  m e th o d  o f  c a l c u l a t i o n  o f  e f f i c i e n c y  u n d e r
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p a r t i a l  a d m is s io n  c o n d i t i o n s  i s  n o t  c l e a r .  N e v e r t h e l e s s  s i m i l a r  
r e s u l t s  a s  D a le  (38 ) w e re  o b t a i n e d ,  s h o w in g  t h a t  p a r t i a l  
a d m is s io n  e f f i c i e n c i e s  w e re  lo w e r  t h a n  f u l l  a d m is s io n  b y  a b o u t 
10% t o  15%, F i g . 2 .1 7 .  T he maximum e f f i c i e n c y  i n  t h i s  c a s e  
o c c u r s  a t  f u l l  a d m is s io n ,  w h ic h  d i f f e r s  f ro m  D a l e 's  f i n d i n g  
(38) u n d e r  s i m i l a r  c o n d i t i o n s .  W ith o u t t h e  f u l l  d e t a i l s  o f  t h e  
c a l c u l a t i o n  o f  p a r t i a l  a d m i s s i o n  e f f i c i e n c i e s  i t  i s  n o t  
p o s s i b l e  a t  p r e s e n t  t o  r e s o l v e  t h i s  d i f f e r e n c e .

2 . 2 . 2  U n s te a d y  F low  C o n d i t io n s

U n s te a d y  f lo w  t e s t s  b e g a n  a t  a r o u n d  t h e  sam e t i m e  a s  
i n v e s t i g a t i o n s  on s t e a d y ,  p a r t i a l  a d m is s io n  w o rk , s e e  F i g . 2 .1 3 .  
T he c o n v e n t i o n a l  a p p r o a c h  to w a r d s  t h e  a n a l y s i s  o f  u n s t e a d y  
f lo w  p e r f o r m a n c e  u t i l i z e s  a  q u a s i - s t e a d y  f lo w  a s s u m p t io n  i n  
w h ic h  t h e  t u r b i n e  i s  a ssu m e d  t o  o p e r a t e  a s  i f  t h e  f lo w  w ere  
i n s t a n t a n e o u l y  s t e a d y .  I n  t h i s  w ay , p r o v id e d  t h e  b o u n d a ry  
c o n d i t i o n s  ( p r e s s u r e  r a t i o ,  m ass f lo w  a n d  s p e e d )  w e re  known a t  
a n y  i n s t a n t  i n  t i m e ,  t h e  t u r b i n e  e f f i c i e n c y  c a n  b e  fo u n d  fro m  
i t s  s t e a d y - s t a t e  p e r f o r m a n c e .  An im p ro v e m e n t on  t h i s  b a s i s  was 
t o  u s e  t h e  s t e a d y - s t a t e  c h a r a c t e r i s t i c s  a s  a  b a s i s ,  b u t  c o r r e c t  
t h e  r e s u l t s  u s in g  e m p i r i c a l l y - d e r i v e d  f a c t o r s .
B e n s o n  (37 ) t e s t e d  a  s i n g l e  e n t r y  v a n e l e s s  t u r b i n e  u n d e r  
u n s t e a d y  f lo w  c o n d i t i o n s  a n d  a t t e m p te d  t o  t a k e  i n t o  a c c o u n t  o f  
t h e  w ave a c t i o n  o f  t h e  f lo w  p u l s a t i o n ,  b u t  d i d  n o t  m ake 
p r o g r e s s  due t o  t h e  c o m p le x i ty  a n d  l a c k  o f  u n d e r s t a n d in g  o f  t h e  
f lo w  w i t h i n  t h e  t u r b i n e  u n d e r  s u c h  c o n d i t i o n s .
F i g . 2 .1 3  show s a g a in  t h a t  e a r l y  u n s te a d y  f lo w  i n v e s t i g a t i o n  was 
m a in ly  done  on d o u b le - f lo w  h o u s in g s  ( 2 6 - 2 9 ,3 3 ,3 4 ) ,  a n d  t h a t  a l l  
t h e  t u r b i n e s  a r e  n o z z le d  e x c e p t  i n  ( 3 8 ) .  S i n g l e  a n d  m u l t i p l e  
e n t r i e s  t u r b i n e s  w i th  n o z z l e s  w e re  a l s o  am ong t h o s e  t e s t e d  
u n d e r  u n s te a d y  f lo w  c o n d i t i o n s  ( 3 1 ,3 2 ) .
T he l a t e s t  u n s t e a d y  f lo w  t e s t  a n d  p e r f o r m a n c e  on  v a n e l e s s  
t w i n - e n t r y  r a d i a l  t u r b i n e  w as p r e s e n t e d  b y  A c to n  ( 4 2 ) .  In  t h i s
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i n v e s t i g a t i o n  t h e  t u r b i n e  m ean f lo w  c h a r a c t e r i s t i c s  w e re  
d e t e r m i n e d  on  t h e  b a s i s  o f  t h e  a v e r a g e  v a l u e s  ( p r e s s u r e ,  
t e m p e r a t u r e ,  m ass  f lo w  a n d  t o r q u e )  i n  t h e  p u l s e  c y c l e .  The 
a n a l y s i s  o f  t h e  u n s t e a d y  f lo w  t h u s  s t i l l  u t i l i z e s  t h e  q u a s i ­
s t e a d y  f lo w  a s s u m p t io n .  C a p o b ia n c o  (41) c o n d u c te d  a  s i m i l a r  
i n v e s t i g a t i o n ,  u s i n g  a  s i n g l e  e n t r y  v a n e l e s s  t u r b i n e .  A 
c o m p re s s o r  w as u s e d  a s  a  m eans o f  pow er a b s o r p t i o n  a n d  t h e  mean 
u n s t e a d y  f lo w  c h a r a c t e r i s t i c s  w e re  d e te r m in e d  f ro m  a v e r a g e d  
v a lu e s  o f  t e m p e r a tu r e ,  p r e s s u r e ,  m ass f lo w  a n d  t o r q u e .

So f a r  i n  t h e  u n s t e a d y  f lo w  i n v e s t i g a t i o n ,  o n ly  i n s t a n t a n e o u s  
p r e s s u r e s  h a d  b e e n  m e a s u re d . T h e se  a r e  i n s u f f i c i e n t  f o r  a  f u l l  
u n s t e a d y  a n a l y s i s  o f  t h e  t u r b i n e  p e r f o r m a n c e .  U n s te a d y  f lo w  
p e r fo r m a n c e  t e s t i n g  o f  a  t w i n - e n t r y , v a n e l e s s  t u r b i n e  w as f i r s t  
p r e s e n t e d  by  D a le  (3 8 ) .  The h ig h  s p e e d  e d d y  c u r r e n t  dynam om eter 
m e n t io n e d  a b o v e  i s  c a p a b l e  o f  m e a s u r in g  e f f i c i e n c y  u n d e r  
u n s t e a d y  a s  w e l l  a s  s t e a d y  f lo w  c o n d i t i o n s .  I n s t a n t a n e o u s  
p r e s s u r e ,  m ass  f lo w  a n d  d y n a m o m e te r  t o r q u e  w e re  m e a s u r e d ,  
p r o d u c i n g  f o r  t h e  f i r s t  t i m e  a  f u l l  s e t  o f  i n s t a n t a n e o u s  
p e r f o r m a n c e  d a t a .  D e t a i l s  o f  t h e  d e v e lo p m e n t  o f  t h e  t e s t  
f a c i l i t y  a r e  g iv e n  i n  ( 3 9 ,4 0 ) .  T h is  i n v e s t i g a t i o n  h a s  r e v e a l e d  
t h e  i m p o r t a n c e  o f  m a k in g  a  f u l l  s e t  o f  i n s t a n t a n e o u s  
m e a s u re m e n ts  when t e s t i n g  u n d e r  u n s te a d y  f lo w  c o n d i t i o n s .  The 
r e s u l t s  sh o w ed  t h a t  t h e  i n s t a n t a n e o u s  m a ss  f lo w  d e p a r t s  
s i g n i f i c a n t l y  fro m  t h a t  m e a su re d  u n d e r  s t e a d y  f lo w  c o n d i t i o n s ,  
F i g . 2 .1 8 .  The i n s t a n t a n e o u s  e f f i c i e n c y  p l o t t e d  a g a i n s t  t u r b i n e  
b l a d e - s p e e d  r a t i o  w i th  s t e a d y  s t a t e  d a t a  s u p e r im p o s e d  show s 
t h a t  t h e  i n s t a n t a n e o u s  e f f i c i e n c y  d e p a r t s  fro m  t h e  s t e a d y  s t a t e  
d a t a ,  fo rm in g  an  e f f i c i e n c y  lo o p ,  F i g . 2 .1 9 .  I t  i s  n o t e  w o rth y  
t h a t  t h e  i n s t a n t a n e o u s  e f f i c i e n c y  i s  s i g n i f i c a n t l y  lo w e r  th a n  
t h e  s t e a d y - s t a t e  e f f i c i e n c y  o v e r  m uch o f  t h e  c y c l e .  T h e se  
r e s u l t s  w e re  o b t a i n e d  w i t h  a  s i n g l e - e n t r y  t u r b i n e .  When a  
t w i n - e n t r y  t u r b i n e  was u s e d ,  t h e  p u l s e s  w e re  180° o u t  o f  p h a s e ,  
F i g . 2 .2 0  sh o w s t h e  i n s t a n t a n e o u s  f lo w  l o c u s  u n d e r  t h e s e
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c o n d i t i o n s . I t  i s  c l e a r  t h a t  m ass f lo w s  p r e d i c t e d  by  a  q u a s i ­
s t e a d y  a s s u m p t io n  c a n  b e  s e r i o u l y  i n  e r r o r  i n  some p a r t s  o f  th e  
lo o p .
From  F i g . 2 .1 3  t h e  s u r v e y  show s t h a t  t h e  t e s t i n g  o f  t w i n - e n t r y  
t u r b i n e  i s  n a r r o w in g  t o w a r d s  t w i n - f l o w  t y p e  h o u s i n g .  The 
a b i l i t y  t o  m e a su re  t h e  i n s t a n t a n e o u s  t o r q u e ,  p r e s s u r e  a n d  m ass 
f lo w  u n d e r  u n s te a d y  f lo w , a n d  h e n c e  a  f u l l  s e t  o f  i n s t a n t a n e o u s  
p e r f o r m a n c e  d a t a  h a s  p r o d u c e d  i m p o r t a n t  i n f o r m a t i o n  f o r  
t u r b o c h a r g e r  e n g i n e e r .  T h i s  t e c h n i q u e  h a s  s o  f a r  n o t  b e e n  
a p p l i e d  e l s e w h e r e  t h u s  i t s  r e s u l t  re m a in  u n iq u e .  Due t o  l a c k  o f  
f a c i l i t i e s ,  s t e a d y  f lo w  i n f o r m a t i o n  w i l l  s t i l l  c o n t i n u e  t o  b e  
a p p l i e d  b y  t u r b o c h a r g e r  d e s i g n e r  f o r  m a tc h in g  a n d  d e s i g n ,  an d  
f u r t h e r  i n v e s t i g a t i o n  on u n s t e a d y  f lo w  c h a r a c t e r i s t i c s  w i l l  
s t i l l  a p p l y  c o n v e n t i o n a l  m e th o d s  a n d  q u a s i - s t e a d y  f lo w  
a s s u m p t io n  f o r  a n a l y s i s .

2 . 3  A p p l i c a t i o n  o f  l a s e r  v e l o c i m e t r y  o n  t u r b o m a c h i n e r y

T he l a s e r  d o p p le r  v e l o c i m e t e r  (LDV) h a s  b e e n  e s t a b l i s h e d  lo n g  
b e f o r e  t h e  d e v e lo p m e n t o f  l a s e r  tw o  f o c u s  (L2F) m e th o d . I t s  
m e a s u r in g  t e c h n i q u e  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  i n  w in d  
t u n n e l s ,  f r e e  j e t s ,  l i q u i d  f lo w ,  f l a m e s  e t c .  H ow ever i t s  
a p p l i c a t i o n  t o  t u r b o m a c h i n e s  h a s  m e t w i t h  c o n s i d e r a b l e  
d i f f i c u l t i e s  e s p e c i a l l y  i n  s m a l l  m a c h in e s  a n d  i n  h ig h  s p e e d  
f lo w s .  T h is  l e a d s  t o  t h e  s e a r c h  f o r  o t h e r  t e c h n iq u e s  o f  o p t i c a l  
v e l o c i m e t e r  m e a s u re m e n t, a n d  s u b s e q u e n t l y  t h e  d e v e lo p m e n t o f  
L2F t e c h n i q u e .

T h i s  L2F m e th o d  i n  s m a l l ,  h i g h - s p e e d  tu r b o m a c h in e s  was f i r s t  
p i o n e e r e d  b y  r e s e a r c h  e n g i n e e r s  i n  DFVLR ( 4 3 , 4 4 , 4 5 , 4 6 ) .  I t s  
c a p a b i l i t y  t o  m e a su re  c l o s e  t o  w a l l  s u r f a c e s  a n d  t h e  h ig h  sp e e d  
f lo w  r a n g e  h a v e  b e e n  co m p are d  f a v o u r a b ly  w i th  t h e  LDV, S c h o d l 
( 4 3 , 4 4 ) .  F lo w  i n v e s t i g a t i o n  i n  a n  a x i a l  a n d  a  c e n t r i f u g a l
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c o m p re s s o r  h a v e  p r o v e d  t h a t  t h e  L2F m e th o d  w o rk s s u c c e s s f u l l y  
e v e n  u n d e r  v e r y  s e v e r e  c o n d i t i o n s  (44) . W ith  i t s  s y c h r o n i z i n g  
f a c i l i t y ,  i t  i s  p o s s i b l e  t o  t a k e  m e a su re m e n ts  b e tw e e n  b l a d e s  o f  
t u r b o m a c h i n e r y .  T he  m e a s u r e m e n ts  h a v e  y i e l d e d  a  l o t  o f  
i n f o r m a t io n  on t h e  r e a l  f lo w  i n  c o m p r e s s o r s ,  e s p e c i a l l y  i n s i d e  
t h e  r o t a t i n g  i m p e l l e r  w h ic h  o t h e r w i s e  i s  n o t  p o s s i b l e  w i th  
c o n v e n t i o n a l  m e th o d s .

T he a p p l i c a t i o n  o f  t h e  L2F t e c h n i q u e  on  t u r b o m a c h in e r y  h a s  
g a i n e d  p o p u l a r i t y .  I n  1 9 8 1 , IH I  R e s e a r c h  I n s t i t u t e  h a d  
i n t r o d u c e d  i t s  L2F v e l o c i m e t e r  (47) a n d  e v a l u a t e d  t h e  a c c u r a c y  
o f  t h e  f lo w  v e l o c i t y  t o  b e  w i t h i n  1% a n d  t h e  f lo w  a n g le  t o  be  
w i t h i n  0 .5  d e g r e e ,  c o m p a re d  w i th  m e a s u re m e n ts  p e r f o r m e d  w ith  
t h e  s t a n d a r d  p i t o t  t u b e .  M ea su re m e n ts  o f  t h e  f lo w  d i s t r i b u t i o n  
w i t h i n  a  c e n t r i f u g a l  i m p e l l e r  have a l s o  b e e n  s u c c e s s f u l l y  
a p p l i e d  u s in g  a  s y c h r o n i z i n g  f a c i l i t y .

E l d e r  e t  a l  (48) i n v e s t i g a t e d  t h e  a p p l i c a t i o n  o f  d o p p l e r  an d  
t r a n s i t  (L2F) l a s e r  anem om etry  on  t u r b o m a c h in e r y .  I n  t h i s  
i n v e s t i g a t i o n ,  t h e  L2F w as u s e d  t o  s t u d y  f lo w  a t  t h e  s t a t o r  
o u t l e t  i n  a  s m a l l  t r a n s o n i c  f a n .  The m e a s u re m e n ts  w e re  p h a s e  
lo c k e d  t o  t h e  b l a d e  p a s s i n g  f r e q u e n c y  i n  o r d e r  t o  a s c e r t a i n  th e  
r o t o r  u n s t e a d i n e s s  t r a n s m i t t e d  t h r o u g h  t h e  s t a t o r .  I t  was 
r e p o r t e d  t h a t  t h e  d e g r e e  o f  u n s t e a d i n e s s  t r a n s m i t t e d  was 
s u r p r i s i n g l y  l a r g e .  T h i s  m e a s u re m e n t w o u ld  n o t  b e  p o s s i b l e  
u s i n g  c o n v e n t i o n a l  m e a s u r in g  t e c h n i q u e .  A t y p i c a l  p r o b le m  
e n c o u n te r e d  i n  t h i s  i n v e s t i g a t i o n  i s  f o u l i n g  o f  o p t i c a l  w indow . 
T h is  i s  c a u s e d  by  t h e  d e p o s i t  o f  s e e d in g  ( o i l  p a r t i c l e s )  on th e  
w in dow  t h u s  t h e  s i g n a l  q u a l i t y  t r a n s m i t t e d  i s  
d r a s t i c a l l y  re d u c e d  h e n c e  m e a su re m e n ts  becom e t e d i o u s .

F o r s t e r  e t  a l  (49) e v a l u a t e d  t h e  L2F m e a s u re m e n ts  i n  u n s te a d y  
t u r b i n e  f lo w .  M e a su re m e n ts  w ere  made w i t h i n  a n d  n e a r  t h e  r o t o r  
b l a d e  c h a n n e l s  o f  a  s i n g l e - s t a g e  t u r b i n e .  I n  t h i s
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i n v e s t i g a t i o n ,  s e e d in g  was u s e d  t o  im p ro v e  t h e  s i g n a l  r a t e  and  
t h u s  r e d u c i n g  m e a s u r in g  t i m e .  I t  w as o b s e r v e d  t h a t  t h i s  
im p ro v e m e n t i n  s i g n a l  r a t e  w as n o t  t h e  sam e a t  a l l  m e a s u r in g  
l o c a t i o n s .  C lo s e  t o  t h e  w a l l  a n d  e s p e c i a l l y  i n  s e p a r a t i o n  zo n es  
a  r e d u c e d  d a t a  r a t e  w as o b t a i n e d  b e c a u s e  o f  t h e  lo w e r  m ass 
e n t r a i n m e n t  o f  s e e d in g  p a r t i c l e s  fro m  t h e  m ain  f lo w .  I n  su c h  
f lo w  r e g i o n s  t h e  m e a s u r in g  t im e  i n c r e a s e d  s i g n i f i c a n t l y .  T h is  
may a l s o  a f f e c t  t h e  s i g n a l  q u a l i t y  a n d  h e n c e  n o  m e a su re m e n ts  

can b e  p o s s i b l e .

Young e t  a l  (50) u s e d  an  L2F v e l o c i m e t e r  t o  t a k e  m e a su re m e n ts  
w i t h i n  t h e  b l a d e s  o f  a  t u r b o c h a r g e r  c o m p r e s s o r .  T he 
s y c h r o n i s i n g  mode was a p p l i e d  a n d  t h e  s p a c e  b e tw e e n  t h e  b l a d e s  
d i v i d e d  i n t o  s i x t e e n  i n d i v i d u a l  m e a s u r e m e n ts .  F i g . 2 .2 1  show s 
t h e  v e l o c i t y  a n d  t u r b u l e n c e  m e a s u re m e n ts  m ade a t  t h e  b e s t  
e f f i c i e n c y  p o i n t  a n d  n e a r  s u r g e .  F o r  m e a s u r e m e n ts  a t  b e s t  
e f f i c i e n c y  p o i n t ,  a l l  s i x t e e n  i n d i v i d u a l  m e a s u re m e n ts  y i e l d e d  
r e s u l t s  w i th  a  maximum t u r b u l e n c e  i n t e n s i t y  o f  10%. When t e s t e d  
t o  t h e  s u r g e  p o i n t ,  t h e  t u r b u l e n c e  i n t e n s i t y  l e v e l  r e a c h e d  a s  
h i g h  a s  4 9% i n  w h ic h  c a s e  n o  v e l o c i t y  m e a s u r e m e n ts  w e re  
p o s s i b l e .  I t  w as s u g g e s t e d  t h a t  t h e  h i g h  t u r b u l e n c e  l e v e l  
a s s o c i a t e d  w i t h  t h e s e  m e a s u re m e n t i n d i c a t e d  t h e  r e g i o n  o f  
s i g n i f i c a n t  f lo w  r e c i r c u l a t i o n .  A c h a r a c t e r i s t i c  o f  t h e  L2F 
v e l o c i m e t e r  i s  t h a t  i n  a  r e g i o n  o f  r e c i r c u l a t i n g  f lo w ,  mean 
v e l o c i t y  a n d  a n g le  m e a su re m e n ts  a r e  n o t  p o s s i b l e  a s  a  r e s u l t  o f  
h ig h  l e v e l  o f  t u r b u l e n c e .

The L2F t e c h n i q u e  i s  s o  f a r  t h e  m o st d e v e lo p e d  a n d  p r o m is in g  
m e th o d  f o r  m e a su re m e n ts  i n  s m a l l  a n d  h ig h  s p e e d  tu r b o m a c h in e r y .  
I t s  a p p l i c a t i o n  on  t u r b o m a c h in e r y  h a s  b e e n  p r o v e n  a n d  i s  
b e c o m in g  m o re  w id e l y  u s e d ,  i n  p a r t i c u l a r  i t s  s y c h r o n i s i n g  
f a c i l i t y  t h a t  e n a b l e s  m e a s u re m e n ts  t o  b e  made w i t h i n  r o t a t i n g  
b l a d e s .
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2 . 4  C o n c l u s i o n s  f ro m  l i t e r a t u r e  s u r v e y

The s u r v e y  show s t h a t  v e r y  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on 
t h e  com m only u s e d  t w i n - e n t r y  v a n e l e s s  r a d i a l  i n f l o w  t u r b i n e  f o r  
t u r b o c h a r g e r  a p p l i c a t i o n .  D a le * s  w ork  ( 3 8 ,3 9 ,4 0 )  on  p e r fo rm a n c e  
t e s t i n g  h a s  p r o v id e d  u s e f u l  i n f o r m a t io n  on  s t e a d y  a n d  u n s te a d y  
f lo w ,  a n d  f u l l  a n d  p a r t i a l  a d m i s s i o n  t e s t  c o n d i t i o n s .  In  
p a r t i c u l a r ,  t h e  u n s te a d y  f lo w  t e s t s  h a v e  y i e l d e d  some im p o r ta n t  
t u r b i n e  c h a r a c t e r i s t i c s  a n d  f u r t h e r  i n v e s t i g a t i o n  o f  t h e  
u n s t e a d y  g a s  f lo w  c h a r a c t e r i s t i c s  w i l l  b e  n e c e s s a r y  t o  h a v e  a  
c o m p le te  u n d e r s t a n d in g  o f  t h e  u n s t e a d y  f lo w  e f f e c t s  o f  r a d i a l  
t u r b i n e s .
I n f o r m a t i o n  o f  t h e  f lo w  f i e l d  s u r v e y s  o f  v a n e l e s s  t w i n - e n t r y  
r a d i a l  t u r b i n e s  i s  l i m i t e d .  So f a r  o n ly  L y m b e ro p o u lo s  (18) an d  
M i l l e r  (1 6 ,1 7 )  h a v e  i n v e s t i g a t e d  i n  t h i s  a r e a  b u t  u n d e r  s t e a d y  
f lo w  c o n d i t i o n s .  T in d a l  (25) i n v e s t i g a t e d  t h e  f lo w  a t  t h e  r o t o r  
i n l e t ,  m e a s u r in g  t h e  i n s t a n t a n e o u s  v e l o c i t y  u n d e r  u n s te a d y  f lo w  
c o n d i t i o n s  u s i n g  a  h o t - w i r e , b u t  n o  m e a s u r e m e n ts  o n  t h e  
i n s t a n t a n e o u s  f lo w  a n g l e  w e re  m a d e . No m e a s u r e m e n ts  o f  
i n s t a n t a n e o u s  v e l o c i t y  a s  w e l l  a s  f lo w  a n g l e  u n d e r  u n s t e a d y  
f lo w  c o n d i t i o n s  h a s  b e e n  c a r r i e d  o u t  a s  f a r  a s  t h e  a u t h o r  i s  
a w a r e .  T h e r e f o r e ,  t h e r e  i s  a n  a b s e n c e  o f  i n f o r m a t i o n  on 
u n s te a d y  g a s  f lo w  c h a r a c t e r i s t i c s .
The a p p l i c a t i o n  o f  L2F v e lo c im e t r y  on  tu r b o m a c h in e r y  s t a r t e d  
i n  e a r l y  197 0 's  (4 3 )  . S i n c e  t h e n ,  i t s  a p p l i c a t i o n  on 
tu r b o m a c h in e r y  h a s  b e e n  s u c c e s s f u l  w i th  r e g a r d  t o  i t s  a c c u r a c y  
a n d  r e l i a b i l i t y .  I t s  s y n c h r o n i z i n g  f a c i l i t y  w h ic h  e n a b l e s  
m e a s u re m e n ts  t o  b e  p h a s e  lo c k e d ,  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  
t o  a l l o w  f lo w  m e a s u r e m e n ts  t o  b e  m ade w i t h i n  c o m p r e s s o r  
i m p e l l e r s . T h is  f e a t u r e  c a n  b e  a p p l i e d  t o  t h e  p r e s e n t  t e s t  r i g  
f a c i l i t y  s o  t h a t  t h e  m e a su re m e n t i s  p h a s e  lo c k e d  t o  t h e  p u l s e  
f r e q u e n c y  t o  s tu d y  t h e  u n s te a d y  g a s  f lo w  c h a r a c t e r i s t i c s .  T h is  
i s  a n o t h e r  a p p l i c a t i o n  o f  t h e  L2F s y c h r o n i s i n g  f a c i l i t y  t h a t  
h a s  n o t  p r e v i o u s l y  b e e n  t e s t e d .
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Fig. 2.1
Volute Exit Flow Angle versus Azimuth Angle 

( Bhlnder (8) )

Static Pressure Distribution at Volute Exit 
( Ellison et al (9) )

Static Pressure Distribution at Volute Exit 
( Scrimshaw (10) )

A zim uth  A ngle

Volute Exit Flow Angle Distribution 
at Volute Exit ( Scrimhaw (10) )

Fig. 2.2
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lu-0.680

Measuring Locations

Fig 2.3a Circumferential Distribution of Rotor Inlet 
Total Pressure ( Miller et al (17) )
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Fig 2.3b Flowfleld Survey at Rotor Inlet of a Single Entry 
Nozzlelese Turbine ( Miller et el (17) )
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Fig 2.4a Axial Distribution of Rotor Inlet Absolute Velocity 
In a Twin Flow Housing ( Miller et al (17) )
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Fig 2.4b Axial Distribution of Rotor Inlet Absolute Flow Angle 

In a Twin Flow Housing ( Miller at al (17) )
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Heal Shield Separating Wall

Flow-Angle Measurement Arrangement

(a ) Flow angle arrangement for single and twin entry volute

Pqy'PqI* 7.25-7.25 o—o 15:1.25  o -o  7.25-7.5

(b )
Separating wall diameter 
S Ws f -  78mm 
Azimuth Angle ■  120°

(c)
Separating wall diameter 
S W fS = 86mm
Azimuth Angle * 120°

Fig. 2.5 Flowfleld Survey at Rotor Inlet of a Twin-Entry 
Nozzleless Turbine ( Lymberoupolos (18) )
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r-- ^ —j)- ----- Station 1

Outer wall (shroud )

Inner wall ( hub)

Fig. 2.6 Measuring Location at Rotor Exit ( Milton at al (19) )

Exit flow ang le , ♦ ve

(a)

Fig. 2.7
Velocity Triangles at Rotor Exit 

( Milton at al (19) )
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Stator throat area nominally 50, 75, 100 and 125% of design

Milton et al (19)

Milton et al ( 20 ) Samuel et al (21)

Samuel et al (22)

Variation of exit flow angle with 
rad iu s ratio at equivalent design speed and 
p re ssu re  r tf  i$  with ro tor ex tension .

State to te

O »□  «O Ca a

Milton et al (23)

F i g .  2 .8  V a r i a t i o n  o f  E x i t  F l o w  A n g l e  f r o m  o u t e r  t o  i n n e r  w a l l
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Velocity diagram at blade exit 

( at design point )

Velocity diagram at turbine exit

P2 •  Relative exit (low angle 

Pe *  Relative exit blade angle

Fig. 2.10 Relative Exit Flow Angle Variation 
( Mizumachi et al (24) )
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Flowfield Survey at Rotor Inlet

Steady Flow Test
1969 Bhinder et al (8) Single Entry, Nozzleless Turbine
1976 Khalil et al (14) Single-Entry, Nozzleld Turbine
1978 Ellison et at (9) Twin-Entry, Nozzleless Turbine
1981 Scrimshaw (10) Single-Entry, Nozzleless Turbine
1982 Tabakoff et al (11) Single-Entry, Nozzled Turbine
1982 Tabakoff et al (12) Single-Entry, Nozzleless Turbine
1984 Tabakoff et al (13) Single-Entry, Nozzled Turbine
1985 Miller et al (17) Single & Twin-Entry, Nozzleless Turbine
1986 Maiak et al (15) Single-Entry, Nozzleless Turbine
1987 Miller et al (16) Single-Entry, Nozzleless
1987 Tindal et al (25) Single-Entry, Nozzleless

Unsteady flow test

1987 Tindal et al (25) Single-Entry, Nozzleless

Flowfield Survey at Rotor Exit

1966 Milton et al (19)
1969 Milton et al (20)
1970 Samuel et al (21) Exit Flow Angle and
1970 Samuel et al (22) Pressure measurement
1972 Milton et al (23)
1975 Mizumachi et al (24)
1985 Miller et al (17)

Fig. 2.11 Fiowfield Survey of Radial Inflow Turbine
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Velocity diagrams obtained in the centre 
of the volute entry and in the wake of 
the entry tongue. 101.6 mm diameter turbine. 
Rotor velocity 380 r.p.s.

Fig. 2.12 Instantaneous Flow Velocity 
( Tindal et al (25) )
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STEADY FLOW  TEST

.Double-Flow H ousing  
Equal & Partial A d m ission

1 9 6 5 Benson et al (26) Nozzled Turbine
1 9 6 5 Wallace et at (27) Nozzled Turbine
1 9 6 8 Timmis e t al (28) Nozzled Turbine
1 9 6 9 Wallace et al (2) Nozzled Turbine
1977 Pischinger et al (30) Nozzled Turbine
1 9 7 9 Mizumachi et al (29) Nozzled Turbine

Twin-Flow H ousing
Equal & Partial A d m ission

1 9 7 7  Pischinger et at
1 9 8 6  A. Dale et al
1 9 8 7  Acton et at

(30) N ozzleless Turbine
(3 8 ,3 9 ,4 0 ) N ozzleless Turbine 
(42) N ozzleless Turbine

UNSTEADY FLOW TEST

Double-Flow  H ousing

3 entries volute with 3 separate supply pipes

1,2 and 3 entries volute

1 9 6 5 Benson et al (26) Nozzled Turbine
1 9 6 5 Wallace et al (27) Nozzled Turbine
1 9 6 8 Timmis et al (28) Nozzled Turbine
1 9 7 4 Mayashita et al (34) Nozzled Turbine
1 9 7 4 Benson et al (33) N ozzleless Turbine
1 9 7 9 Mizumachi et al (29) Nozzled Turbine

1969 Wallace et al (31) Nozzled Turbine

1 9 7 0 Wallace et al (32) Nozzled Turbine

Twin-Flow H ousing

1 9 8 4 A.Dale et al (38 ,39) N ozzfeless Turbine
1 9 8 7 Acton et al (42) N ozzleless Turbine

Single Entry Turbine
1 9 7 6  Kosuge et al (35) Nozzled Turbine
1 9 8 9  Capobianco et al (41) N o zz le less

Fig. 2.13 Test and Performance of Radial Inflow Turbine
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FIG. 2.14

FIG. 2.15

y  =  C # U 2

isentrop ic tu rb ine  e ffic iency versus pressure 
number, y  , fo r two different types o f turbine 

at full admission. Inlet temperature at 900K 
Tw = Twin-flow housing Do = Double-flow housing

Comparison of Turbine Efficiency between twin-flow and
double-flow housing, at full admission ( Pischinger et al (30) )

so
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Speed = 70,000 RPM 

Partial Admission !

r V - -
i i

Tr-l.t

\ 0

as CS 07 Qi 08 I U  U IS IS ,fireiĵ ra
Isentropic turbine effic iency versus inlet pressure 

ratio, Pj e / P t E 2 fo r tw o d iffe re n t types o f 
turbine housing. Inlet temperature at 900K.
Tw = Twin-flow housing Do = Double-flow housing

Comparison of Turbine Efficiency between twin-flow and 
double-flow housing, at partial admission ( Pischinger et al (30) )
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0.974

Efficiency characteristic w ith unequal admission, at 
tw o speeds (C is the energy mean isentropic ex it 
velocity)

Fig. 2.16 Turbine efficiency characteristics with partial adm ission  
( Dale et al (38) )

Fig. 2.17 Turbine efficiency characteristics with partial adm ission  
( Acton et al (42) )
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Locus of instantaneous flow under pulsed inlet 
conditions superimposed on steady-flow data (for 
two mean inlet pressures, single-entry turbine)

Fig. 2.18
Instantaneous m ass flow ( Dale (39) )

Locus of instantaneous efficiency undr' pulsed inlet 
conditions superimposed on steady-flow data (for 
two mean inlet pressures, single-entry' tjrbine)

Fig. 2.19
Instantaneous turbine efficiency  

( Dale (39) )

Instantaneous flow locus, at one entry, with out-of 
phase flows at each entry of a twin-entry turbine 
(for two mean inlet pressures)

Fig. 2.20
Instantaneous m ass flow ( Dale (39) )
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Traverse Depth of Channel %

Traverse Depth of Channel %

F ig . 2.21 F lo w  m e a s u re m e n ts  w ith in  im p e lle r  o f  a tu rb c o c h a rg e r  

c o m p re s s o r u s in g  L2F v e lo c im e te r ( Y oung  e t at (50 ) )
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CHAPTER 3

L a se r  Two F o c u s  V e lo c im e tr y

The b a s i c  idea of laser velocimetry is that the velocity  of 

t h e  flow can be d e t e r m i n e d  b y  m e a s u r i n g  the s p e e d  of small 

p ar t i c l e s  in the fluid. The particles are a s s u m e d  to follow 

the flow path of the real flow. Thus, the flow direction can be 

d ed uced from the direction of the particles. The particles are 

i l l u m i n a t e d  b y  a laser b e a m  and the light s c a t t e r e d  b y  the 

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

multiplier detectors.

The main components of a laser velocimeter are : a transmitting 

device by which laser beams are directed to a distinct point in 

the flow, a receiving device aligned with the probe volume that 

r e g i s t e r s  the s c a t t e r e d  light f r o m  the parti c l e s ,  and  an 

el ec tronic device that processes the photo multi p l i e r  signals 

a n d  delivers the velocity and turbulence information which is 

f i n a l l y  required. T here are b a s i c a l l y  t w o  t y p e s  of laser 

velocimeters, namely Laser Doppler Velocimeter (LDV) and Laser 

Two Focus (L2F).

3 . 1  L a s e r  v e l o c i m e t e r  t e c h n iq u e s

3.1.1 LDV Principle

The concept of L D - v e l o c i m e t r y  is indic a t e d  in F i g . 3.1. Two 

coherent light beams intersect, producing an alternating system 

of b r i g h t  a n d  d ark i n t e r f e r e n c e  fringes. T h e  distance,s, 

b e t w e e n  the fringes depends on the intersection angles, P, and 

on the wavelength, i , of the light. A  particle m o v i n g  through 

t h i s  frin g e  s y s t e m  emits p e r i o d i c  light signals, and the
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f r e q u e n c y  of t h e s e  signals is d i r e c t l y  p r o p o r t i o n a l  to the 

v e l o c i t y  c o mponent p e r p e n d i c u l a r  to the fringe system. The 

component parallel to the fringes of F i g . 3.1 can be measured by 

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

w avelength oriented perpendicular to the fringes of Fig.3.1.

3.1.2 L2F Principle

In the L2F velocimetry, the fringe is replaced b y  two distinct 

light beams w hich create a light gate, F i g . 3.2. The velocity 

component perpendicular to the laser b e a m  axis is derived from 

th e time a particle takes to pass the two indicated spots and 

f r o m  t h e i r  s e p a ration, S. As in the L D - v e l o c i m e t r y ,  the 

v e l o c i t y  component parallel to the laser b e a m  axis cannot be 

m e a s u r e d  by this approach. However, if the laser b e a m  is 

r o t a t e d  to e x p l o r e  d i f f e r e n t  f l o w  direction, t h e n  a two 

dimensional flowfield is obtained.

3.1.3 Comparison between LDV and L2F

Tine main difference between the laser Doppler and the two focus 

s y s t e m s  is the light i n t e n s i t y  c o n c e n t r a t i o n  in the probe 

v o l u m e . Since the probe volume of the laser two focus system is 

sig nificantly smaller than the probe volume dimensions of the 

LD-velocimeter (Fig.3.3), a much higher intensity concentration 

is o b t a i n e d  in the probe volume of the L2F velocimeter. This 

r e s u l t s  in an i n c r e a s e d  s i gnal a m p l i t u d e  of the d e t e c t e d  

s c at tered light for the L2F system. Therefore the use of the 

L2F syst e m  is most appropriate if small part i c l e s  have to be 

u s e d  to follow the flow. Very small particles are necessary for 

meas urements in highly accelerated flow, measurements close to 

the wall, and for measurements in n a r r o w  flow channels where 

the background flare results in a strong signal noise.
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B ec a u s e  in most turbomachine applications it is impossible to 

install the the photo multiplier b e hind the test rig, the laser 

v e l o c i m e t r y  syst e m  is desig n e d  t o  receive t h e  b a c k  scatter 

r a t h e r  t h a n  the f o r w a r d  s c a t t e r  light f r o m  t h e  particle. 

Therefore, only the weak backscatter intensity of the particles 

is detected by the photo multiplier, giving only low amplitude 

signals. F u r t h e r m o r e  the i n t e n s i t y  of the s c a t t e r e d  light 

d e c r e a s e s  w i t h  t h e  p a r t i c l e  size. H e n c e  a h i g h  p a r t i c l e  

c o n c e n t r a t i o n  at the probe volume is n e c e s s a r y  to ensure an 

adequate signal amplitude. For these reasons, the L2F system is 

superior to the LD system in many turbomachinery applications, 

a n d  has a c h i e v e d  importance in the e x p e r i m e n t a l  fluid flow 

a n a l y s i s .

3 . 2  L2F T e c h n iq u e

The L2F m e a s u r i n g  device generates in its p r o b e  volume two 

h i g h l y  f o c u s e d  light beams. A  p a r t i c l e  t r a j e c t o r y  p a s s i n g  

t h r o ugh both the light beams in the focused section, along the 

focal p lane produ c e s  two successive p u l s e s  of the scattered 

light. F i g . 3.4 illustrates the event. The first signal pulse 

d e r i v e d  f r o m  the s c a t t e r e d  light starts a clock. The same 

p a r t i c l e  when it p a s s e s  the s e c o n d  focal v o l u m e  stops the 

clock. The time of flight is the time interval b e t w e e n  the 

start and stop pulse of the same particle.

T a k i n g  a single measurement of the time interval between the 

s c a t t e r e d  light pulses, one is n e v e r  sure o f  t h e  right 

m e a s u r e m e n t . The reason is that the two succeeding pulses can 

b e  g e n e r a t e d  in two different ways as is shown in F i g . 3.5. 

Firs t b y  one p article crossing b oth the beams a n d  causing a 

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

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

m e a s u r e m e n t .  T h e r e f o r e  a l a r g e  n u m b e r  of t i m e  i n t e r v a l
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m easu rem en ts h ave t o  be made su ch  t h a t  c o r r e la t e d  t im e  in t e r v a l  
m ea su rem en ts a r e  r e i n f o r c e d  w h i le  e r r o n e o u s  m easu rem en ts a r e  
a v e r a g e d  a s  back groun d  n o i s e .

The m easu rem en t d i r e c t i o n  i s  in  a p la n e  w h ich  c o n t a in s  th e  
f o c a l  v o lu m e s . As t h e  d ia m e te r  o f  t h e s e  v o lu m e s  i s  s m a ll  
com p ared  t o  t h e i r  d i s t a n c e  a p a r t ,  t h e  L2F h a s  a h ig h l y  
d i r e c t i o n a l  m ea su r in g  vo lu m e.
In  F i g . 3 . 6 ,  t h e  a n g u la r  m easurem ent i s  made p o s s i b l e  when th e  
s t o p  t r i g g e r  beam r o t a t e s  ab ou t t h e  a x i s  o f  t h e  s t a r t  t r i g g e r  
b eam . A s te p p in g  m o to r  f a c i l i t a t e s  t h i s  r o t a t i o n  a t  a 
p r e s e l e c t e d  a n g u la r  i n t e r v a l .  By r o t a t i n g  t h e  tw o s p o t s ,  more 
v e l o c i t y  h is to g r a m s  can  b e  a c c u m u la te d . T h is  y i e l d s  a tw o  
d im e n s io n a l p r o b a b i l i t y  h is to g r a m  a s  in  F i g . 3 .7 .
The h is to g r a m s  ta k e n  a t  d i f f e r e n t  a n g u la r  p o s i t i o n s  h ave  t o  be  
n o r m a liz e d  t o  a r e f e r e n c e  v a lu e .  In  t h e  L2F sy s te m , t h e  number 
o f  p a r t i c l e s  e n t e r in g  t h e  s t a r t - p r o b e  volum e a r e  ta k e n  a s  t h i s  
r e f e r e n c e .  They a r e  c o u n te d  w ith  a p a r t i c l e  c o u n te r  t h a t  can be  
p r e s e t  t o  a s e l e c t a b l e  number o f  c o u n ts .  When t h e  c o u n t l i m i t  
i s  r e a c h e d  th e  d a ta  a c c u m u la tio n  w i l l  be s to p p e d  a u t o m a t ic a l ly .  
A new a n g u la r  p o s i t i o n  i s  th e n  s e t  and a new m easurem ent i s  
m ade.
F i g . 3 .8  sh ow s an ex a m p le  o f  a v e l o c i t y  and a n g u la r  d a ta  
d i s t r i b u t i o n  d u r in g  a t e s t  run w ith  a tu r b in e  r o t o r .
T u rb u len ce  i n t e n s i t y  in  a 2-D f lo w  i s  d e f in e d  a s  :

u

w here u

v e l o c i t y  com ponent in  t h e  i th d i r e c t io n  
mean v a lu e  o f  com ponent v e l o c i t y
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The L2F v e l o c i m e t e r  can  o n ly  b e  a p p l i e d  t o  f lo w s  w ith  a 
t u r b u le n c e  l e v e l  s m a l le r  th a n  a b o u t 30%. H ig h e r  th a n  t h i s  
v a l u e ,  i t  i s  d i f f i c u l t  t o  e s t im a t e  t h e  mean v a lu e s  w ith  any  
a c c u r a c y  on th e  b a s i s  o f  a v e r y  b ro ad  h is to g r a m .
In  F i g .  3 . 8 a , t h e  lo w  t u r b u le n c e  n a t u r e  o f  t h e  f lo w  i s  
c h a r a c t e r i s e d  by a d i s t i n c t  p eak  in  t h e  v e l o c i t y  d a ta , g iv in g  a 
lo w  v e l o c i t y  t u r b u le n c e  i n t e n s i t y  l e v e l .  H igh  t u r b u le n c e  f lo w  
i s  i n d i c a t e d  by a m ore b r o a d ly  sp r e a d  d i s t r i b u t i o n  y i e l d i n g  a 
h ig h e r  v e l o c i t y  t u r b u le n c e  i n t e n s i t y  l e v e l ,  F i g . 3 . 8 a . A h ig h  
n o i s e  l e v e l  in  th e  low  v e l o c i t y  r e g io n  i s  a l s o  e v id e n t  from  th e  
d i s t r i b u t i o n .  T h is  i s  a t y p i c a l  c h a r a c t e r i s t i c  o f  t u r b u le n t  
f lo w .  The t u r b u le n t  n a tu r e  o f  t h e  f lo w  can  a l s o  b e  s e e n  from  
t h e  a n g u la r  d a ta  d i s t r i b u t i o n s ,  F i g s . 3 . 8c and d .

3 . 3  L2F O p t ic a l  S y ste m

The o p t i c a l  sy s te m  o f  t h e  L2F v e lo c im e t e r  i s  i l l u s t r a t e d  in  
F i g . 3 . 9 .  For t h e  L2F t e c h n iq u e  i t  i s  n e c e s s a r y  t o  p ro d u ce  two  
l a s e r  beam w a i s t s  s e p a r a t e d  b y  a known d i s t a n c e  in  t h e  
m ea su r in g  vo lu m e. A Rochon p r ism  i s  u se d  t o  d iv id e  th e  in com in g  
l a s e r  beam  i n t o  tw o  c o l l i m a t e d  b e a m s . One beam e m er g e s  
e s s e n t i a l l y  u n d e v ia te d  w h ile  th e  o th e r  beam d e v ia t e s  a t  a sm a ll  
a n g le  w ith  r e s p e c t  t o  t h e  o p t i c a l  a x i s .
A ^/4 wave r e t a r d e r ,  A, b etw een  t h e  l a s e r  and t h e  Rochon p rism

linearlyi s  r e q u ir e d  t o  c o n v e r t  t h e ^ p o la r iz e d  l a s e r  l i g h t  t o  c i r c u la r  
p o la r i z e d  l i g h t .  The beam s p l i t t e r ,  B, i s  f o l lo w e d  by a l e n s ,  C, 
p la c e d  a t  one f o c a l  le n g t h  b e h in d  i t .  As t h e  s p l i t t i n g  f a c e  o f  
t h e  beam s p l i t t e r  p r ism  i s  in  t h e  f r o n t  f o c a l  p la n e  o f  th e  
l e n s ,  C th e  c o l l im a t e d  beams a r e  b ro u g h t t o  tw o  f o c a l  s p o t s  in  
t h e  s e c o n d  p la n e  o f  t h e  l e n s ,  D. T h ese  f o c a l  v o lu m e s  a r e  
r e la y e d  v i a  tw o d e f l e c t i o n  m ir r o r s ,  E and t h e  t r a n s c e i v e r  
l e n s ,  F, i n t o  t h e  p ro b e  v o lu m e, G, a t  some d i s t a n c e  from  th e  
o p t i c a l  h ea d .
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The t r a n s c e iv e r  l e n s  i s  a c o m b in a tio n  o f  tw o b ack  t o  back
c o l l i m a t o r  l e n s e s .  T h ese  can  b e  ch a n g ed  t o  a l lo w  v a r ia b l e  
w o rk in g  d i s t a n c e s .  The f o l lo w in g  i s  a l i s t  o f  l e n s e s  t h a t  were 
a v a i l a b l e :

L2F Optical Head Spot Separation Spot Diameter Working Distance Focal Length
|im pm mm mm

L2F 0 4412 209 9 276 350

L2F 0 4413 291 12 473 500

L2F 0 4414 541 20 898 800

When a p a r t i c l e  t r a j e c t o r y  p a s s e s  t h e  p rob e volum e in  th e  f o c a l  
p la n e ,  l i g h t  i s  s c a t t e r e d .  The b a c k s c a t t e r e d  l i g h t  i s  c o l l e c t e d  
b y  t h e  t r a n s c e i v e r  l e n s  and f o c u s e d  o n to  t h e  p la n e ,  I .  The 
im age o f  t h e  f o c a l  vo lu m es g e n e r a te d  in  t h i s  p la n e  i s  e n la r g e d  
w ith  t h e  o b j e c t i v e ,  J and im aged  o n to  t h e  d u a l p in  h o l e s ,  K. 
L ig h t  p a s s in g  t h i s  p a ir  o f  p in  h o l e s  i s  d e t e c t e d  . by two 
v e r y  s e n s i t i v e  w id e  band p h o to  m u l t i p l i e r  t u b e s ,  c o n v e r t in g  i t  
i n t o  e l e c t r i c a l  p u l s e s .
The f u n c t io n  o f  t h e  d u a l p in  h o l e s  and t h e  l i g h t  g a t e  a t  H i s  
t o  r e j e c t  l i g h t  from  a l l  s o u r c e s  e x c e p t  t h o s e  s c a t t e r e d  from  
t h e  m oving p a r t i c l e s  in  th e  m ea su r in g  vo lu m e.T h e s m a ll  d ia m e ter  
o f  t h e  p in  h o le s  and t h e  h ig h  r e s o lu t io n  o f  t h e  o p t i c a l  sy stem  
g i v e s  s e n s i t i v i t y  t o  p a r t i c l e s  a s  s m a ll  a s  0.5mm in  d ia m e te r .
By r o t a t i n g  th e  beam s p l i t t e r  B, t h e  d u a l p in  h o le s  and o th e r  
s t o p s  r o t a t e  s im u lt a n e o u s ly .  Thus s e t t i n g  t h e  tw o s p o t s  in  th e  
p ro b e  volum e t o  r o t a t e ,  a l lo w s  m easu rem en ts f o r  more th a n  one 
f lo w  d i r e c t i o n .  A s t e p p in g  m o to r  i s  c o u p le d  t o  t h e  beam  
s p l i t t e r  and o t h e r  s t o p s  th ro u g h  a t o o t h e d  b e l t  d r i v e .  Due t o  
t h e  h i g h l y  p r e c i s e  c o n s t r u c t i o n ,  e x c e l l e n t  m e c h a n ic a l  
c o r r e sp o n d e n c e  b etw een  t h e  o u tp u t and r e tu r n  im age i s  a c h ie v e d .
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3 .4  L2F S i g n a l  P r o c e s s in g

The o u tp u t  p u l s e s  from  th e  p h o to  m u l t i p l i e r  t u b e s  a r e  g e n e r a l ly  
n o i s y  im a g es  o f  t h e  i n t e n s i t y  o f  t h e  f o c a l  v o lu m e s . S p e c ia l  
p u ls e  p r o c e s s in g  t e c h n iq u e s  a r e  t h e r e f o r e  r e q u ir e d  in  o r d e r  t o  
m a in ta in  a good  t im e  o f  f l i g h t  r e s o l u t i o n .  The p h o to  m u l t ip l i e r  
i s  a  com bined  u n i t  c o n ta in in g  a v e r y  s e n s i t i v e  b ro ad  band p h oto  
m u l t i p l i e r  tu b e  and a low  n o i s e ,  f a s t  r i s e  t im e  p r e a m p l i f i e r .  
T h is  a l lo w s  a f a s t  t im in g  and p h o to n  c o u n t in g  s i g n a l  p r o c e s s in g  
t e c h n iq u e  t o  b e  u s e d .
The p r e a m p li f ie d  s i g n a l s  a r e  t r a n s m it te d  o v e r  t h e  s i g n a l  c a b le s  
t o  t h e  L2F s i g n a l  p r o c e s s o r .  The s i g n a l  c o n d i t i o n i n g  
e l e c t r o n i c s  a r e  t h e  p u l s e  s h a p e r  and  c o n s t a n t  f r a c t i o n  
d is c r im in a t o r ,  F i g . 3 .1 0 .  To m easu re e x a c t l y  t h e  t im e  o f  f l i g h t  
f o r  a p a r t i c l e  t h a t  p a s s e s  from  one f o c a l  volum e t o  t h e  o t h e r ,  
l o g i c  s i g n a l s  w hose t im e s  o f  g e n e r a t io n  a r e  p r e c i s e l y  r e l a t e d  
t o  t h e  p e a k s  o f  t h e  s c a t t e r e d  l i g h t  p u l s e s  h a v e  t o  b e  
g e n e r a t e d .  Two b a s i c  f a c t o r s  may c a u se  i n a c c u r a c i e s  in  th e  
t im e  m ea su rem en t, j i t t e r  and w a lk . J i t t e r  i s  in t r o d u c e d  by  
n o i s e  on th e  s i g n a l .  The n o is e  r id in g  in  t h e  s i g n a l  ch a n g es th e  
a b s o l u t e  p o i n t s  a t  w h ich  a d i s c r im in a t o r  r e s p o n d s .  T im in g  
u n c e r t a i n t i e s  c a u se d  by j i t t e r  a r e  red u ced  by t h e  p u ls e  sh a p e r .  
The p u l s e  sh a p e r  i s  a l s o  n e c e s s a r y  t o  r e s t o r e  u s e f u l  s i g n a l  
a m p litu d e s  when h ig h  v o l t a g e s  s u p p l ie d  t o  t h e  p h o to  m u l t i p l i e r  
tu b e  h ave  t o  be r e d u c e d . T h is  i s  a lw a y s th e  c a s e  when m easu rin g  
t a k e s  p la c e  c l o s e  t o  t h e  s o l i d  w a l l  ( s u r f a c e s ) ,  w here t h e r e  i s  
a l o t  o f  f l a r e .
The major problem, however, is the time uncertainties, or walk, 

due t o  variation of amplitude or variation in rise time. This 

is, for example, caused by particles of different sizes or of 

di ff erent refractive index across the two focal volumes. Walk 

is mi nimised by the constant fraction discriminator. A  variable 

t h r e s h o l d  for signal acceptance can be a d j u s t e d  in order to 

r e j e c t  n o ise events and to b o o s t  the 'real event' rate. A
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s e c o n d a r y  d is c r im in a t o r  l e v e l  a l lo w s  t h e  r e j e c t i o n  o f  s i g n a l s  
from  b i g  p a r t i c l e s  w h ich  do n o t  f o l l o w  t h e  f lo w  b e c a u s e  o f  
t h e i r  h ig h  i n e r t i a ,  f o r  e x a m p le  i n  t h e  r e g i o n  o f  h ig h  
a c c e l e r a t i o n .
To m easu re th e  t im e  o f  f l i g h t ,  a t im e  t o  p u ls e  h e ig h t  c o n v e r te r  
(TPHC) g e n e r a t e s  an o u tp u t  p u ls e  w h ich  i s  p r o p o r t io n a l  t o  th e  

t im e  i n t e r v a l  b e tw een  a s t a r t  and a s t o p  p u l s e .  The o u tp u t  o f  
t h e  TPHC i s  f e d  t o  t h e  a n a lo g u e  t o  d i g i t a l  c o n v e r te r  (ADC) o f  a 
m u l t i - c h a n n e l  a n a l y s e r  (MCA) w h ic h  d i g i t i z e s  t h e  p u l s e  
a m p litu d e  f o r  a c c e p ta n c e  by t h e  MCA's l o g i c  c i r c u i t r y .  The MCA 
p r o d u c e s  a sp ectru m  o f  h e ig h t  from  t h e  su b se q u e n t in p u t  p u ls e s  
and h e n c e  a sp ectru m  o f  t h e  t im e  o f  f l i g h t .  F i g . 3 .1 1  show s an 
exam p le  o f  a t y p i c a l  sp ectru m  o f  t h e  t im e  o f  f l i g h t  d u r in g  a 
t e s t  w ith  a t u r b in e  r o t o r  under s t e a d y  f lo w  c o n d i t i o n s .

3 . 5  L2F P e r i o d i c  F lo w  M apping

The L2F s i g n a l  p r o c e s s o r  u se d  h a s  t h e  c a p a b i l i t y  t o  p ro d u ce  
p e r i o d i c  m ap p in g, w here m easu rem en ts a r e  made f o r  exam p le  in  
r o t a t i n g  co m p o n en ts  o f  tu r b o m a c h in e s  o r  in  r e c i p r o c a t i n g  
e n g i n e s .  In  t h e  p e r i o d i c  f lo w  m ap p in g , i t  i s  n e c e s s a r y  t o  
r e l a t e  t h e  m easu red  v e l o c i t y  f u n c t io n  t o  t h e  t im e  p h a se  o f  th e  
p e r i o d i c  p henom enon . F or e x a m p le , when m ea su rem en ts  in  th e  
i n t r a - r o t o r  r e g io n  o f  tu r b o m a c h in e r y  a r e  m ade, t h e  m ea su r in g  
volu m e sw eep s o u t  a c i r c u m f e r e n t ia l  p a th  w it h in  t h e  r o t a t i n g  
b la d e  row .
W ith i t s  b u i l t - i n  r o u t in g  c i r c u i t  t h e  L2F S ig n a l  P r o c e s s o r  can  
a s s i g n  t h e  m ea su red  d a ta  a u t o m a t i c a l l y  t o  s e p a r a t e  memory 
s t a c k s  e a c h  c o n t a in in g  256  c h a n n e ls  o f  t h e  MCA's memory. 
T o g e th e r  w ith  t h e  m easu red  d a t a ,  t h e  L2F C o n tr o l  P r o c e s s o r  
lo a d s  t h e  d i g i t a l  r e p r e s e n t a t io n  o f  t h e  a n g u la r  p o s i t i o n  o f  th e  
r o t o r  i n t o  i t s  i n t e r n a l  b u f f e r  f o r  d a ta  p r o c e s s i n g .  The 
c ir c u m f e r e n t ia l  p a th  in  a b la d e  row can  b e d iv id e d  in t o  a f ix e d
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number of the line segments, called time windows. Fig.3.12 
shows a typical time of flight distribution obtained from 16 
different windows during a test run with a turbine rotor with 
pulsating flow.
The L2F system for multi window and automatic operation 
capability is illustrated in Fig.3.13. The synchronizer is used 
for the periodic flow mapping described earlier. It operates as 
an electronic shaft angle encoder, to generate the correct 
angular position (or to tag each time interval measurement 
with the proper phase of the periodic flow). The synchronizer 
uses a trigger pulse from the object under investigation to 
produce a digital word which corresponds to the current angular 
position.
The encoded angular position is produced by two phase lock 
looped circuits. In the first stage, the frequency of the input 
signal (once per revolution) is multiplied by the number of 
blades to generate the once per blade pulses (blade frequency) . 
The blade frequency is then mutiplied by a factor of 32 in the 
second stage. Therefore the blade to blade period is divided 
into 32 equal angular increments. This count is further divided 
to yield the required number of time windows (2,4,8 or 16). The 
maximum number of time windows possible is 16. If a line 
segment is drawn across two successive blades it can be divided 
into 2,4,8 or 16 equal angular position for the time of flight. 
The time of flight increments are tagged with the location of 
the line segment in which it occured and the resulting data is 
sorted in the MCA. Thus it is possible to accumulate many 
multi-channel analysis functions (up to 16) each from a line 
segment of the blade to blade period or in this application, of 
a pulse period.
Another feature of the synchronizer is the possibility of 
gating the laser beam when a light chopper is used. This 
acousto-optical light chopper is used to turn off the laser 
beam periodically in order to prevent the intense laser light
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hitting the blades as they pass the probe volume, so that light 
reflected from the blades cannot drive the PM-detector into 
saturation. This feature not only keeps the signal-to-noise 
ratio constant but also improves it because the photocathodes 
of the PM-tubes recover during the laser-off-time.

3.6 Signal Quality of the L2F Velocimeter

The actual detection volume is defined as the region from which 
scattered light is used for the time of flight measurement. 
This volume is reduced when the scattered light is gated by the 
optical stops like the dual pin hole aperture. A threshold is 
applied so that the constant fraction discriminator will only 
process signals if they exceed a certain amplitude. This 
reduces the measuring volume further.
In most cases, the length, i , and the spot separation, S, of 
the actual measuring volume are about the same. Thus angle, 'P 
is approximately 45° (see Fig.3.14a). The measuring volume is 
defined as (s x 2i ) . Particles crossing this measuring volume 
will give rise to a signal.
The focused laser beam has a Gaussian intensity profile, so 
that particles which do not cross the measuring volume at right 
angles to the optical axis can also give rise to a signal. 
However the maximum output signal occurs when the particles 
cross perpendicularly to the optical axis. Fig.3.14b 
illustrates this. Consider two trajectories A and B crossing 
the two spots. One particle moving at right angle covering the 
distance S, the other touching the two spots tangentially 
covering the distance S*. Both give rise to a signal.

S* -  S. cos ( sin-1 d/s )
e = ( S - S* )/g Relative Error
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This error reduces as the S:d ratio increases. A S:d ratio 
of more than 20 ensures that only particles following 
trajectories of small a are detected as a dual peak events, 
thus avoiding the broadening of L2F velocity data from 
particles with large a.
The beam transit probability is defined as the probability with 
which the same particle produces a start and a stop pulse. As 
the flow turbulence increases, the beam transit probabilty 
decreases. The beam transit probability is also affected by the 
S:d ratio. Fig.3.15 shows the beam transit probability as a 
function of turbulence intensity and the beam distance to 
diameter ratio.
In the experiment, a 500mm nominal focal length lens was used.

Spot separation = 2 90|lm Spot Diameter = 12|lm
Thus S:d = 24
From Fig.3.15 the turbulence intensity and S:d ratio are used 
to estimate the beam transit probability. As the turbulence 
intensity increases, the beam transit probability decreases. 
Table below gives examples of beam transit probability 
estimated from Fig.3.15 with typical turbulence intensity 
values.

Turbulence Intensity % S :d Turbulence * , c . . x _ m ( S:d) Intensity
Beam Transit Probability % 

from Fig 3.15

5 24 1.2 97

10 24 2.4 88

15 24 3.6 78

20 24 4.8 67

30 24 7.2 50
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3.7 Summary

Laser velocimeters are classified as optical instruments for 
making non-intrusive measurements of gas and liquid flow. 
Generally laser velocimetry is superior to the probe 
measurement method because there is no interference with the 
flow. The relationship between the fluid velocity and the 
signal is linear over the entire measurement range. This 
relationship is independent of the properties of the material 
and environmental conditions such as temperature, pressure and 
density. Calibration is not necessary as the laser velocimetry 
is an absolute method. The volume in which the measurements are 
made is very small and is limited only by optical means so that 
measurements can be made even in the boundary layers and at 
places that cannot be reached by probes. It is because of these 
advantages that laser velocimetry stands out as the most 
effective system for measuring the flow in turbomachinery over 
the entire range of velocities from low to high.
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3.1 Principle of Laser Doppler Velocimeter Fig. 3.2 Principle of Laser Two Focus

Comparison of LD and L2F Probe Volume Dimension 
Fig. 3.3
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Useful time of flight caused 
by the same particle 

Fig. 3.4

Rotation of Measurement Direction
The stop trigger beam rotates about the 

axis o f  start trigger beam.
Fig. 3.6

Incorrect time of flight caused by 
two Independent particles

Fig. 3.5

Two Dimensional Velocity Distribution 
Fig. 3.7
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Fig 3.8 Typical Valoclty and Angular data dlatributlona 
during a teat run with turbine rotor

7 4



Optical arrangement of the L2F Velocimeter

Fig. 3.9
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Fig. 3.11
Spectrum of time of flight 
Single Window Operation



__SYNCHR2*!iER___
MUlTlWlNOOtt CONTROLLER

CONSTANT 
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FRACTION
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STOP START f
Time TO p u l SE { SINGLE CHANNEL L2F CONTROL

MECh T CONVERTER* ANALYZER PROCESSOR

multichannelanalyze*
J  KEt BQARO J

COaFITTER

Fig. 3.13
L2F Velodmeter with Synchronizer 

for Periodic Flow Mapping

Fig. 3.14a 
L2F Probe Volume Fig. 3.14b

Error of beam distribution and intensity 
within an L2F probe volume
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Beam Transit Probability

i

Fig 3.15 
Variation of auccassfu! dual peak events with turbulence 

Intensity and a/d variation.
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C H A P T E R  4

EXPERIMENTAL FACILITIES

T h i s  c h a p t e r  d e s c r i b e s  t h e  e x p e r i m e n t a l  t e s t  f a c i l i t i e s ,  
a u t o m a t i c  d a t a  l o g g i n g  o f  s t e a d y  f l o w ,  i n s t r u m e n t e d  t u r b i n e  
h o u s i n g  a n d  m e a s u r i n g  c o n c e p t .
T h e  s a m e  t e s t  f a c i l i t y  i s  u s e d  a s  d e s c r i b e d  b y  D a l e  ( 3 8 , 3 9 ) .  
M o d i f i c a t i o n s  w e r e  m a d e  t o  a c c o m m o d a t e  L 2 F  s e e d i n g  i n j e c t i o n  a t  
a  s e c t i o n  i m m e d i a t e l y  a f t e r  t h e  r o t a r y  p u l s e  g e n e r a t o r .  A l l  
d a t a  a c q u i s i t i o n  f a c i l i t i e s  r e m a i n  u n c h a n g e d  e x c e p t  f o r  t h e  
a u t o m a t i c  d a t a  l o g g i n g  s y s t e m  f o r  s t e a d y  s t a t e  t e s t i n g .  T h e  
s a m e  e q u a t i o n s  f o r  d a t a  r e d u c t i o n  t o  e f f i c i e n c y ,  b l a d e  s p e e d  
r a t i o  a n d  n o n  d i m e n s i o n a l  f l o w  w e r e  a p p l i e d  ( 3 8 , 3 9 ) .
I n  t h e  t e s t ,  a n  e x i t  d u c t  w a s  a l s o  i n s t a l l e d  t o  g u i d e  t h e  f l o w  
l e a v i n g  t h e  r o t o r  s o  t h a t  m e a s u r e m e n t s  o f  g a s  f l o w  
c h a r a c t e r i s t i c s  a t  t h e  r o t o r  e x i t  c o u l d  b e  m a d e .

4.1 Test Rig Facility

A s c h e m a t i c  d i a g r a m  o f  t h e  t e s t  r i g  f a c i l i t y  i s  i l l u s t r a t e d  i n  
F i g . 4 . 1 .  T h e  s y s t e m  i s  c a p a b l e  o f  s u p p l y i n g  h o t  a i r  t o  a  t w i n  
e n t r y  t u r b o c h a r g e r  t u r b i n e  f o r  s t e a d y  a n d  u n s t e a d y  f l o w ,  a n d  
p a r t i a l  a n d  e q u a l  a d m i s s i o n .  T h e  t e s t  r i g  w a s  d e s i g n e d  t o  
s u p p l y  a i r  t o  t h e  t w i n  e n t r y  t u r b i n e  i n l e t  v i a  t w o  s e p a r a t e  
l i m b s .  T h e  m a s s  f l o w  i n  t h e  t w o  l i m b s  c a n  b e  v a r i e d  t h r o u g h  
i n d i v i d u a l  r e g u l a t i n g  v a l v e s .  T h i s  f a c i l i t a t e s  p a r t i a l  m a s s  
f l o w  c o n d i t i o n s  t o  t h e  t u r b i n e .  A 4 "  p i p e  s u p p l i e s  t h e  t w o  
l i m b s  t h r o u g h  a  p l e n u m .  T h e  s p e e d  o f  t h e  r o t o r ,  t h e  l o a d  o n  t h e  
d y n a m o m e t e r  a n d  t h e  p u l s e  f r e q u e n c y  c a n  b e  c o n t r o l l e d  t o  
a c h i e v e  t h e  d e s i r e d  o p e r a t i n g  c o n d i t i o n s .  A d a t a  m o n i t o r i n g  
p r o g r a m m e ,  w h i c h  a c c e p t s  t e m p e r a t u r e  a n d  p r e s s u r e  i n p u t s ,
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f u r t h e r  r e d u c e d  i t  t o  d e s i r e d  p a r a m e t e r s  ( m a s s  f l o w ,  p r e s s u r e  
r a t i o ,  n o n  d i m e n s i o n a l  p a r a m e t e r s  e t c )  a n d  d i s p l a y e d  t h e m  o n  
m o n i t o r  s c r e e n .  T h e  r u n n i n g  c o n d i t i o n  o f  t h e  r i g  c a n  t h e n  b e  
u p d a t e d  r e g u l a r l y .

C o m p r e s s e d  a i r  i s  s u p p l i e d  b y  a n  e l e c t r i c a l l y  d r i v e n  c o m p r e s s o r  
c a p a b l e  o f  d e l i v e r i n g  0 . 5  k g / s  a t  4 b a r  t o  t h e  f o l l o w i n g  
s t a g e s :

R e g u l a t i n g  V a l v e :  T h e  s u p p l i e d  a i r  i s  d e l i v e r e d  t h r o u g h  a  4"  
p i p e .  T h e  r e g u l a t i n g  v a l v e  p r o v i d e s  a  m e a n s  o f  s h u t t i n g  t h e  
w h o l e  s y s t e m  c o m p l e t e l y .  A  s a f e t y  f e a t u r e  i s  b u i l t  i n t o  t h e  
s y s t e m  s o  t h a t  a n  a c t i v a t i o n  t o  c u t  o f f  t h e  a i r  s u p p l y  t o  t h e  
r i g  i s  d o n e  t h r o u g h  t h i s  4 ” r e g u l a t i n g  v a l v e .  T h e  t o t a l  m a s s  
f l o w  s u p p l i e d  t o  t h e  t u r b i n e  i s  a l s o  c o n t r o l l e d  b y  m e a n s  o f  
t h i s  v a l v e .

3 - S t a g e  F i l t e r  : A i r  s u p p l i e d  f r o m  t h e  s o u r c e  p a s s e s  t h r o u g h  a  
s e r i e s  o f  p i p e s  w h i c h  c a r r y  a l o n g  w i t h  i t  r u s t  p a r t i c l e s  f r o m  
t h e  p i p e .  F i n e  i n s t r u m e n t  p r o b e s  a r e  s e n s i t i v e  t o  p a r t i c l e s .  
W it h  t h e  o p e r a t i o n  o f  t h e  L 2F  s y s t e m ,  t h e s e  p a r t i c l e  o f  v a r y i n g  
s i z e s  w i l l  h a v e  a n  u n d e s i r a b l e  e f f e c t .  T h e  a i r  i s  p a s s e d  
t h r o u g h  t h i s  3 - s t a g e  f i l t e r  ( c o a r s e  g r i d , c y c l o n i c  a n d  p a p e r  
e l e m e n t )  t o  a c h i e v e  c l e a n  a i r .

4 ” O r i f i c e  P l a t e  : T h e  f l o w  m e a s u r i n g  s e c t i o n  i s  l o c a t e d  a l o n g  
a  s t r a i g h t  p i p e  i n  c o m p l i a n c e  w i t h  B S  1 0 4 2  p r a c t i c e s  f o r  f l o w  
m e a s u r e m e n t .  T h e  t o t a l  m a s s  f l o w  t o  t h e  t u r b i n e  i s  m e a s u r e d  
h e r e .

H e a t e r  S t a c k  : T h i s  i s  a  6 0  kw  e l e c t i c a l  h e a t e r  s t a c k .  T h e  
c o m p r e s s e d  a i r  i s  h e a t e d  s u f f i c i e n t l y  t o  a v o i d  w a t e r  v a p o u r  i n  
t h e  a i r  c o n d e n s i n g  a n d  f r e e z i n g  a s  i t  e x p a n d s  t h r o u g h  t h e  
t u r b i n e .  I t  i s  n o t  p o s s i b l e  t o  h e a t  t h e  a i r  s u f f i c i e n t l y  t o
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r e p r o d u c e  t y p i c a l  t u r b o c h a r g e r  t e m p e r a t u r e s ,  s o  t h a t  t u r b i n e  
p e r f o r m a n c e  m e a s u r e m e n t s  m u s t  b e  s c a l e d  u s i n g  t h e  c o n v e n t i o n a l  
n o n - d i m e n s i o n a l  g r o u p s . T h e  p r e s e n t  t e s t  w e r e  r u n  a t  a  t u r b i n e  
i n l e t  a i r  t e m p e r a t u r e  o f  4 0 0 K  f o r  s t e a d y  f l o w  a n d  3 5 0 K  f o r  
u n s t e a d y  f l o w  t e s t .  T h e  h e a t e r  i s  t h y r i s t o r  c o n t r o l l e d  f r o m  t h e  
t u r b i n e  i n l e t  t o t a l  t e m p e r a t u r e  t h e r m o c o u p l e  a n d  i s  c a p a b l e  o f  
m a i n t a i n i n g  i n l e t  t e m p e r a t u r e  t o  ±  1 °  C .

P le n u m  : T h e  h e a t e d  m a s s  o f  h o t  a i r  i s  s e t t l e d  i n  t h e  p le n u m  
b e f o r e  b r a n c h i n g  t o  t w o  3 "  p i p e s  ( t h e  i n n e r  l i m b  a n d  t h e  o u t e r  
l i m b ) . F r o m  t h i s  s e c t i o n  o n w a r d s  t h e  p i p e s  a r e  i n s u l a t e d  f o r  
s a f e t y  a n d  h e a t  c o n s e r v a t i o n  r e a s o n s .

R e g u l a t i n g  V a l v e s  : Tw o 3 "  r e g u l a t i n g  v a l v e s  p r o v i d e  c o n t r o l  
o f  t h e  m a s s  f l o w  i n  e a c h  l i m b .  T h e  o p e n i n g  a n d  c l o s i n g  o f  t h e  
v a l v e s  c a n  b e  d o n e  i n d e p e n d e n t l y  f r o m  t h e  c o n t r o l  p a n e l .

3 "  O r i f i c e  P l a t e s  : I n d i v i d u a l  m a s s  f l o w s  i n  e a c h  l i m b  a r e  
m o n i t o r e d  t h r o u g h  t h e s e  f l o w  m e a s u r i n g  s e c t i o n s . T h e  t o t a l  m a s s  
f l o w  m e a s u r e d  f r o m  t h e  t w o  3 "  p i p e s  s h o u l d  m a t c h  t h e  i n t i a l  
d e l i v e r y  m o n i t o r e d  a t  t h e  4 "  p i p e  s e c t i o n .

P u l s e  G e n e r a t o r  : T h i s  c o n s i s t s  e s s e n t i a l l y  o f  a  p a i r  o f  
r o t a t i n g  p l a t e s  d r i v e n  b y  a  v a r i a b l e  s p e e d  D .C  m o t o r .  F i g . 4 . 2  
s h o w s  t h e  s e c t i o n a l  v i e w  o f  t h e  p u l s e  g e n e r a t o r .  A s  a  s t e a d y  
s t r e a m  o f  a i r  p a s s e s  t h e  p u l s e  g e n e r a t o r ,  t h e  r o t a t i n g  p l a t e  
b r e a k s  d o w n  t h e  f l o w  a l l o w i n g  i t  t o  p a s s  i n t e r m i t t e n t l y .  T h e  
p r e s s u r e  p u l s e  s h a p e  g e n e r a t e d  d e p e n d s  o n  t h e  p r o f i l e  o f  t h e  
r o t a t i n g  p l a t e  a n d  t h e  p u l s e  f r e q u e n c y  i s  f i x e d  b y  t h e  s p e e d  o f  
r o t a t i o n  o f  t h e  d i s k s .  T h e  p r e s s u r e  p u l s e  s h a p e  p r o d u c e d  i s  
i n t e n d e d  t o  b e  r e p r e s e n t a t i v e  o f  a n  e n g i n e  e x h a u s t  p r e s s u r e  
p r o f i l e .  F i g . 4 . 3  s h o w s  a  d i s k  p r o f i l e  p r o d u c i n g  a  p r e s s u r e  
p u l s e  s h a p e  a s  m o n i t o r e d  a t  t h e  t u r b i n e  i n l e t .  T h e  r o t a t i n g
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p l a t e  c a n  b e  p o s i t i o n e d  t o  p r o d u c e  e i t h e r  i n - p h a s e  o r  o u t - o f -  
p h a s e  p r e s s u r e  p u l s e s .  I n  t h e  p u l s a t i n g  f l o w  t e s t s  t h i s  i s  s e t  
t o  p r o d u c e  a  1 8 0 °  o u t - o f - p h a s e  p u l s e  s h a p e .  F o r  s t e a d y  f l o w  
t e s t s ,  t h e  o p e n i n g s  o f  t h e  t w o  r o t a t i n g  p l a t e s  a r e  a l i g n e d  w i t h  
t h e  p i p e s .  W i t h o u t  r o t a t i n g  t h e  p l a t e  a  s t e a d y  f l o w  c a n  b e  
p a s s e d  w i t h  n o  o b s t r u c t i o n  f r o m  t h e  r o t a t i n g  p l a t e .
A f t e r  t h e  p u l s e  g e n e r a t o r  t h e  3 "  p i p e s  g r a d u a l l y  c o n v e r g e  t o  
t h e  i n s t r u m e n t  v o lu m e  s e c t i o n ,  k e e p i n g  t h e  t w o  f l o w s  s e p a r a t e d  
r i g h t  u p  t o  t h e  t u r b i n e  v o l u t e .  T h i s  s e c t i o n  w a s  f a b r i c a t e d  s o  
t h a t  t h e  c r o s s  s e c t i o n a l  a r e a  c h a n g e s  f r o m  s e m i - c i r c u l a r  t o  
r e c t a n g u l a r  t o  s u i t  t h e  t u r b i n e  i n l e t .  F i g . 4 . 4  s h o w s  a  
p e r s p e c t i v e  v i e w  o f  o n e  h a l f  o f  t h i s  p i p e  s e c t i o n .

S e e d i n g  I n j e c t i o n  : S e e d i n g  i s  i n j e c t e d  i n t o  e a c h  i n d i v i d u a l  
l i m b  d o w n s t r e a m  o f  t h e  p u l s e  g e n e r a t o r .  T h e  i n j e c t i o n  p o i n t  i s  
l o c a t e d  a t  t h e  m id  s e c t i o n  o f  e a c h  p i p e ,  i n j e c t i n g  i n  t h e  
d i r e c t i o n  o f  t h e  f l o w .  T h e  p o i n t  o f  i n j e c t i o n  i s  a b o u t  1 . 2 m  
f r o m  t h e  t u r b i n e  i n l e t .  E a c h  i n d i v i d u a l  i n j e c t i o n  i n l e t  e a c h  
h a s  a  v a l v e  s o  t h a t  d u r i n g  t e s t  w i t h  o n e  l i m b  f u l l y  c l o s e d  t h e  
r e s p e c t i v e  v a l v e  c a n  b e  c l o s e d .

E m e r g e n c y  S t o p  V a l v e  : A t w i n - p a s s a g e  r o t a r y  e m e r g e n c y  s t o p  
v a l v e  i s  f i t t e d  j u s t  b e f o r e  t h e  t u r b i n e .  T h i s  i s  n o r m a l l y  h e l d  
o p e n  m a g n e t i c a l l y  a n d  d o e s  n o t  o b s t r u c t  t h e  f l o w .  I t  c l o s e s  
a u t o m a t i c a l l y  w h e n  a n  o v e r  s p e e d ,  h i g h  v i b r a t i o n ,  h i g h  
d y n a m o m e t e r  t e m p e r a t u r e  o r  h i g h  d y n a m o m e t e r  b e a r i n g  t e m p e r a t u r e  
i s  d e t e c t e d .  I t  c a n  a l s o  b e  a c t i v a t e d  b y  t h e  o p e r a t o r .
A v e r y  s h o r t  s e c t i o n  s e p a r a t e s  t h e  s t o p  v a l v e  f r o m  t h e  t u r b i n e  
h o u s i n g .  T h i s  i s  t h e  i n s t r u m e n t e d  s e c t i o n  w h e r e  t h e  t o t a l  
t e m p e r a t u r e s ,  i n s t a n t a n e o u s  p r e s s u r e s  a n d  m a s s  f l o w s  a r e  
m o n i t o r e d  b e f o r e  t h e  t u r b i n e  i n l e t .

D y n a m o m e t e r  : T h e  d y n a m o m e t e r  i s  a  h i g h  s p e e d  e d d y  c u r r e n t  
t y p e ,  w i t h  b a l l  b e a r i n g s ,  d e s i g n e d  f o r  s p e e d s  u p  t o  7 0 0 0 0  rpm
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a n d  a  p o w e r  a b s o r p t i o n  o f  1 2  k w . T h e  t u r b i n e  r o t o r  i s  f i x e d  o n  
t h e  d y n a m o m e t e r  t h r o u g h  a  c o l l e t  o f  h i g h  m a c h i n i n g  t o l e r a n c e .  
T h e  t u r b i n e  s h a f t  i s  r e d u c e d  i n  l e n g t h  a n d  d i a m e t e r  t o  f i t  t h e  
c o l l e t . A  f u l l  d e s o r p t i o n  o f  t h e  d y n a m o m e t e r  a n d  i t s  o p e r a t i o n  
i s  g i v e n  b y  D a l e  ( 3 9 ) .

L 2 F  U n i t  : T h e  L 2 F  u n i t  r e s t e d  o n  a  t r a v e r s e  t a b l e  h a v i n g  
h o r i z o n t a l ,  a x i a l  a n d  v e r t i c a l  m o t i o n s .  I t  h a s  b e e n  l o c a t e d  
s q u a r e l y  w i t h  t h e  t u r b i n e  h o u s i n g  a n d  c h e c k e d  u s i n g  t h e  l a s e r  
b e a m .

4.2 Automatic Data Logging for Steady State

I n  t h e  e x p e r i m e n t s  c o n d u c t e d  b y  D a l e  ( 3 8 , 3 9 ) ,  a l l  t h e  s t e a d y  
f l o w  t e s t  d a t a  l o g g i n g  w e r e  d o n e  b y  m a n u a l  r e c o r d i n g .  I n  e a c h  
t e s t  r u n ,  t h e r e  a r e  a b o u t  1 6  t e m p e r a t u r e  a n d  p r e s s u r e  r e a d i n g s  
t o  b e  r e c o r d e d .  T h i s  p r o c e s s  i s  n o t  o n l y  t i m e  c o n s u m i n g  b u t  
a l s o  r e q u i r e s  t h e  r o t o r  t o  b e  m a i n t a i n e d  a t  a  d e s i r e d  s p e e d  
u n t i l  a l l  t h e  d a t a  h a d  b e e n  r e c o r d e d .  T h i s  h o l d i n g  t i m e  ( t o  
m a i n t a i n  a  c o n s t a n t  s p e e d  w h i l s t  d a t a  l o g g i n g  i s  i n  p r o g r e s s )  
c a u s e s  t h e  d y n a m o m e t e r  b e a r i n g  t e m p e r a t u r e  t o  c r e e p  u p  
e s p e c i a l l y  w h e n  t e s t i n g  a t  h i g h  s p e e d .  T h u s  a  d a t a  l o g g i n g  
p r o g r a m  w a s  d e v e l o p e d  t o  d o  a w a y  w i t h  m a n u a l  r e c o r d i n g  a n d  

h e n c e  r e d u c e  t e s t i n g  t im e ,  w ith t h e  t i m e  t a k e n  t o  d a t a  l o g  r e d u c e d ,  
t h e  s t e a d y  f l o w  s p e e d  e r r o r  c o u l d  b e  s u b s t a n t i a l l y  r e d u c e d  
i m p r o v i n g  t h e  s t e a d y  f l o w  e f f i c i e n c y  e r r o r  a t  l o w  b l a d e  s p e e d  
r a t i o .
F i g . 4 . 5  s h o w s  t h e  d a t a  l o g g i n g  s y s t e m  a n d  F i g . 4 . 6  s h o w s  a  
s i m p l i f i e d  f l o w  c h a r t  o f  t h e  p r o g r a m .  W i t h  t h e  d a t a  l o g g i n g  
p r o g r a m ,  a l l  t e m p e r a t u r e s  a n d  p r e s s u r e s  a r e  s c a n n e d  a n d  
d i s p l a y e d  o n  t h e  m o n i t o r .  T h e  p r o g r a m  a l s o  c a l c u l a t e s  t h e  m a s s  
f l o w  r a t e s  i n  t h e  3 "  a n d  4 "  p i p e s  a n d  t h e  m a s s  f l o w  r a t i o  
b e t w e e n  t h e  t w o  l i m b s .  N ow  t h e  o p e r a t o r  c a n  d e c i d e  w h e t h e r  t o
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s a v e  t h i s  o p e r a t i n g  c o n d i t i o n  o r  t o  c h a n g e  t h e  o p e r a t i n g  
c o n d i t i o n  a n d  s c a n  a l l  t h e  p r e s s u r e s  a n d  t e m p e r a t u r e s  a g a i n .  I f  
t h e  o p e r a t i n g  c o n d i t i o n  i s  s e t ,  i n p u t s  o f  s p e e d  a n d  d y n a m o m e te r  
l o a d  a r e  r e q u i r e d .  T h e  p r o g r a m  w i l l  t h e n  p r o c e e d  t o  c a l c u l a t e  
t h e  t u r b i n e  p e r f o r m a n c e  d a t a  a n d  p r i n t  o u t  a  h a r d c o p y .  A 
t y p i c a l  p r i n t o u t  o f  t h e  s t e a d y  s t a t e  f l o w  t e s t  i s  i n  F i g . 4 . 7 .  
T h e  e q u a t i o n s  u s e d  f o r  d a t a  r e d u c t i o n  t o  t h e  r e q u i r e d  p a r a m e t e r  
o f  e f f i c i e n c y ,  b l a d e  s p e e d  r a t i o  a n d  n o n  d i m e n s i o n a l  f l o w  a r e  
g i v e n  b y  D a l e  ( 3 8 , 3 9 ) .

4.3 Instrumented Turbine Housing

T h e  t u r b o c h a r g e r  t u r b i n e  h o u s i n g  w a s  a  s t a n d a r d  G a r r e t t  
A i R e s e a r c h  t y p e  T 0 4 B , A /R  =  1 . 0 0 ,  E - t r i m  c o m p o n e n t .

F i g . 4 . 8  s h o w s  a  s i d e  v i e w  o f  t h e  s c r o l l  w i t h  l o c a t i o n s  o f  t h e  
o p t i c a l  w in d o w s  a t  t h e  r o t o r  i n l e t .  F i g . 4 . 9  s h o w s  a  s e c t i o n a l  
v i e w  o f  t h e  s c r o l l .
M e a s u r e m e n t s  w e r e  m a d e  p r i m a r i l y  a t  t h e  r o t o r  i n l e t  a n d  o u t l e t .  
O p t i c a l  w in d o w s  w e r e  m o u n t e d  o n  t h e  t u r b i n e  s c r o l l  a n d  t h e  e x i t  
d u c t  t o  a l l o w  t h e  L 2 F  b e a m  a c c e s s  t o  t h e  m e a s u r i n g  l o c a t i o n s .
A t  t h e  r o t o r  i n l e t ,  m e a s u r e m e n t s  w e r e  m a d e  a t  f o u r  a z i m u t h  
a n g l e s ,  2 0 ° ,  9 0 ° ,  1 8 0 °  a n d  2 7 0 ° .  A t  e a c h  a z i m u t h  a n g l e  t h e r e  a r e  
3  o p t i c a l  a c c e s s e s .  O n e  i s  i n  t h e  a x i a l  d i r e c t i o n  w h i c h  a l l o w s  
t h e  L 2 F  b e a m  t o  p a s s  d i r e c t l y  i n t o  t h e  m e a s u r i n g  a r e a .  T h e  
o t h e r  t w o  o p t i c a l  w i n d o w s  a l l o w  t h e  L 2 F  b e a m  t o  b e  d i r e c t e d  
f r o m  t h e  t o p  ( a t  a n  a n g l e )  b y  d e f l e c t i o n  t h r o u g h  a  m i r r o r .
T w o m i r r o r s  w e r e  u s e d  i n  t h e  m e a s u r e m e n t .  F i g .  4 . 1 0  s h o w s  t h e  
l o c a t i o n  o f  t h e  m i r r o r s  a n d  t h e  m e a s u r i n g  p o i n t s .  T h e  f r o n t  
m i r r o r  w a s  u s e d  t o  m e a s u r e  p o i n t s  5 , 6  a n d  7mm, w h i l e  t h e  r e a r  
m i r r o r  p i c k e d  u p  m e a s u r e m e n t s  a t  p o i n t s  2 , 3  a n d  4m m . 
M e a s u r e m e n t s  w e r e  m a d e  w i t h  r e f e r e n c e  t o  t h e  i n n e r  w a l l  a l o n g  
t h e  a x i a l  d i r e c t i o n ,  2mm t o  8mm a t  1mm i n t e r v a l .  T h e  a x i a l
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d i s t a n c e  b e tw e e n  t h e  w a l l s  a t  t h e  v o l u t e  e x i t  i s  a b o u t  9mm; 
c o n s t a n t  a r o u n d  t h e  s c r o l l .  The a x i s  o f  m e a s u re m e n t i s  3mm 
a b o v e  t h e  r o t o r  t i p  a n d  5mm b e lo w  t h e  t i p  o f  t h e  d i v i d i n g  w a l l .  
A t t h e  r o t o r  e x i t ,  m e a su re m e n ts  w e re  made a c r o s s  t h e  e x i t  d u c t  
d i a m e t e r ,  30mm d o w n s tre a m  o f  t h e  r o t o r .  F i g . 4 .1 0  show s t h e  
e x i t  d u c t  f i t t e d  o n to  t h e  t u r b i n e .  The d i a m e te r  o f  t h e  d u c t  i s  
60mm. M e a s u r e m e n ts  w e re  m ade a l o n g  t h e  d i a m e t e r  a t  5mm 
i n t e r v a l s  w i th  r e f e r e n c e  t o  t h e  t o p  o f  t h e  d u c t .  The d u c t  i s  
d e s ig n e d  i n  c o m p lia n c e  t o  t h e  SAE Recom m ended P r a c t i c e  J  1826 
f o r  t h e  t e s t i n g  o f  t u r b o c h a r g e r  t u r b i n e s .  The l e n g t h  o f  t h e  
d u c t  i s  a p p r o x im a te ly  2 t im e s  t h e  d u c t  d i a m e t e r .  T ow ards t h e  
e n d  o f  t h e  d u c t ,  a  s h o r t  s e c t i o n  i s  s l i g h t l y  b e n t  t o  d i v e r t  
t h e  f lo w ,  t h u s  a v o id in g  t h e  e x h a u s t  f ro m  d i r e c t i n g  o n to  t h e  
L2F o p t i c a l  h e a d .  The d u c t  i s  d e s ig n e d  s o  t h a t  i t s  i n t e r n a l  
d i a m e t e r  i s  f l u s h  w i th  t h e  e x i t  d i a m e te r  a t  t h e  t u r b i n e  e x i t .  
I n i t i a l l y ,  i t  w as d e c i d e d  t h a t  t h e  m o s t l i k e l y  r e g i o n  f o r  
a c h i e v in g  g o o d  m e a s u r a b le  f lo w  d o w n stre am  o f  t h e  r o t o r  e x i t  was 
som e d i s t a n c e  aw ay fro m  t h e  r o t o r  e x i t  s o  a s  t o  a v o id  a n y  
p ro b le m s  o f  b l a d e  wake o r  f lo w  s e p a r a t i o n  im m e d ia te ly  a f t e r  t h e  
r o t o r .  C o n s e q u e n t ly  t h e  m e a s u r in g  a x i s  w as l o c a t e d  30mm fro m  
r o t o r  b l a d e .  M e a su re m e n t a lo n g  t h i s  a x i s  w as s u c c e s s f u l  a n d  
a n o t h e r  t u r b i n e  h o u s in g  w as in s t r u m e n te d  t o  a l lo w  m e a su re m e n t 
c l o s e r  t o  t h e  e x i t  b l a d e .  F i g . 4 .1 1  show s a n o t h e r  in s t r u m e n te d  
t u r b i n e  h o u s in g  c a p a b l e  o f  a l l o w in g  m e a su re m e n t a s  c l o s e  a s  
3mm t o  t h e  r o t o r  e x i t  p l a n e .

The t u r b i n e  u s e d  f o r  t h e  b a s i c  e x p e r im e n ts  w as t h e  s t a n d a r d  
G a r r e t t  c o m p o n e n t . In  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  
h o u s in g  g e o m e try  on t u r b i n e  p e r fo r m a n c e  u n d e r  p a r t i a l  a d m is s io n  
a n d  p u l s a t i n g  f lo w  c o n d i t i o n s ,  t h e  h o u s in g  w as r e d e s i g n e d  so  
t h a t  t h e  d i a m e t e r  o f  t h e  s e p a r a t i n g  w a l l ,  o r  d i v i d e r ,  b e tw e e n  
t h e  tw o  e n t r i e s  c o u ld  b e  v a r i e d .  F o r  t h i s  p u r p o s e ,  t h e  t u r b i n e  
h o u s in g  i s  s p l i t  i n t o  tw o  h a l v e s ,  F i g . 4 .1 2 .  The s e p a r a t i n g  w a l l  
p l a t e  w as c a r e f u l l y  m a c h in e d  t o  t a k e  t h e  s h a p e  o f  e a c h  h a l f  o f
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t h e  s p l i t  h o u s in g .  The t h i c k n e s s  o f  t h e  p l a t e  w as c h o s e n  so  
t h a t  i t  m a tc h e d  t h e  t h i c k n e s s  o f  m e ta l  t h a t  h a d  b e e n  rem oved  
f ro m  e a c h  h a l f  o f  t h e  h o u s in g .  L o c k in g  t h e s e  3 c o m p o n e n ts  
t o g e t h e r  t h e n  p r o d u c e d  t h e  o r i g i n a l  t u r b i n e  h o u s in g ,  e x c e p t  f o r  
t h e  d i f f e r e n t  s e p a r a t i n g  w a l l  d i a m e t e r s .  M ore t h a n  o n e  
s e p a r a t i n g  w a l l  p l a t e  w i t h  d i f f e r e n t  d i a m e t e r s  h a v e  b e e n  
f a b r i c a t e d  t o  f i t  t h e  s p l i t  t u r b i n e  h o u s in g .  T h is  m eth o d  o f  
m o d i f i c a t i o n  t o  s t u d y  t h e  e f f e c t  o f  d i v i d e r  d e p th  w as a l s o  
a p p l i e d  b y  L ym bero  p o u lo s  ( 1 8 ) .  H ow ever t h e r e  t h e  s e p a r a t i n g  
w a l l  p l a t e  w as m a c h in e d  f l a t  w i th  s h a r p  c o r n e r s  e s p e c i a l l y  a t  
t h e  t i p  o f  t h e  d i v i d e r ,  F i g . 4 .1 3 ,  w h ich  do  n o t  r e p r o d u c e  t h e  
g e o m e t r y  o f  t h e  o r i g i n a l  h o u s i n g .  F o r  a  m o re  r e a l i s t i c  
m o d i f i c a t i o n ,  t h e  e d g e s  o f  t h e  s e p a r a t i n g  w a l l  w e re  r o u n d e d . 
The c o n to u r s  o f  . t h e  d i v i d e r  d e p th  w e re  f i n i s h e d  by  h a n d - f i l i n g  
s o  t h a t  a n y  s e c t i o n  o f  i t  show s a  t a p e r i n g  e d g e , ( i n s t e a d  o f  a  
f l a t  f a c e ) w h ic h  i s  s i m i l a r  t o  t h e  o r i g i n a l  d e s i g n .
F i g . 4 .1 4  show s an  e x p lo d e d  v ie w  o f  t h e  s p l i t  h o u s in g  assem b< / 
The s p l i t  h o u s in g  a n d  t h e  s e p a r a t i n g  w a l l  p l a t e  i s  a s s e m b le d  
w i th  t h e  a i d  o f  tw o  l o c a t i n g  p i n s .  H ig h  t e m p e r a t u r e  s e a l a n t  i s  
a p p l i e d  t o  e n s u r e  g o o d  s e a l s  a r o u n d  t h e  s p l i t  h o u s i n g .  The 
a s s e m b ly  i s  f i n a l l y  s e c u r e d  w i th  5 lo c k in g  s c r e w s .

4 .4  M e a s u r in g  C o n c e p t

4 . 4 . 1  M e a s u r in g  t h e  sam e p o i n t  w i t h i n  a  f lo w  f ro m  tw o  
d i r e c t i o n s .

S in c e  t h e  L2F v e l o c i m e t e r  m e a s u re s  t h e  m a g n itu d e  a n d  d i r e c t i o n  
o f  t h e  f lo w  v e c t o r  co m p onen t i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  th e  
beam  a x i s ,  i t  i s  c o n s i d e r e d  t o  b e  a  2 D -m e a s u r in g  s y s te m . When 
tw o  2 D - v e lo c im e t e r s ,  s e p a r a t e d  fro m  e a c h  o t h e r  b y  a n  a n g le  O 
a s  i n  F i g . 4 .1 5 ,  a r e  u s e d  t o  m e a s u ru re  a t  t h e  sam e p o i n t  w i t h in  
a  f lo w ,  tw o  2D v e l o c i t i e s  c a n  b e  o b t a i n e d ,  f ro m  w h ic h  a l l  3
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c o m p o n e n ts  o f  t h e  t o t a l  v e l o c i t y  v e c t o r  c a n  b e  c a l c u l a t e d .  To 
g e t  s u f f i c i e n t  r e s o l u t i o n  t h e  a n g le  O  b e tw e e n  t h e  tw o  d e v ic e s  
s h o u ld  n o t  b e  much s m a l l e r  t h a n  30° (52) . H ow ever, i f  t h e  t h i r d  
co m p o n en t i s  c o m p a r a t iv e ly  s m a l l ,  t h e  a n g le  O  h a s  t o  b e  l a r g e r  
t h a n  30° i n  o r d e r  t o  h a v e  a  g o o d  i n d i c a t i o n  o f  t h e  r e s u l t .
I n  p l a n n i n g  t h e  e x p e r i m e n t ,  i t  w as e x p e c t e d  t h a t  t h e  t h i r d  
c o m p o n e n t ( th e  a x i a l  c o m p o n en t) w o u ld  b e  b e  much s m a l l e r  th a n  
t h e  r a d i a l  a n d  t a n g e n t i a l  c o m p o n e n ts  a n d  may n o t  e x i s t  u n d e r  
e q u a l  a d m is s io n  f lo w  c o n d i t i o n s .  The a n g l e  O  w as c a r e f u l l y  
c h o s e n  t o  b e  6 0 ° . I d e a l l y  t h i s  s h o u ld  b e  9 0 ° , b u t  i t  i s  n o t  
p o s s i b l e  b e c a u s e  o f  t h e  e x i s t e n c e  o f  t h e  d i v i d e r  w a l l .  The L2F 
beam  w as d e f l e c t e d  v i a  a  m i r r o r  f o c u s i n g  on  t h e  sam e p o i n t  
t h r o u g h  a n o t h e r  o p t i c a l  a c c e s s  ( s e e  F i g . 4 . 9 ) .  The im p o r t a n t  
p o i n t  h e r e  i s  t h e  f o c u s in g  o f  t h e  L2F m e a s u r in g  v o lu m e  on  t h e  
sam e p o i n t  i n  t h e  f lo w .  T h is  h a s  c r e a t e d  a  f o r m id a b le  t a s k  i n  
t h e  d e s i g n i n g  a n d  i n s t r u m e n t i n g  o f  t h e  v o l u t e  a n d  a l s o  a  
r e f e r e n c e  g a u g e  t o  a s s i s t  t h e  s e t t i n g  u p .  D e t a i l s  o f  t h e  
m e a s u r in g  t e c h n i q u e  a n d  t h e  u s e  o f  t h e  r e f e r e n c e  g a u g e  a r e  
g iv e n  i n  A p p e n d ix  A. When t h e  sam e p o i n t  i n  t h e  f lo w  h a s  b e e n  
m e a s u r e d ,  t h e  r e s u l t s  c a n  a l s o  b e  u s e d  f o r  c r o s s - c h e c k i n g  
b e c a u s e  o f  a  t o t a l  o f  f o u r  v e l o c i t y  c o m p o n e n ts  a r e  m e a s u re d . In  
p r a c t i c e  t h e  t a n g e n t i a l  com p onen t p r e d o m in a te s  a n d  t h i s  s h o u ld  
m a tc h .

4 . 4 . 2  M e a s u re m e n ts  m ade w i t h  L2F beam  d i r e c t e d  i n  a x i a l  
d i r e c t i o n

A t t h e  r o t o r  i n l e t ,  m e a s u re m e n ts  w e re  m ade w i th  t h e  L2F beam 
d i r e c t e d  (a) i n  t h e  a x i a l  d i r e c t i o n  a n d  (b) v i a  a  m ir ro r .W h e n  
m e a su re m e n ts  w ere  m ade w i th  t h e  L2F beam  d i r e c t e d  i n  t h e  a x i a l  
d i r e c t i o n ,  t h e  r a d i a l  a n d  t h e  t a n g e n t i a l  co m p o n e n ts  o f  v e l o c i t y  
c a n  b e  d e r i v e d .  F i g . 4 .1 6  sh ow s t h e  v e l o c i t y  c o m p o n e n ts  a s  
m e a s u re d  i n  t h e  a x i a l  d i r e c t i o n .
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I n  F i g . 4 .1 6 ,  t h e  f lo w  i s  a s su m e d  t o  c o n s i s t  o f  t a n g e n t i a l ,  
r a d i a l  a n d  a x i a l  c o m p o n e n ts . When m e a su re m e n t i s  m ade w i th  L2F 
beam  d i r e c t e d  i n  t h e  a x i a l  d i r e c t i o n ,  t h e  a b s o l u t e  v e l o c i t y  Vi 
i s  m e a s u re d  i n  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  L2F b eam . In  t h i s  
c a s e ,  t h e  L2F i s  i n s e n s i t i v e  t o  t h e  a x i a l  c o m p o n e n t. From  Vi 
a n d  CCj t h e  t a n g e n t i a l  a n d  r a d i a l  c o m p o n e n ts  i s  d e r i v e d  a s  
f o l l o w s  :

V1 = A b s o lu te  F low V e l o c i t y m/ s

“ l = A b s o lu te  F low A n g le d e g
v 1.c o s  a x = T a n g e n t i a l  V e lo c i t y m /s
V ^ s i n  a 2 = R a d ia l  V e lo c i t y m/ s

4 . 4 . 3  M e a s u re m e n ts  m ade w i t h  L2F beam  d i r e c t e d  v i a  t h e  
m i r r o r

M e a s u r e m e n ts  a t  t h e  r o t o r  i n l e t  w e re  a l s o  m ade v i a  t h e  
m i r r o r .T h u s  t h e  r a d i a l ,  t a n g e n t i a l  a n d  a x i a l  c o m p o n e n ts  o f  
v e l o c i t y  c a n  b e  d e r i v e d .  F i g . 4 .1 7  show s t h a t  t h e  a b s o l u t e  f lo w  
v e l o c i t y  a n d  a n g le  w e re  m e a s u re d  on a  p l a n e  p e r p e n d i c u l a r  t o  
t h e  beam  a x i s .  The v e l o c i t y  c o m p o n e n ts  a r e  d e r iv e d  a s  f o l lo w s  :

v u = A b s o lu te  F low  V e l o c i t y m /s
= A b s o lu te  F low  A n g le d e g

v 11.c o s  a xl = T a n g e n t i a l  V e l o c i t y m /s
Vn . c o s 3 0 . s i n  a n = A x ia l  V e l o c i t y m /s

4 . 4 . 4  F low  A n g le  O r i e n t a t i o n

The m ean f lo w  a n g l e  o u t p u t  b y  t h e  L2F c a n  b e  c o n f u s i n g  when 
m e a s u r in g  a t  d i f f e r e n t  a z im u th  a n g l e s  a n d  m e a s u r in g  th r o u g h  th e  
m i r r o r s .  The p o s i t i o n  o f  t h e  L2F u n i t  i s  s u c h  t h a t  i t s  a n g u l a r

88



o r i e n t a t i o n  a s  d e f i n e d  b y  t h e  L2F v e l o c i m e t e r  o p e r a t i n g  s y s te m  
i s  a s  f o l l o w s :

Flow Direction Mean Flow Angle

Vertically upwards 0*
Vertically downwards 180*

Horizontal towards LHS 90*
Horizontal towards RHS 270*

0°
A

90° m
270°

t
180°

F i g . 4 .1 8  show s t h e  o r i e n t a t i o n  o f  t h e  f lo w  a n g le  a t  d i f f e r e n t  
a z im u th m  a n g l e s .  The a b s o l u t e  f lo w  a n g le  h a s  t o  b e  d e d u c e d  from  
t h e  m ean f lo w  a n g le  o u t p u t  f ro m  t h e  L2F p r o c e s s o r ,  w i th  r e s p e c t  
t o  t h e  a z im u th  a n g l e .  F o r  e x a m p le , s u p p o s e  t h e  m ean f lo w  a n g le  
a t  180° a z im u th  a n g le  i s  m e a s u re d  t o  b e  1 1 5 ° . R e f e r r i n g  t o  
F i g . 4 .1 8 ,  t h e  a b s o l u t e  f lo w  a n g le  i s  115° -  90° = 2 5 ° .

S i m i l a r l y  f o r  t h e  r e m a in in g  a z im u th  a n g l e s ,  t h e  mean f lo w  a n g le  
h a s  t o  b e  s u b t r a c t e d  a c c o r d i n g l y  t o  o b t a i n  t h e  a b s o l u t e  f lo w  
a n g l e .  F o r  e a s y  u n d e r s t a n d in g  a l l  t h e  f lo w  a n g l e s  d i s p l a y e d  i n  
t h e  g r a p h s  a n d  t a b l e s  a r e  a b s o l u t e  v a l u e s  w i th  r e s p e c t  t o  t h e  
l o c a l  t a n g e n t i a l  d i r e c t i o n .
F i g s . 4 . 1 9 (a -d )  p r e s e n t  3D v ie w s  o f  t h e  g e n e r a l  f lo w  d i r e c t i o n s  
a t  d i f f e r e n t  a z i m u t h  a n g l e s .  T he f i g u r e s  i n d i c a t e  o n ly  
t a n g e n t i a l  a n d  r a d i a l  c o m p o n e n ts .  A x i a l  c o m p o n e n ts  w i l l  b e  
i n d i c a t e d  a s  i n c l i n a t i o n s  to w a r d s  t h e  i n n e r  l im b  o r  t h e  o u t e r  
l im b  ( d e v i a t i o n  fro m  t h e  r a d i a l  p l a n e ) .
When m e a s u r in g  v i a  t h e  m i r r o r ,  t h e  t a n g e n t i a l  c o m p o n e n t i s  
s t i l l  p r e d o m in a n t .  Any a x i a l  co m p o n en t w i l l  b e  i n d i c a t e d  a s  a 
s h i f t  to w a r d s  t h e  i n n e r  l im b  o r  o u t e r  l im b . F i g . 4 .2 0  show s th e
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L2F beam  d e f l e c t e d  v i a  t h e  f r o n t  a n d  r e a r  m i r r o r s  a t  180° 
a z im u th  a n g l e .  The L2F f o c a l  v o lu m e  i s  r o t a t i n g  on  a  p l a n e  
i n c l i n e d  a t  30° t o  t h e  a x i s .  The f i g u r e  i n d i c a t e s  t h a t  when th e  
m ean f lo w  a n g l e  m e a s u r e d  i s  9 0 ° , t h e  a x i a l  c o m p o n e n t o f  
v e l o c i t y  i s  z e r o .  T he f o l l o w i n g  m ean f lo w  a n g l e  a t  a  180° 
a z im u th  a n g le  s e c t i o n  w i l l  h a v e  an  a x i a l  com p onen t g iv e n  b y  :

E xam ple  :

Mean Flow Angle

A t d i f f e r e n t  a z im u th  a n g l e s ,  t h e  d i r e c t i o n  i s  i n d i c a t e d  by  
o t h e r  s e t s  o f  mean f lo w  a n g l e s .  F i g . 4 .2 1  show s d i a g r a m m a t ic a l ly  
how t h e  mean f lo w  a n g le  i s  w orked  o u t  t o  i n d i c a t e  t h e  d i r e c t i o n  
a t  d i f f e r e n t  a z im u th  a n g l e s .  The p ro b le m  i s  c o m p l ic a te d  b y  t h e  
f a c t  t h a t  f lo w  a n g l e  i s  f l i p p e d  b y  180° when v ie w e d  th r o u g h  
t h e  m i r r o r .

The a b o v e  w i l l  o n ly  i n d i c a t e d  t h e  d i r e c t i o n  t o  w h ich  t h e  a x i a l  
c o m p o n e n t w i l l  t a k e .  I t s  m ean f lo w  a n g l e  w i l l  h a v e  t o  b e  
f u r t h e r  r e d u c e d  t o  o b t a i n  i t s  m a g n itu d e .
R e f e r r i n g  t o  F i g . 4 .1 7 ,

Vn  = A b s o lu te  F low  V e l o c i t y  on a  30° p l a n e
a n  = A b s o lu te  F low  A n g le  on  a  30° p l a n e

80° in d ic a te s  a x ia l  aomponent tow ards o u te r  limb 
in d ic a te s  zero a x ia l  component
in d ic a te s  a x ia l  component tow ards in n e r  limb

90°
110°

V.a x i a l Vn . s i n  a n .c o s  30

a '3 t a n -1 Vn . s i n  a ^ . c o s . 30
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a 3
t a n -1 ( t a n  a n .c o s .3 0  )

F o r  s i m p l i c i t y ,  t h e  f lo w  a n g le s  p r e s e n t e d  a r e  t h e  a b s o l u t e  f lo w  
a n g l e s ,  a n  a n d a 3, a s  i n  t h e  g r a p h s  a n d  t a b l e s .
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Fig 4.1 Schematic layout of test rig facility

b H

S e c t i o n  B-B

±

S e c t io n a l  view of p u l s e  g e n e r a t o r

Fig. 4.2 Pulse generator
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TFRHSIEHT RECORDER RUH 1035

Fig. 4.3 Typical pressure pulse shape

C r o s s
a f t e r

Fig. 4.4 Seml-clrcular/rectangular pipe

jrzzq&znzr

e l m '
C r o s s  s e c t i o n a l  a r e a  
b e f o r e  e m e r g e n c y  
s t o p  -  v a l v e
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24 channel scanivalve

Fig. 4.5 Steady state data logging system

Fig. 4.6 Flow chart of data 
logging program
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S P E E D  -  3 4 0 0 U . 0 0  
A / R  =  1 . 0 0
T E S T  =  E Q U A L  A D M I S S I O N
D A T E  =  5  A P R I L  8 9

T E S T  M O  =

T E M P E R A T U R E  ( D E G  - C ) G A U G E  P R E S S U R E  (  N / M 2  )

I N L E T  T E M P E R A T U R E =  2 0 . 9 4  I N S  P I P E S T A T I C  =  2 3 8 4 5 . 8
3 6  KW  O U T L E T =  8 2 . 9 4  I N S  F R E S S D I F F  =  2 2 7 2 . 6
3  I N S  P I P E  O R I F I C  ( I N N E R )  =  7 9 . 8 3  I N S  S T A T I C P  ( I N N E R ) =  2 1 4 3 7 . 4
3  I N S  P I P E  O R I F I C  ( O U T E R )  =  8 0 . 9 3  I N S  S T A T I C P  ( O U T E R ) =  2 1 2 6 7 . 8
3  I N S  T U R B I N E  I N L E T  ( I N )  =  7 5 . 2 3  I N S  P . D I F F .  ( I N N E R )  =  1 3 9 0 . 7
3  I N S  T U R B I N E  I N L E T  ( O U T ) =  7 6 . 6 3  I N S  P . D I F F .  ( O U T E R )  =  1 3 2 2 . 9
D Y N A  W A T E R  T E M P E R A T U R E =  2 5 .  1 3  I N S  T O T A L P . ( O U T E R )  =  2 0 7 2 5 . 1

3  I N S  T O T A L P . ( I N N E R )  =  2 0 6 2 3 . 4

S P E E D  ( R P M  ) 3 4 0 0 0 . 0
A M B P  ( m m —H g  ) = 7 5 0 . 0 0 0 0
A M B P  ( B A R  > 0 . 9 9 9 8

M A S S  F L O W  R A T I O  ( 0 / 1 )  = 0 . 9 7 3 4
M A S S  F L O W  R A T I O  ( I / O )  = 1 . 0 2 7 3

M A S S  F L O W
T O T A L  M A S S  F L O W  K G / S = 0 . 1 4 9 1 E R R O R  7 . .  = D . 0 4 2 4
I N N E R  L I M B  F L O W  K G / S = 0 . 0 7 5 5
O U T E R  L I M B  F L O W  K G / S = 0 . 0 7 3 5

U C  B A S E  O N  T M A 0 . 6 9 7 2 E F F I C I E N C Y  ( T - - S >  =  0 . 6 6 9 8
U C  B A S E  O N  O U T E R = 0 . 6 9 6 5
U C  B A S E  O N  I N N E R = 0 - 6 9 8 0
P R E S S  R A T I O  ( M A S S  A V G ) = 1 . 2 0 6 8 N . D . F  T O T A L =  2 . 3 0 7 3
P R E S S  R A T I O  O U T E R = 1 . 2 0 7 3 N . D . F  O U T E R =  1 . 1 3 7 6
P R E S S  R A T I O  I N N E R = 1 . 2 0 6 3 N . D . F  I N N E R =  1 . 1 6 9 7

1 S E N T R O P I C  P O W E R  ( K W ) - 2 . 7 3 3 2 D E N S I T Y  o u t e r =  1 . 1 8 4 9
A C T U A L  P O W E R  ( K W ) = 1 . 8 3 0 9 D E N S I T Y  i n n e r =  1 . 1 8 7 9

N O N  D I M  S P E E D = 1 8 1 9 . 9
T E M P  M A S S  A V G  ( K  ) = 3 4 9 . 0
C P  -  V A L U E  ( J / K G . K  > = 1 0 2 3 . 0

T O R Q U E  ( m V  ) 1 8 2 . 0
T O R Q U E  ( N M  ) = 0 . 5 1 4 1

G A M M A - 1 . 3 8 9 9
m V —N M  C O N V E R S I O N 0 . 0 0 2 8 2 5

Ffg. 4.7 A typical steady state test printout

. 95



Fig 4.8 Instrumented turbine housing with 4 optical windows at 
different azimuth angles

R e a r  W i n d o w

in n e r w all

F r o n t  W i n d o w

W i n d o w  H o l d e r  
RECESS

Fig 4.9 Sectional view showing different optical 
windows at one azimuth angle
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R o t o r  E x i t  T i p  C le a r a n c e  ■  0 .2 5  m m  
( M e a s u r e d  c o ld  a n d  s t a t i o n a r y )  
D i a m e t e r  o f  E x i t  D u c t  =  6 0  m m





DividerDepth
Tapered Oivider wall

3
SeparatingWalldiameter-

Rounded Divider tip

Fig. 4.12 Sectional view of split housing
Fig. 4.13 Split housing with flat 

separating wall plate
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Fig. 4.15
Measuring the same point 
within the flow.

M e a s u r e d  v e l o c i t y  c o m p o n e n t  w i t h  
L 2 F  b e a m  d i r e c t e d  i n  a x i a l  d i r e c t i o n

Fig. 4.16

Flane popendiculv ® L2F beam

M e a s u r e d  v e l o c i t y  c o m p o n e n t  w i t h  

L 2 F  b e a m  d i r e c t e d  v i a  t h e  m i r r o r

Fig. 4.17

1 0 0



180* AZIMUTH A N G LE

A t  d i f f e r e n t  a z i m u t h  a n g l e s ,  t h e  m e a n  f l o w  a n g l e  p r o d u c e d  b y  t h e  
L 2 F  p r o c e s s o r  c h a n g e s  w i t h  r e s p e c t  to  i ts  o r i e n t a t i o n .  T h e  m e a n  
f l o w  a n g l e  h a s  t o  b e  s u b t r a c t e d  a c c o r d i n g l y  t o  p r o v i d e  t h e  
c o r r e c t  a b s o l u t e  f l o w  a n g le .

Fig.4.18 Orientation of L2F velocimeter flow angle
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Rear MirrorReflecting Angle Is = 60* ORIENTATION of L2F VELOCIMETER'S FLOW ANGLE
through MIRROR

ao4■sPE*n<ooo

c«9o.

Fig. 4.20
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Greater than 9 0 * ------- towards inner limb

Less than 90* — —  towards outer limb

180* A Z IM U T H  ANG LE

270* A Z IM U T H  ANGLE

I *

Greater than 0 *360* ( eg. 20* )  — • towards inner limb

Less than 0*360* ( e g .3 5 0 )  — -  towards outer limb

90* A Z IM U T H  A N G LE

20* A Z IM U T H  A NG LE

Greater than 180*------towards inner limb

Less than 180*-------towards outer limb

Fig. 4.21
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C h a p te r  5

S te a d y  F low  T e s t  R e s u l t s  a n d  D is c u s s io n

5 .1  I n t r o d u c t i o n

I n  p u l s e  t u r b o c h a r g i n g  w h e n  t h e  e x h a u s t  g a s  i s  d e l i v e r e d  t o  t h e  
t u r b i n e  b y  t w o  s e p a r a t e  m a n i f o l d s , t h e  t u r b i n e  o p e r a t e s  u n d e r  
t i m e - v a r y i n g  p a r t i a l  a d m i s s i o n  c o n d i t i o n s .  T h i s  p a r t i a l  
a d m i s s i o n  v a r i e s  f r o m  z e r o  f l o w  i n  o n e  l i m b  w i t h  f u l l  a d m i s s i o n  
i n  t h e  o t h e r ,  t h r o u g h  t o  e q u a l  f l o w  i n  b o t h  l i m b s .  T h e r e f o r e  a  
k n o w l e d g e  o f  t h e  r e a l  f l o w  c h a r a c t e r i s t i c s  u n d e r  t h e s e  v a r i o u s  
c o n d i t i o n s  i s  a  b a s i c  r e q u i r e m e n t  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  
t h e  p u l s e  f l o w  b e h a v i o u r  i n  t h e  t u r b i n e .
T h i s  c h a p t e r  c o n t a i n s  t h e  t u r b i n e  p e r f o r m a n c e  g a s  f l o w  
c h a r a c t e r i s t i c s  u n d e r  s t e a d y  f l o w  f o r  e q u a l  a n d  p a r t i a l  
a d m i s s i o n  f l o w  c o n d i t i o n s .  S e p a r a t i n g  w a l l  p l a t e s  o f  d i f f e r e n t  
d i a m e t e r s  ( s e e  F i g . 4 . 1 2 )  w e r e  a l s o  i n t r o d u c e d  i n  t o  t h e  t u r b i n e  
h o u s i n g  t o  s t u d y  t h e  e f f e c t s  o f  t h e  m e r i d i o n a l  d i v i d e r  d e p t h .  
T h e  s t e a d y  f l o w  t e s t s  w e r e  c a r r i e d  o u t  i n  t w o  p h a s e s .
I n  p h a s e  o n e ,  t h r e e  d i f f e r e n t  f l o w  c o n d i t i o n s  w e r e  a p p l i e d  t o  
s t u d y  t h e  e f f e c t  o n  t h e  g a s  f l o w  c h a r a c t e r i s t i c s .  T h e  t h r o u g h -  
f l o w  v e l o c i t y  a n d  a x i a l  v e l o c i t y  c o m p o n e n t s  j u s t  u p s t r e a m  o f  
t h e  r o t o r  i n l e t  w e r e  m e a s u r e d .  W it h  t h e  l a s e r  b e a m  i n  t h e  a x i a l  
d i r e c t i o n  ( d e s c r i b e d  i n  C h a p t e r  U ) ,  v e l o c i t i e s  i n  t h e  r a d i a l -  
t a n g e n t i a l  p l a n e ,  i . e  t h e  t h r o u g h - f l o w  v e l o c i t y  c o m p o n e n t s  w e r e  
m e a s u r e d .  T h e  a x i a l  v e l o c i t y  c o m p o n e n t  i s  o b t a i n e d  f r o m  
m e a s u r e m e n t s  i n  t h e  a x i a l - t a n g e n t i a l  p l a n e  ( m e a s u r e d  v i a  t h e  
m i r r o r ) .
I n  p h a s e  t w o ,  a  s i n g l e  f l o w  c o n d i t i o n  ( a t  t h e  d e s i g n  p o i n t )  i s  
a p p l i e d  t o  a  t u r b i n e  h o u s i n g  w i t h  d i f f e r e n t  d i v i d e r  d e p t h s  i n  
o r d e r  t o  s t u d y  t h e  i n f l u e n c e  o f  t h e  m e r i d i o n a l  d i v i d e r  d e p t h  o n  
t h e  g a s  f l o w  a t  t h e  r o t o r  i n l e t  f o r  a  s e r i e s  o f  p a r t i a l
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a d m i s s i o n  f l o w  c o n d i t i o n s .  O n l y  t h e  t h r o u g h - f l o w  v e l o c i t y  
c o m p o n e n t s  w e r e  m e a s u r e d .

5 . 1 . 1  P h a s e  O n e

T h e  o b j e c t i v e  o f  t h e  p h a s e  o n e  w o r k  i s  t o  i n v e s t i g a t e  t h e  g a s  
f l o w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t  a n d  e x i t  f o r  t h r e e  
d i f f e r e n t  f l o w  c o n d i t i o n s .
I n  t h e  i n v e s t i g a t i o n  t h r e e  d i f f e r e n t  f l o w  c o n d i t i o n s  w e r e  
a p p l i e d  t o  s t u d y  t h e  f l o w  f i e l d  a t  d i f f e r e n t  m a s s  f l o w  
c o n d i t i o n s .  T h e  r o t o r  s p e e d  w a s  m a i n t a i n e d  a t  3 4 0 0 0  r p m . T h e  
l o a d  a p p l i e d  a t  t h e  e d d y  c u r r e n t  d y n a m o m e t e r  w a s  v a r i e d  t o  k e e p  
t h e  s p e e d  c o n s t a n t  w h e n  t h e  t o t a l  m a s s  f l o w  i n  t h e  s y s t e m  i s  
c h a n g e d .  T o t a l  p r e s s u r e ,  t e m p e r a t u r e ,  s p e e d ,  m a s s  f l o w s  a n d  
l o a d  a p p l i e d  a t  t h e  d y n a m o m e t e r  w e r e  m o n i t o r e d ,  a n d  f r o m  t h e s e  
t h e  f o l l o w i n g  p a r a m e t e r s  w e r e  d e d u c e d  : t u r b i n e  e f f i c i e n c y ,  
p r e s s u r e  r a t i o ,  u / c  r a t i o ,  a n d  ( m p T ~ ) / p .  T h e  t a b l e  b e l o w  s h o w s  
t h e s e  p a r a m e t e r s  a t  v a r y i n g  m a s s  f l o w  c o n d i t i o n s .

TABLE 5.1

Total Mass Flow to Turbine
0.13 Kg/s 0.17 Kg/s 0.24 Kg/s

u /c ratio 0.67 0.57 0.44
Efficiency t-s 67% 62% 53%
Pressure Ratio 1.2 1.27 1.52

m J T  r (K)0-5 -]
P L m.s2 J 2.17 2.6 3.27

T h e  l o w e s t  m a s s  f l o w  c o n d i t i o n  i s  v e r y  c l o s e  t o  t h e  d e s i g n  
p o i n t  o f  t h e  t u r b i n e ,  t h e  o t h e r  t w o  c o r r e s p o n d  t o  u n d e r s p e e d  
( l o w  u / c ) c o n d i t i o n s .  M e c h a n i c a l  l i m i t a t i o n s  o f  t h e  d y n a m o m e t e r  

m e a n t  t h a t  i t  w a s  n o t  p o s s i b l e  t o  r u n  f o r  e x t e n d e d  p e r i o d s  a t
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h i g h e r  s p e e d s ,  s o  t h a t  i t  w a s  n o t  p o s s i b l e  t o  m a k e  m e a s u r e m e n t s  
a t  o v e r s p e e d  c o n d i t i o n s .  A t  t h e  r o t o r  i n l e t ,  f l o w  m e a s u r e m e n t s  
w e r e  m a d e  a t  f o u r  d i f f e r e n t  a z i m u t h  a n g l e s ,  2 0 ° ,  9 0 ° ,  1 8 0 °  a n d  
2 7 0 °  m e a s u r i n g  f r o m  t h e  t i p  o f  t h e  t o n g u e ,  u n d e r  b o t h  f u l l  a n d  
p a r t i a l  a d m i s s i o n  c o n d i t i o n s .
T h e  f l o w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  e x i t  w e r e  a l s o  m e a s u r e d  
a l o n g  a n  a x i s  30mm d o w n s t r e a m  o f  t h e  r o t o r  t r a i l i n g  e d g e ,  a g a i n  
u n d e r  f u l l  a n d  p a r t i a l  a d m i s s i o n  c o n d i t i o n s .  T h e  r e s u l t s  i n  
p h a s e  o n e  w o r k  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s :

5 . 2  R o t o r  i n l e t ,  e q u a l  a d m i s s i o n  f l o w ,  3  f l o w  c o n d i t i o n s ,
a z i m u t h  a n g l e  =  2 0 ° ,  9 0 ° ,  1 8 0 °  a n d  2 7 0 ° .

5 . 3  R o t o r  i n l e t ,  e q u a l  a n d  p a r t i a l  a d m i s s i o n  f l o w  c o n d i t i o n s .
5 . 4  R o t o r  e x i t ,  e q u a l  a n d  p a r t i a l  a d m i s s i o n  f l o w  c o n d i t i o n s

5 . 1 . 2  P h a s e  Two

T h e  o b j e c t i v e  o f  t h e  p h a s e  t w o  w o r k  i s  t o  i n v e s t i g a t e  t h e  g a s  
f l o w  c h a r a c t e r i s t i c s  b y  a p p l y i n g  d i f f e r e n t  m e r i d i o n a l  d i v i d e r  
d e p t h s ,  w i t h  e m p h a s i s  o n  m o r e  d e t a i l e d  p a r t i a l  a d m i s s i o n  f l o w s .  
U n l i k e  t h e  p h a s e  o n e  w o r k ,  a  s e r i e s  o f  p a r t i a l  a d m i s s i o n  f l o w  
t e s t s  w e r e  c a r r i e d  o u t .  P a r t i a l  a d m i s s i o n  w a s  a c h i e v e d  b y  
v a r y i n g  t h e  m a s s  f l o w  i n  e a c h  l i m b  w h i l s t  k e e p i n g  t h e  t o t a l  
m a s s  f l o w  s u p p l y  t o  t h e  t u r b i n e  c o n s t a n t .  A  t o t a l  o f  n i n e  
d i f f e r e n t  m a s s  f l o w  r a t i o s  w e r e  a p p l i e d  t o  s t u d y  t h e i r  e f f e c t  
o n  t h e  g a s  f l o w  i n  t h e  r o t o r  i n l e t  r e g i o n .  T h e  v a r i a t i o n  o f  
m a s s  f l o w  r a t i o  s t a r t s  w i t h  t h e  o u t e r  l i m b  f u l l y  c l o s e d .  T h i s  
i s  o p e n e d  g r a d u a l l y  t h r o u g h  e q u a l  a d m i s s i o n  t o  c l o s i n g  t h e  
i n n e r  l i m b  f u l l y .
F o r  e a c h  p a r t i a l  a d m i s s i o n  c o n d i t i o n ,  t h e  t u r b i n e  p e r f o r m a n c e  
w a s  m o n i t o r e d  s o  t h a t  c o r r e l a t i o n s  c o u l d  b e  m a d e  b e t w e e n  t h e  
g a s  f l o w  c h a r a c t e r i s t i c s  a n d  t h e  t u r b i n e  p e r f o r m a n c e .  T h i s  
i n v e s t i g a t i o n  w a s  e x t e n d e d  t o  d i f f e r e n t  s e p a r a t i n g  w a l l  p l a t e  
d i a m e t e r s  t o  s t u d y  t h e  e f f e c t  o f  d i f f e r e n t  m e r i d i o n a l  d i v i d e r
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d e p t h s  o n  t h e  f l o w  c h a r a c t e r i s t i c s  a n d  t u r b i n e  p e r f o r m a n c e .  D u e  
t o  a  l a r g e  a m o u n t  o f  e x p e r i m e n t a l  w o r k ,  n o  a x i a l  v e l o c i t y  
c o m p o n e n t s  w e r e  m e a s u r e d  d u r i n g  t h i s  p h a s e .
F l o w  m e a s u r e m e n t s  w e r e  a l s o  m a d e  a t  t h e  r o t o r  e x i t .  
M e a s u r e m e n t s  w e r e  m a d e  4mm d o w n s t r e a m  o f  t h e  r o t o r  t r a i l i n g  
e d g e  f o r  c o m p a r i s o n  w i t h  m e a s u r e m e n t s  m a d e  30m m  d o w n s t r e a m  i n  
p h a s e  o n e .
T h e  r e s u l t s  o f  t h e  p h a s e  t w o  w o r k  a r e  p r e s e n t e d  i n  t h e  
f o l l o w i n g  s e c t i o n s :

5 . 5  R o t o r  i n l e t ,  e q u a l  a d m i s s i o n  f l o w ,  d i f f e r e n t  d i v i d e r  d e p t h

5 . 6  R o t o r  i n l e t ,  s e r i e s  o f  p a r t i a l  a d m i s s i o n  f l o w ,  
d i f f e r e n t  d i v i d e r  d e p t h .

5 . 7  R o t o r  e x i t ,  4mm a n d  30mm f r o m  r o t o r  t r a i l i n g  e d g e

I n  t h e  d i s c u s s i o n  t o  f o l l o w ,  t h e  i n n e r  l i m b  r e g i o n  r e f e r s  t o  
m e a s u r i n g  p o i n t  2 , 3  a n d  4mm, w h i l s t  o u t e r  l i m b  r e g i o n  r e f e r s
5 . 6 . 7  a n d  8mm, s e e  F i g s . 4 . 9  a n d  4 . 1 0 .  T h e s e  m e a s u r i n g  p o i n t s  
a r e  a p p r o x i m a t e l y  b e l o w  t h e  i n n e r  a n d  o u t e r  l i m b  t h r o u g h - f l o w  
a r e a  r e s p e c t i v e l y .
T h e  t e r m s  s e p a r a t i n g  w a l l  d i a m e t e r  a n d  d i v i d e r  d e p t h  b a s i c a l l y  
r e f e r  t o  t h e  s a m e  c o m p o n e n t ,  F i g . 4 . 1 3 .  A s  t h e  s e p a r a t i n g  w a l l  
d i a m e t e r  g e t s  l a r g e r ,  t h e  d i v i d e r  d e p t h  b e c o m e s  s m a l l ,  t h u s  t h e  
i n t e r s p a c e  i s  i n c r e a s e d .  B o t h  t e r m s  h a d  b e e n  u s e d  i n  t h e  p a s t  
a n d  w i l l  a l s o  b e  a p p l i e d  i n  t h e  d i s c u s s i o n .
I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  i t  i s  e v i d e n t  t h a t  t h e r e  w e r e  
d i f f i c u l t i e s  i n  m e a s u r i n g  t h e  f l o w  a t  c e r t a i n  p o i n t s  u n d e r  
d i f f e r e n t  f l o w  c o n d i t i o n s .  T h i s  o c c u r s  i n  r e g i o n s  w h e r e  t h e  
f l o w  i s  h i g h l y  m i x e d  o r  d i s t u r b e d ,  a n d  t h e  L 2 F  v e l o c i m e t e r  d i d  
w i l l  n o t  y i e l d  r e s u l t s  d u e  t o  i n s u f f i c i e n t  q u a l i t y  d a t a  t o  
p r o d u c e  a  d i s t r i b u t i o n .  I n  a  s i t u a t i o n  l i k e  t h i s ,  t h e r e  a r e  
a l s o  o t h e r  p o s s i b l i t i e s  t h a t  c a n  c a u s e  i n s u f f i c i e n t  q u a l i t y  
d a t a  s u c h  a s  p o o r  s e e d i n g ,  d i r t y  o p t i c s  a n d  i n c o r r e c t  s e t t i n g  
o f  t h e  L 2 F  u n i t s .  T h e s e  w e r e  a l w a y s  c h e c k e d  f i r s t  a n d  a
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m e a s u r e m e n t  a t  p r e v i o u s  p o i n t  w a s  r e p e a t e d  t o  c o n f i r m  t h a t  t h e  
s e e d i n g ,  o p t i c s  a n d  L 2 F  u n i t s  s e t t i n g  w e r e  c o r r e c t .  T h u s  
s u b s e q u e n t  m e a s u r e m e n t s  a t  p o i n t s  t h a t  d o  n o t  y i e l d  r e s u l t s  
i n d i c a t e  a  p r o b l e m  a s s o c i a t e d  w i t h  t h e  f l o w  r a t h e r  t h a n  w i t h  
t h e  i n s t r u m e n t a t i o n  i n  t h a t  r e g i o n .

5 .2  R o to r  I n l e t , E q u a l  A d m is s io n  F lo w ,3 F lo w  C o n d i t io n s ,  
A zim u th  A n g le  *= 2 0 °, 9 0 ° , 1 8 0 ° , a n d  2 7 0 ° .

5 . 2 . 1  T h r o u g h - f l o w  v e l o c i t y

T h e  f l o w  c h a r a c t e r i s t i c s  f o r  t h r e e  d i f f e r e n t  f l o w  c o n d i t i o n s  a t  
e q u a l  a d m i s s i o n  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  R e s u l t s  d e r i v e d  
f r o m  t h e  v e l o c i t y  t r i a n g l e s  a r e  a l s o  p r e s e n t e d .
M e a s u r e m e n t s  w e r e  m a d e  a t  f o u r  a z i m u t h  a n g l e s  f o r  t h e  a b o v e  3  
f l o w  c o n d i t i o n s .  F i g s . 5 . 1 , 5 . 2 , 5 . 3  a n d  5 . 4  s h o w  t h e  v a r i a t i o n  o f  
t h e  a b s o l u t e  f l o w  v e l o c i t y  a n d  f l o w  a n g l e  f o r  a z i m u t h  a n g l e s  
2 0 ° , 9 0 ° ,  1 8 0 °  a n d  2 7 0 °  r e s p e c t i v e l y .  I n  e a c h  f i g u r e , t h e  v a r i a t i o n  
o f  t a n g e n t i a l  a n d  r a d i a l  v e l o c i t y ,  r e l a t i v e  v e l o c i t y  a n d  
i n c i d e n c e  a n g l e  ( b l a d e  a n g l e  -  r e l a t i v e  f l o w  a n g l e )  a c r o s s  t h e  
v o l u t e  e x i t  a r e  a l s o  p r e s e n t e d .
T h e  a b s o l u t e  v e l o c i t y  a n d  f l o w  a n g l e  p r o f i l e s  a r e  c o n s i s t e n t  
f o r  t h e  t h r e e  f l o w  c o n d i t i o n  m e a s u r e d  a t  e a c h  o f  t h e  4 a z i m u t h  
a n g l e s .  H i g h e r  m a s s  f l o w  y i e l d s  h i g h e r  v e l o c i t y  a n d  t h i s  i s  
e v i d e n t  f r o m  t h e  p l o t s .  B o t h  r a d i a l  a n d  t a n g e n t i a l  c o m p o n e n t s  
a r e  s i m i l a r l y  a f f e c t e d ;  r a d i a l  c o m p o n e n t  d i r e c t l y  v i a  i n c r e a s e d  
m a s s  f l o w ,  a n d  t a n g e n t i a l  v i a  i n c r e a s e d  t a n g e n t i a l  m o m e n tu m .  
H e n c e  t h e  f l o w  a n g l e  i s  h a r d l y  a f f e c t e d .  F i g s . 5 . 2 , 5 . 3 , 5 . 4  s h o w  
a l s o  t h e  e f f e c t  o f  t h e  d i v i d e r  a t  4mm a n d  5mm m e a s u r i n g  p o i n t ,  
w h e r e  t h e  a b s o l u t e  v e l o c i t y  d e c r e a s e s  b y  a b o u t  12 % . T h i s  
e f f e c t  i s  a l s o  m a n i f e s t e d  i n  t h e  f l o w  a n g l e  p r o f i l e ,  w h e r e  t h e  
a b s o l u t e  f l o w  a n g l e  i n c r e a s e s  n e a r  t h e  t i p  o f  t h e  d i v i d e r .  T h i s  
c a u s e s  t h e  f l o w  t o  t u r n  r a d i a l l y  i n w a r d s ,  t h u s  r e d u c i n g  t h e
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t a n g e n t i a l  c o m p o n e n t  o f  v e l c i t y .  T h e  r a d i a l  c o m p o n e n t  i s  a l s o  
r e d u c e d  s o m e w h a t ,  i n d i c a t i n g ,  a  l o w - m o m e n t u m  w a k e  f l o w  
d o w n s t r e a m  o f  t h e  d i v i d e r .  F r o m  e q u .  2  ( c h a p t e r  1 )  t h i s  a l s o  
r e p r e s e n t s  a  d r o p  i n  s p e c i f i c  w o r k  a t  t h a t  r e g i o n .  F l o w  
i n v e s t i g a t i o n  b y  M i l l e r  ( 1 7 )  a n d  L y m b e r o p o u l o s  ( 1 8 )  i n  a  t w i n  
e n t r y  t u r b i n e  a l s o  s h o w  s i m i l a r  e f f e c t s  o f  t h e  d i v i d e r .

A p e c u l i a r i t y  o f  t h e  f l o w  i s  n o t e d  a t  2 0 °  a z i m u t h  a n g l e ,  w h e r e  
t h e  e f f e c t  o f  t h e  d i v i d e r  i s  n o t  a p p a r e n t  a n d  t h e r e  i s  a  m a r k e d  
c h a n g e  i n  a b s o l u t e  f l o w  a n g l e  a c r o s s  t h e  p a s s a g e .  T h i s  i s  
p r e s u m a b l y  b e c a u s e  t h e  m e a s u r i n g  p o i n t  i s  c l o s e  e n o u g h  t o  t h e  
t o n g u e  r e g i o n  t o  e x p e r i e n c e  t h i s  d i s t u r b a n c e .  H i g h e r  p r e s s u r e  
r a t i o s  p r o d u c e  s i m i l a r  p a t t e r n s  f o r  t h e  f l o w  a n g l e  p l o t s .  T h e  
v e l o c i t y  p r o f i l e  a p p e a r s  t o  s h i f t  s o  t h a t  t h e  w a k e  e f f e c t  o f  
t h e  d i v i d e r  i s  a p p a r e n t  a r o u n d  t h e  3mm m e a s u r i n g  p o i n t .  I t s  
m a g n i t u d e  i n c r e a s e s  w i t h  p r e s s u r e  r a t i o .  I t  i s  n o t  o b v i o u s  w h y  
t h e  f l o w  d e c r e a s e s  f r o m  a b o u t  4 0 °  a t  t h e  i n n e r  w a l l  t o  1 5 °  a t  
p o i n t  8mm.

F i g s . 5 . 5 , 5 . 6 ,  a n d  5 . 7  s h o w  h o w  t h e  f l o w  c h a n g e s  a s  i t  t r a v e l s  
a r o u n d  t h e  s c r o l l  a t  t h e  t h r e e  d i f f e r e n t  c o n d i t i o n s .  T h e  
v a r i a t i o n s  i n  t h e  m e a s u r e d  d a t a  w i t h  a z i m u t h  a n g l e  ( w i t h  t h e  
e x c e p t i o n  o f  2 0 ° )  d o  n o t  a p p e a r  t o  b e  a s  g r e a t  a s  t h e  
v a r i a t i o n s  w i t h  f l o w  c o n d i t i o n s ,  e s p e c i a l l y  a t  h i g h e r  p r e s s u r e  
r a t i o  w h i c h  i s  f u r t h e r  a w a y  f r o m  d e s i g n  p o i n t .  I n  a l l  c a s e s ,  
t h e  h i g h e s t  a b s o l u t e  f l o w  a n g l e  i s  c o n s i s t e n t l y  m e a s u r e d  a t  
1 8 0 °  a z i m u t h  a n g l e  f o l l o w e d  b y  9 0 °  a z i m u t h  a n g l e .  T h e  v e l o c i t y  
i s  l o w e s t  a t  t h e  20 ° a z i m u t h  a n g l e ,  w h e r e  t h e  e f f e c t s  o f  t h e  
t o n g u e  a r e  f e l t .  I t  i s  a l s o  n o t e w o r t h y  t h a t  t h e  t u r b u l e n c e  
i n t e n s i t y  l e v e l s  m e a s u r e d  a t  20 ° s e c t i o n  a r e  c o n s i s t e n t l y  h i g h  
w h i c h  i s  a t t r i b u t e d  t o  t h e  m i x i n g  o f  t w o  s t r e a m s  o f  u n e q u a l  
f l o w ,  s e e  F i g . 5 . 7 b .
E a r l i e r  i n v e s t i g a t i o n s  b y  B h i n d e r  ( 8 ) a n d  S c r i m s h a w  ( 1 0 )  a l s o  
i n d i c a t e d  t h e  l a r g e  v a r i a t i o n  i n  f l o w  a n g l e  a t  t h e  t o n g u e
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r e g i o n  ( 3 4 0 °  t o  3 0 °  a z i m u t h  a n g l e ) . T h i s  i s  a l s o  n o t e d  b y  
M i l l e r  ( 1 7 )  w h o  m a d e  d e t a i l e d  f l o w  s t u d i e s  i n  s i n g l e  a n d  t w i n -  
e n t r y  t u r b i n e s .

I n  a  r o t o r  h i g h  i n c i d e n c e  a n g l e  b e t w e e n  t h e  g a s  a n d  t h e  r o t o r  
b l a d e  m a y  c a u s e  t h e  f l o w  t o  s e p a r a t e  f r o m  t h e  b l a d e s  a n d  t h e r e  
w i l l  b e  a  s u b s e q u e n t  m i x i n g  l o s s  w i t h i n  t h e  r o t o r .  T h e  
i n c i d e n c e  a n g l e  d e r i v e d  f r o m  t h e  m e a s u r e d  v e l o c i t y  a n d  t h e  
b l a d e  s p e e d  c h a n g e s  s i g n i f i c a n t l y  w i t h  t h e  f l o w  c o n d i t i o n s .  A t  
n e a r  d e s i g n  c o n d i t i o n  ( u / c  -  0 . 6 7 ) ,  t h e  i n c i d e n c e  a n g l e  v a r i e s  
f r o m  2 0 °  t o  4 5 °  a c r o s s  t h e  v o l u t e  e x i t ,  F i g . 5 . 5 .  T h e  h i g h e r  
i n c i d e n c e  a n g l e  o c c u r s  a t  t h e  d i v i d e r  t i p  w h e r e  t h e  f l o w  a n g l e  
i s  c o m p a r a t i v e l y  h i g h .
A s  t h e  o p e r a t i n g  c o n d i t i o n  d e p a r t s  f r o m  t h e  d e s i g n  p o i n t ,  t h e  
i n c i d e n c e  a n g l e  b e c o m e s  m o r e  n e g a t i v e  ( n e g a t i v e  i n c i d e n c e  i s  
h e r e  d e f i n e d  i n  t h e  d i r e c t i o n  o f  r o t a t i o n ,  F i g . 1 . 7 ) .  T h e  
f o l l o w i n g  t a b l e  s h o w s  t y p i c a l  v a l u e s  o f  i n c i d e n c e  a n g l e  w i t h  
f l o w  c o n d i t i o n s  ( e x c e p t  a t  20 ° a z i m u t h  a n g l e )

F lo w  c o n d i t i o n  I n c i d e n c e  A n g l e  A v e r a g e d  a c r o s s  v o l u t e  e x i t
a t  1 8 0 °  a z i m u t h  a n g l e

u / c  =  0 . 6 7 20 ° t o 4 5 ° 3 0 ° ( 2 0 . 3 ° t o 3 8 ° )
u / c  =  0 . 5 7 3 0 ° t o - 10° 1 6 . 5 ° ( 6 . 3 ° t o 2 9 ° )
u / c  =  0 . 4 4 10° t o - 4 0 ° - 1 1 . 3 ° ( - 1 . 5 ° t o 2 4 ° )

5 . 2 . 2  A x i a l  v e l o c i t y  c o m p o n e n t

T h e  p r e s e n c e  o f  a x i a l  c o m p o n e n t  o f  v e l o c i t y  i s  i n v e s t i g a t e d  b y  
d i r e c t i n g  t h e  L 2F  b e a m  v i a  a  m i r r o r  t o  m e a s u r e  t h e  s a m e  p o i n t  
i n  t h e  f l o w  , s e e  F i g .  4 . 1 7 .  T h e  a x i a l  c o m p o n e n t  o f  v e l o c i t y  i s  
g e n e r a l l y  l o w .  F i g . 5 . 8 a  g i v e s  a n  i n d i c a t i o n  o f  t h e  f l o w  
d i r e c t i o n  o f  t h e  a x i a l  c o m p o n e n t ,  a n d  F i g . 5 . 8 b  s u m m a r i z e s  t h e
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t h e  a n g u l a r  d e v i a t i o n ,  a 3 f r o m  t h e  r a d i a l  p l a n e .  T h e  f l o w  
d i r e c t i o n  i s  i n d i c a t e d  b y  a n  a r r o w  e i t h e r  t o w a r d s  t h e  i n n e r  
w a l l  o r  a w a y  f r o m  i t . I n  t e r m s  o f  a n g u l a r  d e v i a t i o n  f r o m  t h e  
r a d i a l  p l a n e ,  t h i s  v a l u e ,  a 3 i s  b e t w e e n  2 °  t o  8 ° .  T h e  a x i a l  
c o m p o n e n t  o f  v e l o c i t y  i n  t h e  d i r e c t i o n  i n d i c a t e s  c l e a r l y  t h e  
d i v i d e r  e f f e c t ,  w i t h  t h e  f o l l o w i n g  r e s u l t s  :

A t  2 , 3 ,4 m m  m e a s u r i n g  p o i n t ,  t h e  a x i a l  c o m p o n e n t  i s  d i r e c t e d  
t o w a r d s  t h e  i n n e r  l i m b .
A t  5 , 6 , 7  mm m e a s u r i n g  p o i n t  ,  t h e  a x i a l  c o m p o n e n t  i s  d i r e c t e d  
t o w a r d s  t h e  o u t e r  l i m b .

H o w e v e r  a t  2 0 °  a z i m u t h  a n g l e ,  t h e  a x i a l  c o m p o n e n t  p o i n t s  i n  t h e  
d i r e c t i o n  o f  t h e  i n n e r  l i m b ,  s u g g e s t i n g  t h a t  t h e  p r e s s u r e  i n  
t h e  o u t e r  l i m b  i s  s o m e w h a t  h i g h e r ,  c a u s i n g  t h e  f l o w  t o  i n c l i n e  
t o w a r d s  t h e  i n n e r  l i m b ,  s e e  F i g . 5 . 8 c .  T h i s  i s  c o n s i s t e n t  w i t h  
h i g h e r  r a d i a l  c o m p o n e n t  o f  v e l o c i t y  i n  i n n e r  l i m b ,  F i g . 5 . 1 .

T h e  o n l y  o t h e r  a x i a l  v e l o c i t y  c o m p o n e n t  m e a s u r e m e n t s  i n  a  
t w i n - e n t r y  t u r b i n e  k n o w n  t o  b e  a v a i l a b l e  h a v e  b e e n  p u b l i s h e d  b y  
M i l l e r  ( 1 7 ) .  T h e s e s  r e s u l t s  a l s o  s h o w e d  d e v i a t i o n  o f  f l o w  f r o m  
t h e  r a d i a l  p l a n e ,  F i g . 5 . 9 .  F r o m  t h e  v e l o c i t y  d i a g r a m ,  - v e  82 

r e f e r s  t o  f l o w  t o w a r d s  t h e  b e a r i n g  s i d e  ( i n n e r  w a l l ) . T h e  
r e s u l t  s h o w s  t h a t  t h e  f l o w  i s  a l m o s t  r a d i a l  (82 c l o s e  t o  z e r o  
d e v i a t i o n )  f o r  t h e  s h r o u d  s i d e .  T o w a r d s  t h e  b e a r i n g  s i d e ,  t h e  
f l o w  i s  b i a s s e d  t o w a r d s  t h e  s h r o u d  r e g i o n  ( + v e  82) b y  a b o u t  8° 
f r o m  r a d i a l  p l a n e .  A t  3 0 °  a z i m u t h  a n g l e ,  M i l l e r  ( 1 7 )  s h o w e d  
t h a t  t h e  f l o w  i s  b i a s s e d  t o w a r d s  t h e  b e a r i n g  s i d e  ( i n n e r  l i m b )  
a s  82 i s  - v e  t h r o u g h o u t .  T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  
p r e s e n t  i n v e s t i g a t i o n  a t  20 ° a z i m u t h  a n g l e ,  t h u s  s u p p o r t i n g  t h e  
d e d u c t i o n  t h a t  a r o u n d  t h e  t o n g u e  r e g i o n  t h e  p r e s s u r e  f r o m  t h e  
o u t e r  l i m b  ( s h r o u d  s i d e )  i s  s o m e w h a t  g r e a t e r ,  c a u s i n g  t h e  f l o w  
t o  m o v e  t o w a r d s  t h e  i n n e r  l i m b  ( b e a r i n g  s i d e ) .
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5 . 2 . 3  C o n c l u s i o n  f r o m  e q u a l  a d m i s s i o n  f l o w  c h a r a c t e r i s t i c s

T h e  d e d u c t i o n  s o  f a r  f r o m  t h e  a b o v e  i n v e s t i g a t i o n  s h o w s  t h e  
w a k e  e f f e c t  u n d e r  t h e  d i v i d e r  t i p .  F l o w  i n v e s t i g a t i o n s  i n  a  
t w i n - e n t r y  t u r b i n e  b y  M i l l e r  ( 1 7 )  a n d  L y m b e r o p o u l o s  ( 1 8 )  a l s o  
s h o w e d  s i m i l a r  e f f e c t s  o f  t h e  d i v i d e r .  T h e  i n c i d e n c e  a n g l e  
v a r i e d  r a d i a l l y  a n d  c i r c u m f e r e n t i a l l y  a c r o s s  t h e  v o l u t e  e x i t  b y  
u p  t o  4 0 ° .  A t  t h e  d i v i d e r  t i p  w h e r e  t w o  s t r e a m s  o f  f l o w  m i x ,  
t h e  f l o w  t u r n s  m o r e  r a d i a l l y  a n d  h i g h e r  i n c i d e n c e  a n g l e s  a r e  
n o t e d .
T h e  f l o w  c h a r a c t e r i s t i c s  c h a n g e  w i t h  o p e r a t i n g  c o n d i t i o n s  o f  
t h e  t u r b i n e .  A t  l o w  u / c  t h e  v e l o c i t i e s  a r e  h i g h e r  b e c a u s e  o f  
t h e  m a s s  f l o w  r a t e ,  b u t  t h e  f l o w  a n g l e s  d o  n o t  v a r y  
s i g n i f i c a n t l y .  C l o s e  t o  t h e  d e s i g n  p o i n t  c o n d i t i o n ,  t h e  
i n c i d e n c e  a n g l e  v a r i e s  b e t w e e n  a b o u t  20 ° t o  6 0 °  ( h i g h e r  v a l u e  
i s  n o t e d  n e a r  d i v i d e r  t i p ) . T h i s  v a l u e  i s  i n c r e a s i n g  m o r e  
n e g a t i v e  a t  o f f - d e s i g n  c o n d i t i o n s .
T h e  d e v i a t i o n  o f  f l o w  f r o m  t h e  r a d i a l  p l a n e  ( i . e  a x i a l  
c o m p o n e n t  o f  v e l o c i t y )  i s  g e n e r a l l y  s m a l l .  T h e  e f f e c t  o f  t h e  
d i v i d e r  i s  a l s o  i n d i c a t e d  f r o m  t h e  w a y  f l o w  i s  d i r e c t e d  
a x i a l l y .  I n  t h e  i n n e r  w a l l  r e g i o n  f l o w  i s  b i a s s e d  t o w a r d s  t h e  
i n n e r  w a l l  a n d  v i c e  v e r s a .
A t  2 0 °  a z i m u t h  a n g l e ,  t h e  g r e a t e r  p r e s s u r e  f r o m  t h e  o u t e r  l i m b  
c a u s e d  t h e  f l o w  t o  b e  b i a s s e d  t o w a r d  i n n e r  w a l l  r i g h t  a c r o s s  
t h e  s e c t i o n .

5 .3  R o to r  I n l e t ,  E q u a l an d  P a r t i a l  A d m is s io n  F low

T h i s  s e c t i o n  c o m p a r e s  t h e  f l o w  c h a r a c t e r i s t i c s  f o r  e q u a l  
a d m i s s i o n  a n d  p a r t i a l  a d m i s s i o n  f l o w  c o n d i t i o n s .  T h e  r e s u l t s  
p r e s e n t e d  h e r e  w i l l  b e  a m p l i f i e d  i n  s e c t i o n  5 . 6  w h e r e  
m e a s u r e m e n t s  m a d e  f o r  a  s e r i e s  o f  p a r t i a l  a d m i s s i o n  f l o w s  a r e  
d i s c u s s e d .  T h e  t h r o u g h - f l o w  v e l o c i t y  a n d  a x i a l  v e l o c i t y
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c o m p o n e n t s  w e r e  m e a s u r e d .  T h i s  s e c t i o n  h i g h l i g h t s  t h e  a x i a l  
v e l o c i t y  c o m p o n e n t  u n d e r  p a r t i a l  a d m i s s i o n  f l o w .  P a r t i a l  
a d m i s s i o n  f l o w  t e s t s  w e r e  c a r r i e d  o u t  a t  t h e  f o l l o w i n g  
c o n d i t i o n s .

Test Conditions Total Mass Flow Kg/s
Inner Limb Fully Closed 0.125
Outer Limb Fully Closed 0.125

Mass Flow Ratio ( inner /  outer) = 0.5 0.148 & 0.24
Mass Flow Ratio ( inner /  outer) = 0.67 0.148 & 0.24
Mass Flow Ratio ( inner / outer ) =1.5 0.148 & 0.24
Mass Flow Ratio ( inner / outer ) = 2.0 0.148 & 0.24

T h e  f l o w s  a t  d i f f e r e n t  a z i m u t h  a n g l e s  w e r e  m e a s u r e d  f o r  e q u a l  
a d m i s s i o n  c o n d i t i o n s .  D u e  t o  t h e  l a r g e  n u m b e r  o f  f l o w  
c o n d i t i o n s  t o  b e  i n v e s t i g a t e d  u n d e r  p a r t i a l  a d m i s s i o n ,  
m e a s u r e m e n t s  w e r e  m a d e  o n l y  a t  1 8 0 °  a z i m u t h  a n g l e  t h r o u g h o u t .
P a r t i a l  a d m i s s i o n  f l o w  r e s u l t s  a r e  p r e s e n t s  i n  t h e  f o l l o w i n g
s u b - s e c t i o n s  :

5 . 3 . 1  O n e L im b  F u l l y  C l o s e d
5 . 3 . 2  M a s s  F lo w  R a t i o  ( inner/ outer ) = 1 . 5  a n d  2 . 0
5 . 3 . 3  M a s s  F lo w  R a t i o  ( inner/ outer ) = 0 . 5  a n d  0 . 6 7

5 . 3 . 1  O n e L im b  F u l l y  C l o s e d

5 . 3 . 1 . 1  T h r o u g h - f l o w  v e l o c i t y

F i g . 5 . 1 0  p r e s e n t s  t h e  f l o w  b e h a v i o u r  a t  r o t o r  i n l e t ,  w h e n  o n e  
o f  t h e  l i m b s  i s  f u l l y  c l o s e d .  F l o w  i n t o  t h e  r o t o r  i s  f e d  b y  
e i t h e r  i n n e r  o r  o u t e r  l i m b .

115



I n n e r  L im b  F u l l y  C l o s e d

W i t h  t h e  i n n e r  l i m b  f u l l y  c l o s e d ,  f l o w  p r e d o m i n a t e s  i n  t h e  
o u t e r  l i m b .  F i g . 5 . 1 1 a  g i v e s  a n  i n d i c a t i o n  o f  t h e  f l o w  w i t h  
r e s p e c t  t o  t h e  l i m b s .  T h e  m e a s u r i n g  p o i n t s  b e l o w  t h e  o u t e r  l i m b  
a r e  5 , 6 , 7  a n d  8mm w h i l e  p o i n t s  2 , 3  a n d  4mm a r e  b e l o w  t h e  i n n e r  
l i m b .  F l o w  w a s  m e a s u r e d  a t  a l l  t h e  p o i n t s .  F i g . 5 . 1 0  a l s o  s h o w s  
t h a t  t h e  f l o w  a n g l e  m e a s u r e d  w a s  h i g h e s t  o n  t h e  o u t e r  l i m b  
s i d e ,  a n d  d e c r e a s e s  c o n s i s t e n t l y  t o w a r d s  t h e  i n n e r  l i m b  s i d e  
( f r o m  3 0 °  t o  7 ° )  . T h e  a b s o l u t e  f l o w  v e l o c i t y  d e c r e a s e s  s h a r p l y  

a c r o s s  t h e  d i v i d e r  t o w a r d s  t h e  i n n e r  s i d e .  T h u s  a b o u t  h a l f  t h e  
w i d t h  o f  t h e  r o t o r  i n l e t  w i l l  e x p e r i e n c e  a  l o w e r  a b s o l u t e  
v e l o c i t y .  T h e  f l o w  a l s o  b e c o m e s  m o r e  t a n g e n t i a l  i n  t h i s  r e g i o n .  
T h e  f l o w  a p p e a r s  t o  m o v e  a c r o s s  t h e  i n l e t  f r o m  t h e  o u t e r  t o  t h e  
i n n e r  r e g i o n ,  a d j u s t i n g  i t s e l f  g r a d u a l l y  i n t o  t h e  r o t o r  i n l e t .  
A w a y  f r o m  t h e  i n n e r  w a l l ,  t h e  f l o w  t u r n s  m o r e  t o w a r d s  t h e  
r a d i a l  d i r e c t i o n .  T h e  i n c i d e n c e  a n g l e  v a r i e s  b e t w e e n  -1 8 °  t o  -5 0 °  
a c r o s s  t h e  v o l u t e  e x i t .  T h e  i s  r o u g h l y  t h e  r a n g e  o b t a i n e d  u n d e r  
e q u a l  a d m i s s i o n  f l o w  a t  o f f - d e s i g n  c o n d i t i o n  ( u / c = 0 . 4 4 ) ,  s e e  
F i g . 5 . 3 .  T h u s  w i t h  o n e  l i m b  f u l l y  c l o s e d ,  t h e  o p e r a t i n g  
c o n d i t i o n  i s  c o m p a r a b l e  t o  o f f - d e s i g n  c o n d i t i o n .

O u t e r  L im b  F u l l y  C l o s e d

W i t h  t h e  o u t e r  l i m b  f u l l y  c l o s e d ,  a  s i m i l a r  b u t  s p a t i a l l y  
r e v e r s e d  e f f e c t  i s  n o t e d  i n  b o t h  v e l o c i t y  a n d  f l o w  a n g l e  
p r o f i l e s .  R e f e r  t o  F i g . 5 . l i b  f o r  t h e  f l o w  i n d i c a t i o n .  T h e  
v e l o c i t y  d r o p s  s i g n i f i c a n t l y  a c r o s s  t h e  d i v i d e r  t o w a r d s  t h e  
o u t e r  l i m b .  T h e  f l o w  a n g l e  d e c r e a s e s  a w a y  f r o m  t h e  i n n e r  w a l l .  
T h e r e f o r e  a r o u n d  t h e  i n n e r  w a l l  r e g i o n  w h e r e  t h e  f l o w  
p r e d o m i n a t e s ,  t h e  f l o w  t u r n s  m o r e  r a d i a l l y .
N o  m e a s u r e m e n t s  w e r e  p o s s i b l e  a t  p o i n t s  7 a n d  8mm d u e  t o  p o o r  
s i g n a l  q u a l i t y .  T h i s  i s  m o s t  l i k e l y  t o  b e  c a u s e d  b y  p o o r  
s e e d i n g  q u a l i t y  o r  s e e d i n g  d e p o s i t e d  o n  t h e  o p t i c a l  w i n d o w .
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H o w e v e r  m e a s u r e m e n t s  u n d e r  s i m i l a r  c o n d i t i o n s  a t  p o i n t  7mm a n d  
8mm m a d e  s u b s e q u e n t l y  ( s e c t i o n  5 . 6 )  y i e l d  g o o d  q u a l i t y  s i g n a l s .

5 . 3 . 1 . 2  A x i a l  v e l o c i t y  c o m p o n e n t

U n d e r  t h i s  e x t r e m e  c o n d i t i o n ,  t h e  a x i a l  c o m p o n e n t  o f  v e l o c i t y  
i s  m o s t  p r o n o u n c e d .  F i g . 5 . 1 1 c  s h o w s  t h e  s h i f t  f r o m  t h e  r a d i a l  
p l a n e  u n d e r  t h e s e  c o n d i t i o n s .
W i t h  t h e  o u t e r  l i m b  c l o s e d ,  t h e r e  i s  a  s i g n i f i c a n t  v e l o c i t y  i n  
t h e  o u t w a r d  a x i a l  d i r e c t i o n .  A  m a x im u m  o f  2 0 °  a x i a l  s h i f t  ( a 3 ) 
i s  n o t e d  a n d  t h i s  r e d u c e s  g r a d u a l l y  f r o m  p o i n t  5mm t o w a r d s  
7m m . T h e  t a n g e n t i a l  c o m p o n e n t s  o f  v e l o c i t y  m e a s u r e d  i n  t h e  
t a n g e n t i a l - r a d i a l  a n d  t a n g e n t i a l - a x i a l  p l a n e s  a r e  c o m p a r a b l e .  
W it h  t h e  i n n e r  l i m b  f u l l y  c l o s e d ,  t h e  a x i a l  s h i f t  s t i l l  p o i n t s  
o u t w a r d s  f o r  p o i n t s  5 , 6 ,  a n d  7mm, b u t  t h e  m a g n i t u d e  i s  m u ch  
r e d u c e d .  C l e a r l y  t h e  f l o w  i s  n o t  s y m m e t r i c a l .  I t  m i g h t  b e  
e x p e c t e d  t h a t  t h e  f l o w  h e r e  s h o u l d  t o  i n c l i n e  t o w a r d s  t h e  i n n e r  
l i m b  s i n c e  i t  i s  a  l o w e r  p r e s s u r e  r e g i o n ,  b u t  t h i s  w a s  n o t  
o b s e r v e d  i n  t h e  r e s u l t . T h e  d i v i d e r  a n d  t h e  c u r v a t u r e  o f  t h e  
o u t e r  w a l l  m a y  c o n t r i b u t e  t o  t h i s  e f f e c t .
T h e  r e s u l t s  o b t a i n e d  a t  3mm a n d  4mm, c a n n o t  b e  u s e d  t o  d r a w  a n y  
l o g i c a l  c o n c l u s i o n  b e c a u s e  t h e  t a n g e n t i a l  c o m p o n e n t s  m e a s u r e d  
f r o m  t h e  t w o  d i r e c t i o n s  a r e  n o t  c o m p a r a b l e .  T h i s  m ay  h a v e  b e e n  
c a u s e d  b y  i n a c c u r a c i e s  i n  t h e  m e a s u r i n g  p o i n t  d u e  t o  t h e  
c o m p l i c a t e d  t r a v e r s e  s e t t i n g  r e q u i r e d .

5 . 3 . 2  M a s s  F lo w  R a t i o  ( inner/ oute r  ) * 1 . 5  a n d  2 . 0  

T h r o u g h - f l o w  v e l o c i t y

P a r t i a l  a d m i s s i o n  f l o w  i s  a c h i e v e d  e i t h e r  b y  c l o s i n g  t h e  i n n e r  
o r  o u t e r  l i m b  p a r t i a l l y  t o  o b t a i n  t h e  r e q u i r e d  m a s s  f l o w  r a t i o .
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F i g s . 5 . 1 2  a n d  5 . 1 3  s h o w  t h e  f l o w  b e h a v i o u r  w h e n  t h e  o u t e r  l i m b  
i s  p a r t i a l l y  c l o s e d  a n d  t h e  i n n e r  l i m b  i s  k e p t  f u l l y  o p e n .  
B o t h  t e s t  c o n d i t i o n s  s h o w  u n u s u a l  b e h a v i o u r  o f  t h e  f l o w  a s  n o  
m e a s u r e m e n t s  w e r e  p o s s i b l e  a t  2mm a n d  3mm w h e n  t h e  o u t e r  l i m b  
i s  p a r t i a l l y  c l o s e d .  I n  t h e  e a r l i e r  t e s t s  w h e n  t h e  o u t e r  l i m b  
w a s  f u l l y  c l o s e d ,  m e a s u r e m e n t s  w e r e  p o s s i b l e  ( s e e  F i g . 5 . 1 0 ) .  
T h i s  f l o w  c h a r a c t e r i s t i c  f o r  p a r t i a l  a d m i s s i o n  w a s  c o n s i s t e n t  
t h r o u g h o u t  t h e  i n v e s t i g a t i o n .  T h e  p a t t e r n  o f  t h e  r e s u l t s  a t  t h e  
t w o  d i f f e r e n t  t o t a l  m a s s  f l o w  r a t e s  i s  v e r y  s i m i l a r  ( F i g . 5 . 1 2  
a n d  5 . 1 3 ) .
I n  F i g . 5 . 1 3  t h e  f l o w  c h a r a c t e r i s t i c s  f o r  p a r t i a l  a n d  e q u a l  
a d m i s s i o n  f l o w  a r e  c o m p a r e d  f o r  t h e  s a m e  t o t a l  m a s s  f l o w  t o  t h e  
t u r b i n e .  T h e  f l o w  a n g l e s  r e m a i n s  s i m i l a r  a c r o s s  t h e  p a s s a g e  
e x c e p t  a t  p o i n t  8mm. A t  p a r t i a l  a d m i s s i o n  c o n d i t i o n s ,  t h e  
i n c i d e n c e  a n g l e  a p p e a r s  t o  b e  c l o s e r  t o  t h e  o p t im u m  v a l u e  (20 ° 
t o  4 0 °  a t  d e s i g n  c o n d i t i o n ;  s e c t i o n  5 . 2 )  t h a n  a t  e q u a l  
a d m i s s i o n  c o n d i t i o n s .  H o w e v e r  t h i s  a p p l i e s  o n l y  t o  h a l f  t h e  
r o t o r  i n l e t  ( p o i n t  5mm t o  8mm) . T h e  f l o w  c o n d i t i o n  a t  t h e  
r e m a i n i n g  p o i n t s  i s  n o t  c l e a r  f r o m  t h i s  i n v e s t i g a t i o n  a s  n o  
m e a s u r e m e n t  w a s  p o s s i b l e  h e r e .

A x i a l  v e l o c i t y  c o m p o n e n t ;

T h e  a x i a l  c o m p o n e n t  o f  v e l o c i t y  u n d e r  p a r t i a l  a d m i s s i o n  
c o n d i t i o n  i s  p r e s e n t e d  i n  F i g . 5 . 1 6 .  T h e  a x i a l  c o m p o n e n t  i s  
a l w a y s  o u t w a r d s . T h i s  i s  s i m i l a r  i n  m a g n i t u d e  t o  t h e  c a s e  w h e n  
t h e  o u t e r  l i m b  i s  f u l l y  c l o s e d .  T h e  e f f e c t  o f  t h e  a x i a l  
c o m p o n e n t  i s  s t i l l  s i g n i f i c a n t  a s  i n  t h e  c a s e  w h e n  t h e  o u t e r  
l i m b  i s  f u l l y  c l o s e d .  D e v i a t i o n  o f  f l o w  f r o m  t h e  r a d i a l  p l a n e  
i s  b e t w e e n  a 3 =  3 °  t o  1 8 ° .
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5.3.3 Mass Flow Ratio ( ) = 0 . 5  and 0.67in n e r  /' o u te r

Through-flow velocity

For the same total mass flow conditions as in Section 5.3.1 the 
mass flow ratio is now set by partially closing the inner limb 
and maintaining the outer limb fully open.
Figs.5.14 and 5.15 show the flow variations for these partial 
admission conditions. Again, the unusual behaviour of the flow 
is observed as in the previous mass flow ratio condition. No 
measurements were possible at 7mm and 8mm points at a ratio of
0.5. When the inner limb is fully closed measurements were 
possible at these points. Thus the inner limb partially open 
appears to cause a mixing of the two flows which results in a 
highly disturbed flow at these points.
At the higher mass flow (away from design point), Fig.5.15 the 
flow angle is more nearly constant, compared with the equal 
admission flow condition. Partial admission flow has not 
affected the turning of the flow radially. Fig.5.15 shows once 
again that the incidence angle is more favourable than the 
equal admission flow condition, at least over the inner region 
of the passage. Similar results were noted in Section 5.3.2. 
Dale (39) found from experiment that partial admission with 
mass flow ratio i n n e r / o u t e r  = 0.5 and 0.67 produces higher turbine 
efficiencies than at equal admission flow. No clear explanation 
has been possible up till now, but this finding appears to be 
consistent with the more nearly optimum incidence at partial 
admission conditions. Here it has been found that the through- 
flow velocity for all but the extreme partial admission 
conditions ( l n n e r / o u t e r  = 0.5,0.67,1.5 and 2.0) indicates that 
the incidence angle is more favourable than the equal admission 
flow condition, for about half the volute exit. Therefore a 
study of the axial velocity under these flow conditions is 
necessary to better understand the flow characteristics.
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Axial velocity component

The axial component of velocity can be studied from Fig.5.16 in 
terms of deviation from radial plane. The flow deviation from 
the radial plane towards the inner limb is small; a3 is between 
3° to 7°. The effect of the divider wall is noted at points 4mm 
and 5mm, when the axial flow direction swings towards the outer 
limb. The axial component becomes greater, from 10° to 15°. 
Referring back to the inner limb fully closed case, the axial 
flow angle towards the outer limb is only 4° to 6°. When the 
inner limb is partially opened, the flow from the inner limb 
moves towards the outer limb causing the axial component at 
points 5mm and 6mm to increase.
Fig. 5.16 summarizes the axial shift and the direction of shift 
is indicated by the arrow pointing either towards inner or 
outer limb. With more mass flow from the outer limb. The flow 
at 2,3,4mm is biassed towards the inner wall region. Under 
these conditions higher turbine efficiencies were observed by 
Dale (38,39)

5.3.4 Conclusion from partial admission flow

The partial admission flow measurements presented here are, to 
the best of the author's knowledge, unique and it is therefore 
not possible to make comparisons with other test data.
The presence of an axial component of velocity is most 
significant when one limb is fully closed. Comparisons between 
these data at different partial admission flow conditions have 
been made. The conclusion so far is that under extreme partial 
admission, the presence of an axial component reduces the 
tangential component of velocity and hence the rotor specific 
work.
At partial admission, the flow shifts from the radial plane as
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the mass flow ratio changes. At the more favourable partial 
admission i n n e r / o u t e r  *= 0.67 and 0.5, the flow at 2,3,4mm points, 
is directed towards the inner wall. Further discussion on the 
flow characteristics at this partial admission is presented in 
section 5.5 together with turbine performance and axial 
velocity results.

5.4 Rotor Exit, Equal and Partial Admission Flow

Fig.4.10 shows the measuring locations at the rotor exit. The 
flow conditions applied when measuring the rotor inlet gas flow 
were repeated for measurements at the rotor exit. The flow 
conditions are as follows:

Test Conditions Total Mass Flow Kg/s
Equal Admission Flow 0.13, 0.17 & 0.24

Inner Limb Fully Closed 0.17
Outer Limb Fully Closed 0.17

Mass Flow Ratio ( inner /  outer ) = (J.67 0.24
Mass Flow Ratio ( inner /  outer ) =1.5 0.24

Measurements were mainly made along the vertical axis across 
the exit duct. Fig.5.17 presents a three dimensional view of 
the measuring direction and a typical set of results for equal 
admission at 0.24 Kg/s total mass flow. The vertical measuring 
axis is 30mm away from the rotor exit.
The flow angle measurement indicates the absolute flow value 
towards either the LHS or RHS. Starting from the top of the 
duct, the flow is directed towards the LHS. As measurements
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were made gradually towards the bottom the flow direction 
changes towards the RHS, indicating a swirling flow about the 
axis of the duct.
Fig.5.18 presents the same view of the duct and the flow 
behaviour, but with the measuring axis in the horizontal 
direction. At the extreme RHS, the flow is directed upwards. As 
the measuring points moves towards the LHS, the flow changes 
its direction, gradually pointing downwards, confirming the 
swirling nature of the flow.
Figs.5.17 and 5.18 give a good visualization of the flow angle 
with respect to its measured point and orientation. This 
representation of flow behaviour is however less suitable for 
comparison purposes and subsequent results are presented in a 
different format.
5.4.1 Equal admission flow, three flow conditions

Rotor exit flow variation has been investigated under equal 
admission flow for three different flow conditions. Fig.5.19a 
illustrates the flow behaviour in the exit duct, for total mass 
flows of 0.13,0.17,0.24 Kg/s and equal admission flow at the 
turbine inlet. The axis of measurement is 30mm away from the 
rotor tip. The hub diameter of the rotor exit is about 22mm. 
The rotor exit tip diameter is 59.5mm. Thus exit blade height 
is 18.25mm.
At the lowest mass flow, which is closest to the design point, 
the flow velocity is almost constant across the duct. The flow 
angle deviation from the axial is a minimum and roughly 
symmetrical about the centre axis. The result shows minimum 
swirl near the design point conditions. As the mass flow 
increases, moving away from the design point, the deviation of 
the flow angle becomes more pronounced. The symmetry of the 
flow angle across the duct is still maintained. Increasing 
swirl at the rotor exit at off design points is evident from 
Fig.5.19a. Maximum swirl is indicated close to the wall region,
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at point 15mm which is about 25% across the diameter axis. At 
off design points, the variation of the absolute velocity 
across the duct becomes larger. The velocity profile remains 
approximately symmetrical but contains a high velocity core in 
the centre of the duct, which falls rapidly towards the walls. 
In the very centre there is some small evidence of the wake 
from the solid centre of the hub.

For the same mass flow conditions, measurements were made along 
a horizontal axis across the duct. The results are presented in 
Fig.5.20. Similar results are obtained as in the case of 
measuring from the vertical axis. Symmetry is observed in both 
the velocity and flow angle profiles. Minimum swirl and roughly 
constant velocity profile across the duct remain the 
characteristics for near design point operation. These results 
show that the flow in the exit duct is roughly symmetrical 
about the centre axis of the duct.
Exit flow variations have also been studied by Milton 
(19,20,23) and Samuel (21,22). Fig.2.8 shows these results. 
Generally, the flow angle increases towards the shroud side 
(outer wall) indicating an increasing swirl. Milton (19) 
concluded that the variation of flow angle and absolute 
velocity across the duct indicated that there was a non-uniform 
work distribution from shroud to hub, with minimum work 
occuring at the outer wall (shroud) . This may be due to the 
blade unloading which near the shroud because of tip leakage 
and from the centrifuging of low momentum fluid into this 
region. Low total pressure losses were measured at the hub 
region.
In the experiments conducted by Milton and Samuel, measurements 
at the rotor exit were made at a some unstated distance 
downstream of the rotor trailing edge. A  centre-body was 
installed close to the rotor exit to obtain measurements of the 
static pressure at the hub. This centre-body will in fact guide
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the flow from the rotor exit. In a practical turbocharger 
installation this is not likely to be in place, and it may 
influence the comparison with the present results. Although 
there is some agreement with measurement made at the shroud 
side, there are difference in the measurements at the hub 
region because of the presence of the centre-body.
A more detailed study of the flow at the rotor exit (without 
the centre-body) by Miller (17) showed some contrasting 
results. The rotor exit blade height was about 1.26" and test 
speed at 50000 RPM. The measuring axis was 0.506" away from the 
rotor trailing edge. Therefore the ratio of distance downstream 
to exit blade height 0.402.
Fig.5.21 shows the variation of exit flow angle and velocity, 
at the rotor exit. Although these results were taken at the 
design condition where the u/c = 0.70, the flow variation in 
the rotor exit shows comparatively large swirl. However the 
ratio of distance downstream to exit blade height is 0.402 
compared to 0.222 in the present study. Along the axis of 
measurement the flow changes from a 3 *= 20° at the shroud side 
to -15° at the hub side, see Fig.5.21. The flow actually turns 
from "in the direction of rotation" to "against the direction 
of rotation" from the shroud to the hub side. In the hub 
region, the flow is affected by the reducing flow area. 
Mizumachi (24) has shown that the measured rotor exit flow 
angle is affected by the blade angle. The minimum deviation 
appears to be in the mid section of the rotor exit where the 
flow has minimum swirl component.
The difference in flow characteristics between present 
investigation and that obtained by Miller (17) is likely to be 
due to the size effect rather than the test speed. In section
5.7 this effect will be highlighted when measurements made very 
close to the rotor exit are presented.

The flow fields presented here are confined to the core of the
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duct. No measurements were possible for points close to the 
wall. Repeated attempts to measure close to the wall did not 
yield any results. The signal was weak and noise level was 
high. This could be caused by a fairly thick boundary layer or 
high swirl. Fig.5.19a shows, however, that high swirl indicated 
by absolute flow angles up to 40° was measured at off-design 
point. It is unlikely that near the design point such high 
absolute flow angles will be encountered close to the wall, so 
that high swirl is unlikely to be responsible. The other likely 
cause is the effects of overtip leakage propagating into this 
region causing a highly disturbed flow around the wall.
Fig.5.19a also shows that at off-design operation, the flow in 
the duct is basically swirling in nature. Fig.5.19b shows the 
turbulence intensity level for measurements at rotor exit. The 
overall results indicated a high turbulence intensities level 
of 17% to 25%. The maximum turbulence intensity is consistently 
noted at the centre of the duct.
It might be expected that the line of measurement is close 
enough to the rotor exit to be affected by the separation due 
to the solid hub. However the velocity measurements show very 
little of this effect but the high turbulence intensity 
measured at the centre may well indicate some residual wake.

5.4.2 Equal and Partial Admission Flow condition

The effect of partial admission on the flow behaviour is 
noticeable at the rotor inlet. Its effect at the rotor exit was 
also investigated and the results are presented in Figs.5.22 
and 5.23. Fig.5.22 compares the flow variations for equal 
admission and mass flow ratio = 1.5 and 0.67. The results show 
very little variation in either the velocity or the flow angle. 
The symmetry of the flow across the duct remains unchanged.
Fig.5.23 compares the flow variations for equal admission and
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one limb closed. Slight differences in both the flow angle and 
velocity profile are observed, but the overall trends and 
symmetry remains unchanged. The effect of partial admission 
flow on the flow field at the rotor exit appears to be very 
small.

5.5 Rotor Inlet, Equal Admission Flow, Different 
divider depth.

The effect of divider depth on the flow characteristics is 
presented in this section. Four different divider depths were 
used in a common turbine housing. The different divider is 
identified in terms of separating wall diameter (SW<|>) .

sw<|> R/RtiP Divider tip

80mm 1.067 very close to rotor edge (2.5 mm)
8 6mm 1.147
90mm 1.200
96mm 1.280 furthest from rotor edge (10.5 mm)

The change in through-flow area in each limb and the interspace 
due to different divider depths is tabulated in Fig.5.24. With 
SW<j) = 80mm the through-flow area is the smallest and the 
interspace between divider tip and rotor inlet is a minimum. 
Therefore the flow from each limb will have the minimum 
interspace in which to mix before entering the rotor. For SW<|> = 
96mm, the flow area is largest and the interspace between the 
divider tip and the rotor inlet is a maximum so that there is a 
greater volume in which the flows can mix before entering the 
rotor.
Measurements were made at the design condition (u/c = 0.69 to
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0.70). The flow characteristics with different separating wall 
diameters is presented for 180° azimuth angle in Fig.5.25.
For SW<|> = 80mm, no measurements were possible at 2 and 3mm 
points. This was consistently the case for measurements at all 
azimuth angles.
Fig.5.24 shows that the flow area near the inner wall is small. 
This, together with the reduced interspace may cause the flow 
in this inner limb region to be highly disturbed or mixed. For 
this turbine geometry flow from the inner limb has not been 
able to mix well with the outer limb with the reduced 
interspace. The inability to measure velocity in the inner 
region of the inlet under these conditions <Fig.5.25a) is 
evidence of the highly disturbed flow in this region. It is 
likely that there is a high axial velocity component due to the 
curvature of the inner wall and this effect is amplified by the 
narrow through-area of the inner limb. If there is a large 
axial component of velocity, experience suggests that 
measurement in the tangential-radial plane is not likely to be 
possible.
A high axial velocity component will tend to reduce the 
absolute velocity measured in the tangential-radial plane. This 
may also explain a drop in absolute velocity at point 4mm.

Under equal admission condition, there is no very significant 
change in flow characteristics with different dividers. The 
flow tends to be affected more on the outer limb region only. 
The inner limb region remains much the same. As the divider is 
extended close to the rotor it is suggested that, a highly 
disturbed flow resulted in the inner limb region. There is 
probably a high axial velocity component in this region.

1 2 7



5.6 Rotor Inlet, Series of Partial Admission Flow, 
Different divider depth.

5.6.1 Introduction

The flow characteristics under equal and partial admission 
conditions have been shown earlier. The following presentation 
shows how the flow characteristics vary in stages as the flow 
condition changes from one limb fully closed, through equal 
admission to the other limb fully closed. The partial admission 
tests were carried out by first setting the operating 
conditions under equal admission flow so that the u/c is in the 
range 0.69 to 0.70. With the total mass flow to the turbine 
fixed, the test was carried out by varying the control valves 
in each limb, and applying the necessary load on the eddy 
current dynamometer to maintain a constant rotor speed. For 
each value of the total mass flow, nine separate partial 
admission conditions covering the entire range of mass flow 
ratios were tested. This was repeated for each of the four 
separating wall diameters. The flow characteristics and turbine 
performance are presented in the following figures :
Fig. 5.2 6 SW(j) = 80mm 
Fig. 5.27 SW<|> = 86mm 
Fig. 5.28 SW<|> = 90mm 
Fig. 5.2 9 SW<J> = 96mm

5.6.2 Flow characteristics with different dividers

A comparison of the velocity is shown in Figs. 5.26a to 5.29a, 
and a comparison of the mean flow angle is presented in 
Figs5.26b to 5.29b. As the flow in one limb is restricted, the 
flow in the other limb becomes slightly more tangential and the 
absolute velocity (Figs.5.26a to 5.29a) decreases consistently.
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This characteristic is common for all the different dividers. 
With SW<(> = 80 and 86mmr some flow reversal is noted when one 
limb is fully closed, Figs.5.26b, 5.27b. This is not observed 
as the SW<|> gets larger, Figs.5.28b to 5.29b. This presumably 
because the mixing of the flow from both limbs can occur at a 
higher radius. Therefore this flow has been able to settle 
before entering the rotor. Although under one limb fully closed 
conditions there is no mixing, the flow will nevertheless move 
across the volute exit before entering the rotor.
This observation was also noted by Lymberopoulos (18) when he 
measured the flow at the volute exit using two different 
separating wall diameters. He concluded that the flow 
properties are more uniform across the volute throat for the 
larger SW<(> since the mixing of the two streams has taken place 
at a higher radius. As his measurements were made with a 
bladeless hub, they are not directly comparable to results in 
present investigation.
At equal admission conditions, the average incidence angles at 
180° azimuth angle measured across the volute exit are 22°, 
28°, 29° and 33° for SW<j> = 80, 86, 90 and 96mm respectively. 
This shows an upward trend for the optimum incidence angle as 
the separating wall diameter increases.
Under a typical pulsating flow condition, the rotor will be 
experiencing partial admission conditions most of the time. The 
range of incidence angles under these conditions (when flow 
condition in turbine vary from zero flow in one limb to equal 
admission flow) is as follows :

cr> 00 o r+ 0 1 cn o o for SW<{> = 80mm
60° to -34° for SW<}> = 86mm
50° to -60° for SW<|> = 90mm
46° rt 0 i 00 o for SW<|> = 96mm

The turbine efficiency under partial admission condition is
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presented in Fig.5.30. The turbine efficiency is a minimum at 
the extremes of partial admission and increases towards equal 
admission. In all cases, however, the maximum efficiency 
occurs, not at equal admission, but at a mass flow ratio 
i n n e r/outer - 0.67 to 0.50. This observation has been consistent 
with Dale’s results (39) in which the same turbine (A:R = 1.0 
SW<|> = 86mm) was tested. His investigation showed that the 
variation of turbine efficiency with mass flow ratio was 
asymmetric i.e the effect of throttling one turbine entry did 
not produce the same efficiency as throttling the other to the 
same extent. This effect occurred at all rotational speeds 
tested by Dale (39). A full discussion of turbine efficiency 
characteristics is now possible with an understanding of the 
flow characteristics under similar conditions.
The flow characteristics under which partial admission 
(inner/outer _ 0 . 6 7  and 0.50) yielded higher turbine efficiency 
is here compared with equal admission flow results. Fig.5.31 
compares the flow characteristics across the volute exit for 
the equal and partial admission conditions for SW<j> = 86, 90 and 
96mm.
At equal flow conditions, the flow shows the influence of the 
divider but is otherwise reasonably uniform across the passage. 
As the flow in the outer limb increases, the absoute velocity 
dominates in this region. The flow also becomes more tangential 
(Fig.5.31a). Over the inner region the absolute velocity 
decreases below the equal admission flow value. It is still not 
clear up to here why the flow characteristics at partial 
admission compares more favourably than the equal admission 
condition. The flow under partial admission displays a greater 
variation across the volute exit while under equal admission 
the flow is only influence by the divider.
The axial velocity component was not measured under these 
conditions. However it was measured under similar flow 
condition as presented in Figs.5.8b and 5.16. The axial
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velocity component is abstracted and presented in tabular form 
in Fig.5.31c. This compares the flow deviation from the radial 
plane for partial and equal conditions. A  plan view of the 
rotor also in Fig.5.31c shows the curvature of the rotor inlet 
blade.
Fig.5.31c shows that under equal admission, the flow in the 
inner limb region is almost in the tangential-radial plane i.e 
zero axial velocity component. This is favourable and it is 
commonly assumed that axial velocity is zero.
Under partial admission, the flow at point 2 and 3mm, has an 
increased deviation towards the inner wall while the remaining 
point in the outer limb region shows also an increase in 
deviation away from the inner wall. This also means that the 
flow in the outer limb will have less turning in the meridional 
plane of rotor.
This flow shift from radial plane with respect to the curvature 
at the rotor inlet appears to have a positive effect on the 
specific work in the rotor.

5.7 Gas flow characteristics and turbine performance 
with partial and equal admission flow.

Fig.5.32 shows the flow characteristics at a fixed measuring 
point 7mm from the inner wall, as the flow conditions are 
varied. The turbine efficiency is plotted for direct comparison 
with the flow characteristics at different stages of the 
partial admission conditions. The variation of mass flow ratio 
starts with the outer limb fully closed (X) . This is opened 
gradually through equal admission (Y) to closing the inner limb 
fully (Z) . The variation in both flow characteristics and 
turbine performance are shown in Fig.5.32. The incidence angles 
varied from 63° to -38° between the two extreme partial 
admission condition.
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The performance of the radial inflow turbine is strongly 
dependant on the gas angle at the entry to the turbine rotor. 
The blades are designed to match these angles in such a way 
that a correct match will occur only for specific combinations 
of mass flow rate, rotor speed and pressure ratio. Away from 
this design point, the gas angle will not match the blade angle 
and an incidence loss will occur. This loss increases as the 
flow departs further from the optimum incidence angle. It was 
shown earlier that the average incidence angle is about 28° at 
equal admission flow with u/c = 0.70. The greater the incidence 
loss the lower the turbine efficiency.
In Fig.5.32 u/c and efficiency at X is the lowest, where the 
outer limb is fully closed. Under this condition, about half 
the rotor is experiencing low velocity flow, Fig.5.26a . The 
incidence angle at this stage is about 60° causing large 
incidence losses. As the outer limb is opened gradually to 
equal admission, the incidence angle decrease to about 25° 
while the turbine efficiency increases to about 67%. Closing 
the inner limb gradually to fully closed at Z causes the u/c 
and turbine efficiency to decrease to approximately the same 
value as when the outer limb is fully closed. The incidence 
angle decreases to -28°.
The lowest turbine efficiency is associated with the most 
adverse incidence angle. In addition the earlier results show 
that the maximum axial component is noted under these condition 
Figs.5.10 and 5.11. These are factors contributing to the poor 
rotor specific work and hence lower turbine efficieny.
The efficiency path XYZ (Figs.5.32 and 5.30) forms a loop which 
is consistent with the instantaneous efficiencies observed by 
Dale (38,39).
The swallowing capacity curve for the turbine is also mapped 
under steady flow condition with equal admission flow and one 
limb fully closed. In Fig.5.32, closing one limb causes the 
mean pressure ratio to rise significantly. This is related to
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the minimum turbine efficiency and extreme incidence angle.

Fig.5.33a shows the turbine efficiency under equal admission 
and one limb fully closed condition at constant speed. 
Fig.5.33b shows the variation of u/c values with the total mass 
flow to the turbine. At u/c = 0.70 for equal admission the 
total mass flow to the turbine is 0.10 Kg/s. For this same 
total mass flow to the turbine when one of the limb is fully 
closed, the u/c drops to 0.46. Closing one limb reduces the 
effective area of the turbine, therefore turbine inlet pressure 
must be increased to maintain same mass flow, so "cM rises and 
u/c falls. This value (u/c = 0.46) is plotted on the efficiency 
curve for one limb fully closed to obtain its respective 
operating point. Fig.5.33a shows that the operating point 
between A and A* as the flow condition in the turbine changes 
fron equal admission to condition when one of the limb is fully 
closed for the total mass flow held constant. Although this is 
not a realistic circumstance it does support the earlier 
investigation using series of partial admission (with total 
masss flow held constant) which shows the variation of turbine 
efficiency with u/c .
Fig.5.34 elaborates this changing of operating points of the 
turbine for a number of flow conditions. These results do not 
in any way represents a typical turbocharger operation but 
they show the limits between which the turbine will operate 
under pulse flow conditions. These results can be compared with 
the instantaneous efficiency obtained by D a l e ’s experiment 
(39). Fig.5.35 contains a series of instantaneous efficiency 
plots for a range of rotor speeds at pulse frequencies of 40 
and 60 Hz. The variation of u/c and efficiency are marked with 
dotted lines and the range of these variations is compared with 
Fig.5.32. These variations are fairly consistent with those 
noted using the steady flow results.
T h e  a b o v e  i n v e s t i g a t i o n  Shows how t h e  t u r b i n e  e f f i c i e n c y  (u n d e r
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steady flow conditions) will decay as the flow condition in the 
turbine changes from equal admission to one limb fully closed. 
The extent of decay in efficiency is fairly consistent with 
that noted for instantaneous efficiency measurements.

5.8 Measurement close to rotor exit

The flow measurements at the rotor exit so far described have 
alongbeen made/an axis 30mm downstream of the rotor trailing edge. 

This section presents the results of flow characteristics made 
at 4mm away from the rotor and compares them with that taken 
30mm away under the same flow conditions. All measurements were 
made at the design point, u/c = 0.70.
Fig.5.36 shows the measuring points at the rotor exit. The flow 
characteristics for measurements made at 4mm and 30mm are 
presented in Fig.5.37. Flow at 30mm is very nearly symmetrical 
across the duct (see Fig.5.19) and the results are presented 
for half the exit duct only.
Close to the rotor edge, measurements were made around the top 
half of the rotor, from 1mm to 11mm. From 12mm onwards no 
measurements has been possible indicating that the flow near 
the hub region of the rotor is highly disturbed.
Comparing the measurements made at 4mm and 30mm downstream 
(Fig.5.37) there is a notable decrease in axial velocity 
downstream of the rotor. This is expected due to the increased 
flow area in the duct after the hub. The degree of swirl is 
indicated by the magnitude of the rotor exit absolute flow 
angle. Fig.5.37 shows that neither the flow angle nor the 
tangential velocity are affected anything like as much as the 
axial velocity, although the mean tangential velocity is 
roughly halved.
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Miller (17) and Mizumachi (24) measured flow characteristics 
very close to the rotor using a probe. There was no mention of 
difficulties regarding measurement around the hub region. The 
main reason for this difference is probably due to measuring 
technique. On the measurement, a probe will produce a reading 
in highly turbulent flow (particularly with a lot of pnuematic 
damping) where the L2F velocimeter may not, but one must 
question (a) the interpretation of mean velocity and flow angle 
in highly turbulent time varying flow, and (b) the blockage of 
the probe itself. The problem with measuring near the hub is 
probably the large blade wakes shedded. This may be overcome by 
phase-locking the measurements with the blade frequency.
Rotor exit measurements by Miller (17) show that the absolute 
velocity peaks around the shroud side (top of duct) and 
decreases towards the hub, Fig.5.38. The corresponding absolute 
flow angle in Fig.5.21 indicates that greater swirl exists 
around the shroud side. These rotor exit characteristics were 
measured under optimum flow conditions, u/c = 0.70. The rotor 
exit flow survey by Miller (17) shows comparatively larger 
swirl component at optimum flow condition.

While it was not possible to measure the flow around the lower 
half of the rotor exit (at 4mm from rotor) it is possible to 
make a simple one dimensional analysis (mass conservation, free 
vortex assumption and angular momentum equation) to estimate 
the flow characteristics immediately after the rotor exit from 
the measured values 30mm downstream (see Appendix C for 
description of method).
The calculated values are compared with the flow measured at 
4mm from rotor exit. Fig.5.39 compares absolute velocity and 
flow angle, and axial and tangential velocity components. The 
measured absolute and axial velocities in Fig.5.39 are fairly 
constant up to the mid section of the rotor exit blade. The 
calculated value shows the absolute and axial velocity to peak

1 3 5



around the shroud side (2 to 6mm) and decreases consistently to 
a minimum at the hub. This is due to the annulus area at 30mm 
downsteam which tends towards zero at centre axis and thus the 
corresponding annulus area at the hub becomes greater. From 
mass flow conservation, the axial velocity near the hub will 
tends to zero.
After 11mm point where no measurements were made, the 
calculated value shows the absolute velocity to decrease toward 
the hub. The absolute flow angle shows increasing value towards 
the hub because the calculated tangential component increases 
while the axial component decreases.
The conclusion from the above comparison shows that the trends 
in angle and tangential velocity in the outer region are right. 
The magnitude of axial velocity in the outer region are 
reasonably close although measured values show a rather flat 
velocity profile. This is probably due to its simplicity in the 
analysis and the assumption made. The flow in the exit duct is 
three dimensional and this is not considered. However the 
calculated values present an indication of the flow 
characteristics immediately after the rotor exit in particular 
at the lower half of the rotor exit where measurement has not 
been possible.
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Fig 5.7b Velocity turbulence level% at different azimuth angles

144



180* AZIMUTH ANGLE

Radial

Figure 5.8a

Deviation of flow from radial plane, 03 ( deg )

Distance from inner wall 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm

U/C = 0.67

O NO O 1.7°

/
1.3°

/

3.5°

\

3.5°

\
4.3°

\

U/C = 0.57 2.6°

/

4.3°

/

5.2°

/
8°

\
7°

\
6°

\

U/C = 0.44 2.6°
/

3.4°

/

2.2°

/

5.2°

\
7°
\

3.4°

\

\
/

Towards outer limb Towards inner limb

Figure 5.8b

145



Deviation of flow from radial plane, a  3 ( deg )
Distance from inner wall 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm

0.13 kg/s 7
/

13
/

COCM 1 .7
\

2 .6
/

CM

0.17 kg/s 5 .2
/

8.7
/

26.7
/

4.7
/ — 1.6

/
0.24 kg/s 4 .3

/
8.7
/

4.3
/

" 5 1
V

3.4/r
—

Flow deviation from
Figure 5.8c

radial plane at 20° azimuth angle.

AZIMUTH ANGLE

Towards outer limb Towards inner limb

146



Mer
idion

al R
ow a

ngle
 82 

(deg
)

From velocity diagram
-Ve 82 means flow towards bearing side ( inner wall )

Bearing Axial Position Shroud Bearing Axial Position Shroud
Axial Distribution o f  Twin Flow Housing Rotor Inlet M eridional Flow Angle 

by M iller ( 17 )
Figure 5.9

147



Ta
ng

en
tia

l 
Ve

lo
cit

y 
m

/s 
W

1 
Re

la
tiv

e 
Ve

lo
cit

y 
m

/s 
C

l 
Ab

so
lu

te
 V

elo
cit

y 
m

/s

2 3 4 5 6 7
Distance from inner wall mm Distance from inner wall mm

Distance from inner wall mm Distance from inner wall mm

—  Inner Limb Closed 
♦ Outer Limb Closed

Figure 5.10 Total Mass Flow = 0.125 Kg/s

Partial Admission Flow 
ROTOR INLET 
34000 RPM
180* Azimuth Angle



In n e r  L im b  F u lly  C lo s e d  j |

a) 180* Aximuth Angle

Rad ia l

\ O u te r  L im b  F u lly  C lo s e d

180* Aximuth Angle

Q aviation from-radial plane a3, ^

Deviation of flow from radial plane, a 3 ( deg )

Distance from inner wall 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm

Outer limb fully closed 0°

1
0°

1
20°

\
16°

\
12°

\
5°

\
Inner limb fully closed 2 .6°

\
1.6°

\
4.3°

\
6°
\

4°
\

Figure 5.11

149



2 3 4 5 6 7
Distance from inner wall mm

I

>I©
CO

60
50
40
30
20
10
0

Graph 34
■ ■ ■

■
“  X

-
X X

-

__1_____ 1_____ _____ !_____ 1_____ 1_____ 1__2 3 4 5 6 7 8
Distance from inner wall mm

m1
&TS&©
to
I

120 120Graph 35 Graph 36
100 X X X •> 100 -

60 - X
X■ ■ ■ ■

I

f
60

X
60 ©> 60

15 X X X V
40 - IS 40 a ■

CO

20 20

0 ■ i , » __ 1__ ■1 - 0 __1_____ 1__ , • 1 __ i__2 3 4 5 6 7
Distance from inner wait mm

2 3 4 5 6 7
Distance from inner wail mm

Rnw Ratio
X fern* tort/outerUmb-1.5 
•  taw art/outer into* 2.0

Figure 5.12
Total Mass Flow = 0.148 Kg/s

150
Partial Admission Flow 
ROTOR INLET 
34000 RPM
180* Azimuth Angle



W
1 

Re
lat

ive
 V

elo
cit

y 
m

/s 
C

l 
Ab

so
lut

e 
Ve

loc
ity

 
m

/s

220
200
160
160
140
120
100
60
60

Graph 37a
50 Graph 37b

-
1* 40 -

„
X *  X f

A  i  X  \  /•
•  ■  •

1  30
a \  /  • * ------K x  \  •

m •
\  • X

-
5
1  20

>•

-
__1_____1_____1_____» * »_____1__ 10 —i------- 1_____i_____i_____i_____i_____i—2 3 4 5 6 7 8

Distance from inner wall mm
2 3 4 5 6 7 8

Distance from inner wall mm

Distance from inner wall mm

10
E

&g*5>
■ onCC

200 
160 
160 
140 
120 
100 
80 
60 
40 
20 
0 2 3 4 5 6 7 B

distance from inner wall mm

Graph 40

J___ « » »___ « « »

Mass Plow Ratio Figure 5.13Equa'Adrrmion
X Imar Umb/Ouw Limb. 1.5
■  Imar Lrnb/Ouw Limb > 2.0

.151

Total Mass Flow = 0.24 Kg/s

Partial Amission Flow 

ROTOR INLET 
34000 RPM
180* Azimuth Angle



Ta
ng

en
tia

l V
elo

cit
y 

rrV
H 

W
1 

Re
lat

ive
 V

elo
cit

y 
m

/s 
C

l 
Ab

so
lut

e 
Ve

loc
ity

 
m

/s

1B0

160

140
120
100
80

60
40

Distance from inner wall mm Distance from inner wall mm

Distance from inner wall mm

Distance from inner wall mm Distanc e from inner wall mm

Mas? Flow RflliP Figure 5.14
” h ie  Limb/Owe Limb* 0.87 

+  Inner Limb/Owe Limb -0.5

152

Total Mass Flow *  0.148 Kg/s

Partial Amission Flow 
ROTOR INLET 
34000 RPM
180* Azimuth Angle



Ta
ng

en
ti

al
 

Ve
lo

ci
ty

 
m

/e
 

W
1 

Re
la

ti
ve

 V
el

oc
it

y 
mi

s 
C1

 
Ab

so
lu

te
 V

el
oc

it
y 

m
/s

2 3 4 5 6 7
D is ta n c e  from  inner w all m m

D istan ce  from  inner w a ll m m 2 3 4 5 6 7
D is ta n c e  from  inner w all m m

toE
1
s
rereQC

180 GripH48160
140
120
100 a*. S*
80 - .  *1%̂  /  ♦  4 ' 'V  ■60 ♦  ♦
40 -
20
0 ■ « 1___ i----- i-----1----- i—

2 3 4 5 6 7
D is ta n c e  from  inner watt m m

-----K—  Equal Wnission■  fever Limb/Outar Limb ■ 0.67 Figure 5.15 Total Mass p |ow = o.24 Kg/s♦  fever tint)/£Xr*r limb « 0.5
Partial Admission Flow 
ROTOR INLET 
34000 RPM
i80* Azimuth Angle



Total Mass Flow = 0.24 Kg/s
Distance from inner wall 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm

inner/outer*20 12°\ 9°\ 11°\
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Measurements are made along a vertical axis
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Measurements are made along a horizontal axis
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86 6.38 5.88 5.22 5.31
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Figure 5.24
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Equal Admission Flow 90° A2lmuth Angle
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Incidence Angle
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Figure 5.26c
SW 0 = 80 mm
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Flow Velocity
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Figure 5.27a
SW <J> = 86 mm
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Incidence Angle
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Equal Admission : Equal admission flow in each limb
Inner = 0 : Inner limb is fully closed
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Vo : Mass flow ratio o f innerlim b/outer |jm^

Figure 5.27c
SW <J) = 86 mm
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Figure  5.31a
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Turbine efficiency changes from equal admission flow to one limb fully closed



.187

The locus o f instantaneous operation is shown as 
F ig u re  5.35 In s ta n ta n e o u s  E ff ic ie n c y  by D ale ( 39 ) a so lid  line bounded by two dashed lines

indicationg the limits of the error band ( shaded )
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Radial Distribution o f  Rotor Exit Absolute Velocity by M iller ( 17 )
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C h a p t e r  6

U n s t e a d y  F l o w  T e s t  R e s u l t s  a n d  D i s c u s s i o n

6 . 1  I n t r o d u c t i o n

T h i s  c h a p t e r  c o n t a i n s  t h e  r e s u l t s  o f  t h e  g a s  f lo w  
c h a r a c t e r i s t i c  m e a su re m e n ts  u n d e r  u n s te a d y  f lo w  c o n d i t i o n s .  The 
t e s t s  w ere  c a r r i e d  o u t  a t  a  p u l s e  f r e q u e n c y  o f  50 H z . The t o t a l  
t i m e - a v e r a g e d  m ass  f lo w  t o  t h e  t u r b i n e  w as m o n i t o r e d  a t  a  
d i s t a n c e  o f  a p p r o x i m a te ly  15m u p s t r e a m  o f  t h e  r o t a r y  p u l s e  
g e n e r a t o r .  The p r e s s u r e  p u l s e  i n  e a c h  o f  t h e  tw o  l im b s  i s  s e t  
a t  180° o u t  o f  p h a s e .  T h is  r e p r o d u c e s  t h e  f lo w  c o n d i t i o n s  i n  
m any common t u r b o c h a r g e r s ,  s u c h  a s  a  t w i n - e n t r y  t u r b i n e  f e d  
f r o m  a  m u l t i - c y l i n d e r  e n g i n e  w i t h  d i v i d e d  m a n i f o l d .  
M e a s u re m e n ts  w e re  m ade a t  r o t o r  i n l e t  a n d  e x i t  a t  t h e  sam e 
p o i n t s  a s  f o r  t h e  s t e a d y  f lo w  t e s t s  d e s c r i b e d  i n  C h a p te r  5 . 
D i f f e r e n t  s e p a r a t i n g  w a l l  p l a t e  d i a m e t e r s  w e re  a l s o  i n t r o d u c e d  
t o  t h e  t u r b i n e  h o u s in g  t o  s t u d y  t h e  e f f e c t s  o f  t h e  m e r id i o n a l  
d i v i d e r  d e p th  u n d e r  u n s te a d y  f lo w  c o n d i t i o n s .  The u n s te a d y  f lo w  
t e s t s  w e re  c a r r i e d  o u t  i n  tw o  p h a s e s .  I n  p h a s e  o n e ,  t h r e e  
d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  w e re  a p p l i e d .  I n  p h a s e  tw o , a 
s i n g l e  o p e r a t i n g  c o n d i t i o n  (w hose t o t a l  m ass f lo w  u n d e r  s t e a d y  
f lo w  g i v e s  t h e  optim um  o p e r a t i n g  p o i n t ,  u / c  = 0 .7 0 )  was a p p l i e d  
t o  s t u d y  t h e  f lo w  c h a r a c t e r i s t i c s  u s i n g  d i f f e r e n t  s e p a r a t i n g  
w a l l  d i a m e t e r s .  A l l  t h e s e  t e s t s  w e re  d o n e  a t  a  t i m e - a v e r a g e d  
s p e e d  o f  34000 RPM a n d  an  i n l e t  t o t a l  t e m p e r a tu r e  o f  350K.
The u n s t e a d y  f lo w  t e s t s  c a r r i e d  i n  t h e  tw o  p h a s e s  a r e  a s  
f o l l o w s  :
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P h a s e  One

The o b j e c t i v e  o f  t h e  w ork  i n  p h a s e  o n e  w as t o  i n v e s t i g a t e  th e  
g a s  f lo w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t  a n d  e x i t  f o r  t h r e e  
d i f f e r e n t  t o t a l  t im e  a v e r a g e d  m ass f lo w  c o n d i t i o n s .
H ig h  f r e q u e n c y  p r e s s u r e  t r a n s d u c e r s  i n  e a c h  l im b  p o s i t i o n e d  
b e f o r e  t h e  i n l e t  t o  t h e  t u r b i n e  m e a s u re d  t h e  i n s t a n t a n e o u s  
s t a t i c  p r e s s u r e .  T he p r e s s u r e  p u l s e  s h a p e s  f o r  t h e  t h r e e  
d i f f e r e n t  t o t a l  m ass f lo w  c o n d i t i o n s  a r e  show n i n  F i g . 6 .1 .  The 
p u l s e  g e n e r a t o r  was d e v e lo p e d  so  t h a t  t h e s e  p r e s s u r e  p u l s e s  a r e  
s i m i l a r  i n  fo rm  t o  a u to m o t iv e  e x h a u s t  p r e s s u r e  p u l s e s .
The t u r b i n e  s t e a d y  s t a t e  p e r fo r m a n c e  p o i n t s  c o r r e s p o n d in g  t o  
t h e s e  m ass f lo w s  a r e  l i s t e d  i n  T a b le  5 .1 .  The lo w e s t  m ass f lo w  
c o n d i t i o n  i s  c l o s e s t  t o  t h e  d e s i g n  p o i n t ,  a n d  t h e  o t h e r s  
c o r r e s p o n d  t o  u n d e r s p e e d  (low  u / c ) c o n d i t i o n s .
A t t h e  r o t o r  i n l e t ,  b e c a u s e  o f  a  s h o r t a g e  o f  t i m e  f lo w  
m e a su re m e n ts  w e re  made o n ly  a t  180° a z im u th  a n g l e .  The th r o u g h -  
f lo w  v e l o c i t y  a n d  a x i a l  v e l o c i t y  c o m p o n e n ts  o f  v e l o c i t y  w ere  
m e a s u re d .
A t t h e  r o t o r  e x i t ,  m e a su re m e n ts  w e re  made a lo n g  an  a x i s  30mm 
aw ay fro m  t h e  r o t o r  t r a i l i n g  e d g e , a t  5mm i n t e r v a l s  f ro m  t h e  
t o p  o f  t h e  e x i t  d u c t .
The r e s u l t s  i n  p h a s e  o ne  w ork  a r e  p r e s e n t e d  i n  t h e  f o l l o w in g  
s e c t i o n s

6 .2  R o to r  i n l e t ,  3 f lo w  c o n d i t i o n s ,  t h r o u g h - f lo w  v e l o c i t y
6 .3  R o to r  i n l e t ,  a x i a l  com ponen t o f  v e l o c i t y
6 .4  R o to r  e x i t ,  3 f lo w  c o n d i t i o n s

P h a se  Two

T he o b j e c t i v e  o f  t h e  p h a s e  tw o  w ork  w as t o  i n v e s t i g a t e  t h e  
u n s t e a d y  g a s  f lo w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t  w i th  
d i f f e r e n t  s e p a r a t i n g  w a l l  p l a t e  d i a m e t e r s .  A s i n g l e  m ass f lo w

1 9 3



c o n d i t i o n  (u n d e r  s t e a d y  f lo w  c o n d i t i o n ,  u / c  = 0 .6 9 )  w as a p p l i e d  
th r o u g h o u t  t h e  i n v e s t i g a t i o n .  M e a su re m e n ts  a t  t h e  r o t o r  i n l e t  
w e re  e x te n d e d  t o  d i f f e r e n t  a z im u th  a n g l e s .  The a x i a l  com ponen t 
o f  v e l o c i t y  was n o t ,  h o w e v e r , i n v e s t i g a t e d  i n  t h i s  p h a s e .
F lo w  m e a s u re m e n ts  a t  t h e  r o t o r  e x i t  w e re  m ade c l o s e r  t o  t h e  
r o t o r  t r a i l i n g  e d g e ,  t h a n  i n  p h a s e  o n e , a t  4mm d o w n s tre a m . 
T h e se  r e s u l t s  a r e  co m p ared  w i th  m e a su re m e n ts  made a t  30mm aw ay, 
f o r  t h e  sam e f lo w  c o n d i t i o n s .  The r e s u l t s  o f  t h e  p h a s e  tw o  work 
a r e  p r e s e n t e d  i n  s e c t i o n  6 .5 .
F o r  p e r i o d i c  f lo w  m a p p in g , t h e  L2F p r o c e s s o r  d i v i d e s  a  c y c l e  
p u l s e  o r  a  b l a d e  p a s s a g e  i n t o  a  num ber o f  t im e  w in dow s, e i t h e r
2 , 4 , 8 , 1 6 ,  w h ic h  a r e  p h a s e  lo c k e d  t o  t h e  p u l s e  o r  b l a d e  p a s s i n g  
f r e q u e n c y .  F i g . 6 .2  s h o w s  a  t y p i c a l  u n s t e a d y  f l o w  
c h a r a c t e r i s t i c s  w i th  d i f f e r e n t  n u m b e rs  o f  t im e  w indow s f o r  a 
f i x e d  f lo w  c o n d i t i o n .
I n  t h e  p r e s e n t  e x p e r im e n ts  t h e  s y n c h r o n i z e r  was t r i g g e r e d  fro m  
t h e  r o t a r y  p u l s e  g e n e r a t o r  s o  t h a t  e a c h  c y c l e  o f  t h e  p u l s e  
g e n e r a t o r  i s  d i v i d e d  i n t o  e q u a l  num ber o f  p a r t s  d e p e n d in g  on 
t h e  num ber o f  t im e  w indow s a p p l i e d .  The tw o  p u l s e s  o f  p r e s s u r e  
( F i g . 6 .1 )  a r e  c l e a r l y  v i s i b l e  a s  v e l o c i t y  p u l s e s  i n  F i g . 6 .2 .  

F o r  b e s t  r e s o l u t i o n ,  a l l  t e s t s  w e re  c a r r i e d  o u t  w i th  16 t im e  
w indow s s e l e c t e d .  S u b s e q u e n t  p r e s e n t a t i o n s  o f  u n s t e a d y  f lo w  
c h a r a c t e r i s t i c s  a r e  p l o t t e d  on a  t im e  b a s e  i n s t e a d  o f  w indow 
n u m b e r .
T he o v e r a l l  p e r f o r m a n c e  o f  t h e  t u r b i n e  u n d e r  u n s t e a d y  f lo w  
c o n d i t i o n s  w as n o t  m e a s u re d . H ow ever, t h e  m e a su re m e n ts  a t  r o t o r  
i n l e t  a n d  e x i t  w e re  s u f f i c i e n t l y  c o m p re h e n s iv e  t h a t  t h e y  c o u ld  
b e  u s e d  t o  e s t i m a t e  t h e  t u r b i n e  p o w e r o u t p u t  u s i n g  t h e  E u l e r  
tu rb o m a c h in e  e q u a t i o n ,  a n d  h e n c e  t h e  t i m e - v a r y i n g  e f f i c i e n c y .

6 . 2  R o t o r  I n l e t , 3  F l o w  C o n d i t i o n s , T h r o u g h - f l o w  v e l o c i t y

F i g s .  6 . 3 ,  6 .4  a n d  6 .5  show  t h e  p r e s s u r e  p u l s e  'f lo w , v e l o c i t y
a n d  a n g le  p r o f i l e s  m e a su re d  u n d e r  u n s te a d y  f lo w  f o r  3 d i f f e r e n t
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c o n d i t i o n s .  T h e se  m e a s u re m e n ts  w e re  m ade a t  a  p o i n t  3mm fro m  
t h e  i n n e r  w a l l .  I n  F i g . 6 .3  t h e  t im e - a v e r a g e d  t o t a l  m ass f lo w  t o  
t h e  t u r b i n e  p r o d u c e s  n e a r  d e s i g n  o p e r a t i n g  c o n d i t i o n  (T a b le
5 . 1 ) .  F i g s .  6 .4  a n d  6 .5  show  t h e  g a s  f lo w  c h a r a c t e r i s t i c s  a t  
o p e r a t i n g  c o n d i t i o n s  w h ich  a r e  f u r t h e r  aw ay fro m  d e s ig n  p o i n t .  
F i g s .  6 .3  a n d  6 .4  show c l e a r l y  t h a t  a b s o l u t e  v e l o c i t y  a n d  f lo w  
a n g le  v a r y  w i th  t h e  p r e s s u r e  p u l s e .  As t h e  m ass f lo w  i n c r e a s e s ,  
t h e  p r e s s u r e  p u l s e  becom es g r e a t e r  i n  m a g n i tu d e . A t t h e  h i g h e s t  
m a ss  f lo w  r a t e  t h e r e  a r e  m i s s i n g  d a t a  p o i n t s  i n  t h e  f lo w  
c h a r a c t e r i s t i c s .  The L2F v e l o c i m e t e r  i s  s e n s i t i v e  t o  f lo w  
c o n d i t i o n  a n d  w h e re  i n s u f f i c i e n t  q u a l i t y  d a t a  i s  r e c e i v e d ,  no 
m e a su re m e n ts  c an  b e  p o s s i b l e .
One l i k e l y  c a u s e  f o r  t h e  m is s in g  d a t a  i s  t h e  su d d e n  r i s e  i n  
p r e s s u r e ,  c a u s in g  an  i n s t a n t a n e o u s l y  h i g h l y  d i s t u r b e d  f lo w . 
F i g . 6 .5  show s t h a t  d a t a  w ere  c o l l e c t e d  a ro u n d  t h e  p e a k  p r e s s u r e  
a n d  t h e  f a l l i n g  p r e s s u r e  r e g i o n s .  The m is s in g  d a t a  a p p e a r s  t o  
f a l l  a r o u n d  a  t r a n s i t i o n  z o n e  w h e re  o n e  p r e s s u r e  p u l s e  i s  
d e c a y in g  a n d  t h e  p r e s s u r e  p u l s e  i n  t h e  o t h e r  l im b  i s  r a p i d l y  
r i s i n g .  T h is  p ro b le m  d o e s  n o t  o c c u r  n e a r  t o  t h e  d e s ig n  p o i n t  
( F i g s . 6 .3  a n d  6 . 4 ) .  B u t a t  o f f - d e s i g n  c o n d i t i o n s ,  t h e  h i g h e r  

p r e s s u r e  p u l s e  a p p e a r s  t o  c a u s e  a  m o m e n ta r i ly  h i g h l y  d i s t u r b e d  
f lo w  a s  tw o  s t r e a m s  o f  h i g h l y  u n e q u a l  p r e s s u r e  m e e t.

F i g s .  6 .3  t o  6 .5  show  c l e a r l y  t h e  tw o  v e l o c i t y  p u l s e s  i n  a 
c y c l e .  I t  i s  a l s o  c l e a r  t h a t  one p u l s e  i s  g r e a t e r  i n  m a g n itu d e  
t h a n  t h e  o t h e r .  T h is  e f f e c t  i s  o b s e r v e d  i n  e a c h  o f  t h e  t h r e e  
d i f f e r e n t  f lo w  c o n d i t i o n s .  One p u l s e  i s  g r e a t e r  t h a n  t h e  o t h e r  
b y  a p p r o x im a te ly  15 t o  25% (by e s t i m a t i n g  fro m  t h e  p e a k  o f  t h e  
p u l s e ) . The u n e q u a l  v e l o c i t y  p u l s e s  a r e  d u e  t o  m e a s u re m e n ts  
made a t  d i f f e r e n t  p o i n t s  i n  t h e  v o l u t e  e x i t .

F i g s . 6 . 6 ,  6 . 7  a n d  6 . 8  sh o w  t h e  v a r i a t i o n  o f  a b s o l u t e  v e l o c i t y
f o r  3 d i f f e r e n t  u n s t e a d y  f l o w  c o n d i t i o n s .  I n  e a c h  f l o w
c o n d i t i o n ,  m e a s u r e m e n t s  w e r e  m ade a c r o s s  t h e  v o l u t e  e x i t .  Two
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v e l o c i t y  p u l s e s ,  o n e  c o r r e s p o n d in g  t o  t h e  p r e s s u r e  p u l s e  i n  
e a c h  l im b  a r e  n o t e d  i n  e a c h  c a s e .  T he m a g n i tu d e s  o f  t h e  
v e l o c i t y  p u l s e s  a r e  o b s e r v e d  t o  c h a n g e  a t  d i f f e r e n t  m easu rem en t 
p o i n t s .  F o r  e x a m p le ,  o n e  o f  t h e  p e a k  v e l o c i t i e s  a t  t h e  3mm 
p o s i t i o n  f o r  a  f lo w  c o n d i t i o n  o f  0 .1 7  k g / s  i s  2 1 5  m /s  
( F i g . 6 . 4 b ) .  T h i s  p e a k  v e l o c i t y  a t  a  t im e  o f  17m s. c o r r e s p o n d s  

t o  t h e  p r e s s u r e  p u l s e  fro m  i n n e r  l im b .  The s e c o n d  p e a k  v e l o c i t y  
c a u s e d  b y  t h e  p r e s s u r e  p u l s e  fro m  t h e  o u t e r  l im b  i s  173 m /s  a t  
a  t im e  o f  7m s. As t h e  m e a s u r in g  p o i n t  m oves t o  7mm, t h e  p e a k  
v e l o c i t y  c a u s e d  b y  t h e  i n n e r  l im b  d e c r e a s e s  t o  a b o u t  160 m /s , 
F i g . 6 .7 .
To s e e  t h i s  e f f e c t  m ore  c l e a r l y  o n l y  t h e  p e a k  v e l o c i t i e s  
c o r r e s p o n d i n g  t o  e a c h  p r e s s u r e  p u l s e  a r e  p l o t t e d  a lo n g  t h e  
m e a s u re d  p o i n t s  -in F i g . 6 .9 .  The c u rv e  a t  t h e  lo w e s t  t o t a l  m ass 
f l o w  ( F i g . 6 . 9 a ) sh o w s  how  t h e  h i g h e r  p e a k  v e l o c i t y  
( c o r r e s p o n d in g  t o  i n n e r  l im b )  o f  229 m /s  a t  t h e  2mm p o s i t i o n  
d e c r e a s e s  g r a d u a l l y  t o  160 m /s  a t  t h e  7mm p o s i t i o n .  The o t h e r  
c u r v e  i n  t h i s  f i g u r e  sh o w s  t h e  s e c o n d  p e a k  v e l o c i t y  
( c o r r e s p o n d in g  t o  o u t e r  l im b )  o f  173 m /s  a t  t h e  2mm p o s i t i o n  
i n c r e a s i n g  g r a d u a l l y  t o  220  m /s  a t  t h e  7mm p o s i t i o n .  The 
i n t e r s e c t i o n  p o i n t  b e tw e e n  t h e  tw o  l o c i  o f  p e a k  v e l o c i t y  i s  
a r o u n d  4mm w h ic h  i s  a p p r o x i m a te ly  t h e  c e n t r e  o f  t h e  v o l u t e  
e x i t .
T h i s  c h a n g e  i n  m a g n i tu d e  o f  t h e  v e l o c i t y  p u l s e s  f o l l o w s  a 
s i m i l a r  t r e n d  t o  s t e a d y  f lo w  t e s t  r e s u l t s  i n  w h ich  o ne  lim b  i s  
f u l l y  o p e n e d  o r  c l o s e d .  T he f lo w  c h a r a c t e r i s t i c s  i n  t h e s e  
f i g u r e s  a r e  c o m p a ra b le  t o  t h a t  i n  F i g . 5 .1 0  w h e re  a  d i f f e r e n c e  
i n  v e l o c i t y  i s  n o t e d  a c r o s s  t h e  m e a s u re d  p o i n t ,  f o r  t h e s e  tw o 
o p e r a t i n g  c o n d i t i o n s .  The i n t e r s e c t i o n  p o i n t  o f  t h e  tw o  p e a k  
v e l o c i t y  l o c i  i s  a g a in  a ro u n d  4mm.
From  t h e  r e s u l t s  o f  t h e  a b o v e  a n a l y s i s  o f  t h i s  phenom enon i t  i s  
a p p a r e n t  t h a t  t h e  m o st l i k e l y  c a u s e  o f  t h e  u n e q u a l  v e l o c i t y  
p u l s e s  i s  l i n k e d  t o  i t s  m e a s u r in g  l o c a t i o n .  T h i s  i n f o r m a t io n  
b eco m es v e r y  u s e f u l  a t  a  l a t e r  s t a g e  when i t  c a n  b e  u s e d  a s  a
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g u id e  t o  c o n s t r u c t  a  t i m e - v a r y i n g  r e p r e s e n t a t i o n  o f  p u l s e  f lo w  
c h a r a c t e r i s t i c s  a c r o s s  t h e  v o l u t e  e x i t ,  w h e re  t h e r e  a r e  m is s in g  
d a t a  p o i n t s .
A t som e p o i n t  i n  t h e  p u l s a t i n g  f lo w  t h e r e  e x i s t s  c o n d i t i o n s  
w h e re  o n e  l im b  i s  n o t  f l o w i n g ,  w h e re  b o t h  f lo w  e q u a l l y ,  a n d  
b e tw e e n  t h e s e ,  w h e re  t h e  c o n d i t i o n s  a r e  t h o s e  o f  p a r t i a l  
a d m i s s i o n .  T h i s  c o m p a r is o n  ( F i g s . 5 .1 0  a n d  6 .9 )  s u g g e s t s  t h a t  
t h e  u n s t e a d y  g a s  f lo w  c h a r a c t e r i s t i c s  a r e  i n s t a n t a n e o u s l y  v e ry  
s i m i l a r  t o  t h e  s t e a d y  f lo w  a t  c o r r e s p o n d in g  p a r t i a l  a d m is s io n  
c o n d i t i o n s .  A m ore  im p o r t a n t  c o n c lu s io n  f ro m  t h i s  a n a l y s i s  i s  
t h a t  u n d e r  p u l s a t i n g  f lo w  t h e  f l u i d  i s  i n  d y n a m ic  e q u i l i b r i u m
i . e  t h e  t u r b i n e  i s  " q u a s i - s t e a d y ” .

F low  A n g le  a n d  I n c id e n c e  A n g le

F i g s .  6 .3 c  t o  6 .5 c  show  t h e  v a r i a t i o n  o f  t h e  a b s o l u t e  f lo w  
a n g le s  w i t h i n  a  c y c l e  p u l s e .  A t n e a r  t h e  d e s ig n  p o i n t  c o n d i t i o n  
( F i g . 6 . 3 c )  t h e  f l o w  a n g l e  p r o f i l e  sh o w s  tw o  p u l s e s  
c o r r e s p o n d i n g  t o  t h e  v e l o c i t y  p u l s e s .  T he p e a k  v e l o c i t i e s  
c o r r e s p o n d  t o  t h e  lo w e s t  f lo w  a n g l e s  a n d  v i c e  v e r s a .  The f lo w  
v a r i e s  f ro m  a b o u t  5° t o  3 4 ° . T h is  r e p r e s e n t s  a  l a r g e  v a r i a t i o n  
w h ic h  i s  g e n e r a l l y  n o t  p e r c e i v e d  i n  t h e  d e s i g n i n g  o f  
t u r b o c h a r g e r  t u r b i n e s .  A l l  p r e v io u s  f lo w  i n v e s t i g a t i o n s  (8 ,1 0 )  
c a r r i e d  o u t  so  f a r  r e v e a l  a  m inim um  v a r i a t i o n  o f  f lo w  a n g le  
e x c e p t  a r o u n d  t h e  to n g u e  r e g i o n .  The r e s u l t s  h e r e  show  t h a t  
u n d e r  u n s t e a d y  f lo w  c o n d i t i o n s ,  t h e  f lo w  a n g l e  a t  t h e  r o t o r  
i n l e t  v a r i e s  c o n s i d e r a b l y  n e a r  t h e  d e s i g n  a n d  l e s s  s o ,  b u t  
s t i l l  s i g n i f i c a n t l y ,  o f f - d e s i g n  ( F i g s . 6 . 4 c  a n d  6 . 5 c ) .
The i n e r t i a  o f  t h e  r o t a t i n g  a s s e m b ly  i s  s u f f i c i e n t l y  h ig h  t h a t  
t h e  r o t o r  s p e e d  i s  e f f e c t i v e l y  c o n s t a n t  d u r in g  p u l s a t i n g  f lo w , 
s o  t h a t  t h e  b l a d e  s p e e d  c a n  b e  c a l c u l a t e d .  W ith  t h i s  a n d  th e  
m e a s u r e d  a b s o l u t e  v e l o c i t y  a n d  f lo w  a n g l e ,  t h e  v e l o c i t y  
t r i a n g l e  c a n  b e  c o n s t r u c t e d  a n d  h e n c e  t h e  t a n g e n t i a l  a n d  r a d i a l  
c o m p o n e n ts  o f  v e l o c i t y  a n d  i n c i d e n c e  a n g l e  c a n  b e  c a l c u l a t e d ,
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F i g s . 6 .1 0  t o  6 .1 2 .  The v a r i a t i o n  o f  f lo w  a n g l e  h a s  a  g r e a t e r  
e f f e c t  on  t h e  r a d i a l  v e l o c i t y  ( C r = C . s i n ( a )  ) t h a n  t h e  
t a n g e n t i a l  v e l o c i t y .  I t  f o l l o w s  t h a t  t h e  v a r i a t i o n  o f  r a d i a l  
v e l o c i t y  i n  F i g s . 6 .1 0  t o  6 .1 2  i s  s i m i l a r  t o  a b s o l u t e  f lo w  a n g le  
w h i l e  t h e  t a n g e n t i a l  v e l o c i t y  v a r i a t i o n  i s  s i m i l a r  t o  t h e  
a b s o l u t e  v e l o c i t y .
I n  F i g . 6 .1 0  w h e re  t h e  f lo w  c o n d i t i o n  i s  c l o s e  t o  d e s ig n  p o i n t ,  
v e r y  l a r g e  c h a n g e s  i n  i n c i d e n c e  a n g le  i s  o b s e r v e d  w i th  a  c y c l e .  
A t h i g h e r  m ass f lo w  r a t e s  s m a l l e r  v a r i a t i o n s  a r e  o b s e r v e d .  T h is  
v a r i a t i o n  i s  b e tw e e n  60° t o  - 6 5 ° .  T h i s  l a r g e  v a r i a t i o n  o f  
i n c i d e n c e  a n g le  m eans t h a t  t h e  r o t o r  i s  o p e r a t i n g  o v e r  a  w ide  
r a n g e  o f  o f f - d e s i g n  c o n d i t i o n s ,  a n d  i m p l i e s  l a r g e  i n c i d e n c e  
l o s s e s .  T h i s  p r o b a b l y  c o n t r i b u t e s  t o  t h e  l a r g e  v a r i a t i o n  o f  
t u r b i n e  e f f i c i e n c y  n o t e d  b y  D a le  ( 3 9 ) .  D a l e 's  u n s t e a d y  f lo w  
t e s t  r e v e a l s  a  c o n s i s t e n t  e f f i c i e n c y  lo o p  u n d e r  a l l  f lo w  
c o n d i t i o n s .  I n  F i g . 5 .3 5  i t  show s t h a t  t h i s  v a r i a t i o n  o f  t u r b i n e  
e f f i c i e n c y  i s  o f  s i g n i f i c a n t  m a g n itu d e .

F i g s . 6 .1 0  t o  6 .1 2  show s t h e  v a r i a t i o n  o f  i n c i d e n c e  a n g le  f o r  
d i f f e r e n t  f lo w  c o n d i t i o n s .  L a rg e  v a r i a t i o n  o f  i n c i d e n c e  i s  
n o t e d  e v e n  a t  n e a r  d e s ig n  p o i n t  o p e r a t i o n .
The t y p i c a l  r e s u l t s  p r e v i o u s l y  n o te d  t h a t  low  a b s o l u t e  v e l o c i t y  
c o r r e s p o n d s  a p p r o x im a te ly  w i th  h ig h  f lo w  a n g l e s  a n d  v i c e  v e r s a  
i s  r e s p o n s i b l e  f o r  t h e  m a g n itu d e  o f  t h e  v a r i a t i o n  i n  i n c i d e n c e  
a n g l e .  F i g . 6 .1 3  show s an  ex am p le  o f  how t h e  i n c i d e n c e  a n g le  can  
b e  a f f e c t e d  b y  t h e  g a s  a n g l e  w h i l s t  k e e p in g  t h e  a b s o l u t e  
v e l o c i t y  a n d  b l a d e  s p e e d  c o n s t a n t .  F i g . 6 . 1 3 a  show s t h a t  when 
t h e  t a n g e n t i a l  v e l o c i t y  e x c e e d s  t h e  b l a d e  s p e e d ,  a  d e c r e a s e  in  
a b s o l u t e  f lo w  a n g le  ( f ro m  30° t o  20°) c h a n g e s  t h e  i n c i d e n c e
a n g l e  f ro m  - 1 8 .4 °  t o  - 3 5 0, T h is  c a u s e s  t h e  f lo w  t o  d e p a r t\
f u r t h e r  f ro m  d e s ig n  p o i n t .  F i g . 6 .1 3 b  show s t h a t  f o r  t h e  same 
d e c r e a s e  i n  a b s o l u t e  f lo w  a n g l e ,  w i th  t a n g e n t i a l  v e l o c i t y  l e s s  
t h a n  b l a d e  s p e e d ,  t h e  c h a n g e  i n  i n c i d e n c e  a n g le  i s  s m a l l .  B ut 
t h e  u n s t e a d y  f lo w  r e s u l t s  show  t h e  c a s e  o f  l a r g e  v a r i a t i o n  o f
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a b s o l u t e  v e l o c i t y  s o  t h a t  t h e  i n c i d e n c e  a n g l e  c h a n g e s  
s i g n i f i c a n t l y  fro m  +ve t o  - v e .

C o n c lu s io n  fro m  u n s te a d y  g a s  f lo w  c h a r a c t e r i s t i c s

T h is  s e c t i o n  show s t h e  v a r i a t i o n  o f  g a s  f lo w  c h a r a c t e r i s t i c s  a t  
i n l e t  t o  t h e  r o t o r  w i th  r e s p e c t  t o  i n l e t  p r e s s u r e  p u l s e .  The 
f o l l o w in g  c o n c lu s io n s  c a n  b e  made :

. The a b s o l u t e  v e l o c i t y  a n d  f lo w  a n g l e  show  l a r g e  v a r i a t i o n s  
w i th  t h e  p r e s s u r e  p u l s e .
. F rom  t h e s e  m e a s u r e m e n ts ,  i t  i s  p o s s i b l e  t o  c o n s t r u c t  t h e  
t i m e - v a r y i n g  r o t o r  i n l e t  v e l o c i t y  t r i a n g l e ,  t h u s  sh o w in g  t h e  
v a r i a t i o n s  o f  t a n g e n t i a l  a n d  r a d i a l  c o m p o n e n ts  o f  v e l o c i t y ,  
i n c i d e n c e  a n g le  a n d  r e l a t i v e  v e l o c i t y .
. V ery  l a r g e  v a r i a t i o n  o f  in c i d e n c e  a n g le  i s  n o t e d  e v e n  a t  n e a r  
d e s ig n  o p e r a t i o n ,  i n d i c a t i n g  a  l a r g e  r a n g e  o f  i n c i d e n c e  l o s s e s .  
. T he m a g n i tu d e  o f  t h e  v e l o c i t y  p u l s e s  v a r i e s  w i t h  t h e
m e a s u r in g  p o i n t  a c r o s s  t h e  v o l u t e  e x i t .

U nder p u l s a t i n g  f lo w  t h e  f l u i d  i s  i n  d y n am ic  e q u i l i b r i u m  i . e
t h e  t u r b i n e  i s  " q u a s i - s t e a d y " .

6 . 3  R o t o r  I n l e t ,  A x i a l  V e l o c i t y  o f  C o m p o n e n t .

M e a su re m e n ts  w e re  a l s o  m ade v i a  t h e  m i r r o r  t o  i n v e s t i g a t e  t h e  
p r e s e n c e  o f  t a n g e n t i a l ,  a x i a l  a n d  r a d i a l  c o m p o n e n ts  o f  v e l o c i t y  
u n d e r  p u l s a t i n g  f lo w . R e f e r  t o  F i g . 4 .1 7  t h e  f lo w  v e l o c i t y  V11 

a n d  f lo w  a n g l e  a n  w e re  m e a s u re d  on a  p l a n e  p e r p e n d i c u l a r  t o  
t h e  l a s e r  beam . T h is  p l a n e  i s  30° t o  t h e  t a n g e n t .  F i g s .  6 .1 4  and
6 .1 5  show  t h e  v a r i a t i o n  i n  f lo w  v e l o c i t y  a n d  f lo w  a n g le  
(m e a su re d  on  t h e  30° p l a n e ;  90° r e p r e s e n t s  z e r o  a x i a l  com ponen t 
o f  v e l o c i t y )  t h i s  u n d e r  p u l s a t i n g  c o n d i t i o n  f o r  p o i n t s  3mm and  
7mm fro m  t h e  i n n e r  w a l l  r e s p e c t i v e l y .  A t e a c h  p o i n t  o n ly  one
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p u l s e  was m e a su re d  c o m p le te ly .  A se c o n d  p u l s e  a p p e a r s  p a r t i a l l y  
a t  t h e  h i g h e r  t o t a l  m ass  f lo w  c o n d i t i o n .  T h e re  i s  l e s s  good 
d a t a  a v a i l a b l e  fro m  t h e s e  m e a su re m e n ts  t h a n  t h o s e  m e a s u re d  i n  
t h e  t a n g e n t i a l - r a d i a l  p l a n e  i n  w h ic h  tw o  c o m p le te  p u l s e s  w ere  
m e a s u r e d .  T h e re  i s  n o  s t r a i g h t  f o r w a r d  e x p l a n a t i o n  f o r  t h e  
m i s s i n g  s e c o n d  p u l s e  w hen m e a s u r e m e n ts  w e re  m ade on  t h e  
t a n g e n t i a l - a x i a l  p l a n e .

A p p e n d ix  B e x p l a i n s  t h e  e f f e c t s  o f  t h e  L2F f o c a l  v o lu m e  
r o t a t i n g  o f  a  30° p l a n e .  As t h e  f lo w  d e v i a t e s  m ore  f ro m  t h e  
r a d i a l  p l a n e ,  i t  b e c o m e s  i n c r e a s i n g l y  d i f f i c u l t  t o  t a k e  
m e a s u r e m e n ts .
When m e a s u r in g  on a  t a n g e n t i a l - a x i a l  p l a n e ,  i f  t h e  f lo w  a n g le  
on  t h i s  p l a n e  i s  g r e a t e r  t h e  4 5 ° , t h e  sam e s e e d in g  p a r t i c l e  i s  
n o t  l i k e l y  t o  t r i g g e r  b o th  t h e  s t a r t  a n d  s t o p  beam s o f  t h e  L2F 
f o c a l  v o lu m e , ( F i g . 3 .1 4 )  so  t h a t  no  m e a su re m e n t i s  p o s s i b l e  by 
t h e  L 2F . I n  t h i s  c a s e  h o w e v e r  t h e  a b s o l u t e  f lo w  a n g l e  v a r i e s  
f ro m  5° t o  34° ( f o r  n e a r  d e s ig n  p o i n t  o p e r a t i o n )  w h ic h  i s  l e s s  
t h a n  t h i s  l i m i t .  T h e r e f o r e  t h i s  i s  n o t  l i k e l y  t o  b e  t h e  c a u s e  
t o  t h e  m is s in g  d a t a  f o r  t h e  s e c o n d  p u l s e .
H o w ev e r, d u e  t o  t h e  p r e s e n c e  o f  t h e  d i v i d e r  w a l l  i t  i s  n o t  
p o s s i b l e  t o  m e a s u re  on  a  p u r e l y  t a n g e n t i a l - a x i a l  p l a n e .  The 
l a s e r  beam  w as r e f l e c t e d  so  t h a t  t h e  f o c a l  v o lu m e  i s  r o t a t i n g  
on a  30° p l a n e  ( F ig .  4 .2 0 )  c a u s in g  t h e  a n g l e  y  ( s e e  F ig .B 2 )  t o  
v a r y  a s  t h e  f o c a l  v o lu m e  r o t a t e s  on  t h i s  p l a n e .  A p p e n d ix  B 
d e t a i l s  t h i s  v a r i a t i o n  o f  y  a s  t h e  f o c a l  v o lu m e  r o t a t e s  ( i e  
s c a n s  o v e r  a  p o s s i b l e  r a n g e  o f  f lo w  a n g le )  . As y  g e t s  s m a l l e r ,  
i t  beco m es m ore  l i k e l y  t h a t  n o  m ea su re m e n t c a n  b e  made when th e  
a b s o l u t e  f lo w  a n g l e  (m e a s u r e d  i n  t a n g e n t i a l - r a d i a l  p l a n e )  
b e co m e s c l o s e r  t o  y .  The f r o n t  a n d  r e a r  m i r r o r s  w i l l v a f f e c t  
t h e  m e a su re m e n t a s  f o l l o w s :
. To m e a s u re  p o i n t  7mm, t h e  f r o n t  m i r r o r  w as u s e d .  As t h e  
a n g u l a r  s c a n  i s  g r e a t e r  t h a n  90°, y  d e c r e a s e s  (A p p e n d ix  B) . 
G r e a t e r  t h a n  90° s c a n  r e f e r s  t o  f lo w  d e v i a t i o n  ( o r  a x i a l
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v e l o c i t y )  i n  t h e  d i r e c t i o n  to w a r d s  i n n e r  l i m b .  T h u s when 
m e a s u r in g  t h i s  p o i n t  f ro m  t h e  t a n g e n t i a l - a x i a l  p l a n e ,  t h e  
s m a l l e r  v a lu e  o f  \|f im p l i e s  t h a t  t h e r e  i s  a  g r e a t e r  p o s s i b i l i t y  
o f  m is s in g  o u t  f lo w  to w a rd s  t h e  i n n e r  l im b .

. To m e a s u re  p o i n t  3mm t h e  r e a r  m i r r o r  w as u s e d .  F o r  t h e  
a n g u l a r  s c a n  l e s s  t h a n  9 0 ° , Y d e c r e a s e s .  L e s s  t h a n  90° s c a n  
r e f e r s  t o  f lo w  d e v i a t i o n  i n  t h e  d i r e c t i o n  to w a r d s  o u t e r  l im b . 
T h u s w hen m e a s u r in g  p o i n t  3mm fro m  t a n g e n t i a l - a x i a l  p l a n e ,  
t h e r e  i s  a  g r e a t e r  p o s s i b i l i t y  t o  m is s  o u t  f lo w  to w a r d s  t h e  
o u t e r  l im b  due  t o  r e d u c e d  a n g le  >|f.

F i g s . 6 .1 4  a n d  6 .1 5  b o th  show o n ly  on e  p u l s e ,  b u t  e a c h  p u l s e  i s  
d u e  t o  d i f f e r e n t  l im b  h o w e v e r . From  F i g s .  6 .3  t o  6 .5 ,  i t  i s  
c l e a r  t h a t  t h e  on e  p u l s e  shown i n  F i g . 6 .1 4  i s  d u e  t o  p r e s s u r e  
p u l s e  fro m  i n n e r  lim b  w h i le  t h a t  shown i n  F i g .  6 .1 5  t h e  s i n g l e  
p u l s e  i s  d u e  t o  t h e  o u t e r  l im b .  B u t m e a s u r in g  fro m  t a n g e n t i a l -  
r a d i a l  a t  p o i n t  7mm r e v e a l s  tw o  p u l s e s  ( F i g s . 6 .6  t o  6 . 8 ) .  T h is  
i n d i c a t e s  t h a t  t h e  m i s s i n g  p u l s e  ( w h i l e  m e a s u r in g  f ro m  
t a n g e n t i a l - a x i a l  p l a n e )  i s  n o t  l i k e l y  due t o  a  h i g h l y  d i s t u r b e d  
o r  m ix ed  f lo w .

From  t h e  a n a l y s i s  o f  t h e  a b o v e  f i n d i n g s ,  i t  i s  m o st p r o b a b l e  
t h a t  t h e  m i s s in g  p u l s e  h a s  a  r a t h e r  h i g h  a x i a l  c o m p o n e n t o f  
v e l o c i t y  a n d  b e c a u s e  w i th  t h e  e f f e c t  o f  r o t a t i n g  t h e  L2F f o c a l  
vo lu m e  on a  30° p l a n e  i n s u f f i c i e n t  s e e d in g  p a r t i c l e s  w e re  a b l e  
t o  t r i g g e r  b o t h  t h e  s t a r t  a n d  s t o p  beam s t o  p r o d u c e  a  q u a l i t y  
d i s t r i b u t i o n .  The m e a s u re d  p u l s e  i s  i n  t h e  d i r e c t i o n  to w a rd s  
t h e  i n n e r  l im b  r e g i o n .  The m e a su re d  d a t a  i n  F i g . 6 .1 5  i s  due  t o  
t h e  p r e s s u r e  p u l s e  f ro m  o u t e r  l im b ,  i n  w h ic h  t h e  f l o w  i s  
d i r e c t e d  t o w a r d  t h e  o u t e r  l im b  w i t h  a  d e v i a t i o n  o f  
a p p r o x im a te ly  7° fro m  r a d i a l  p l a n e .
T he sam e c o n c lu s io n  c a n  b e  d raw n  a b o u t  c o n d i t i o n s  a t  t h e  3mm 
m e a s u r in g  p o i n t s .
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C o n c lu s io n  fro m  m e a su re m e n ts  on t h e  t a n g e n t i a l - a x i a l  p l a n e .

M e a s u r in g  on  t h e  t a n g e n t i a l - r a d i a l  p l a n e  c l e a r l y  d e m o n s t r a te s  
tw o  p u l s e s ,  o n e  fro m  e a c h  p r e s s u r e  p u l s e .  M e a s u r in g  t h e  same 
p o i n t  i n  t h e  f lo w  on a  t a n g e n t i a l - a x i a l  p l a n e  r e v e a l s  a  m is s in g  
p u l s e .  A n a ly s i s  o f  t h e  r e s u l t s  s u g g e s t  t h a t  t h e  m is s in g  p u l s e  
p r o b a b ly  h a s  a  h ig h  a x i a l  com p onen t o f  v e l o c i t y .  T h is  t o g e t h e r  
w i t h  t h e  e f f e c t  o f  t h e  L2F f o c a l  v o lu m e  r o t a t i n g  on a  30° 
p l a n e ,  r e s u l t e d  i n  i n s u f f i c i e n t  q u a l i t y  d a t a  t o  p r o d u c e  t h e  
s e c o n d  p u l s e .

6 . 4  R o t o r  E x i t ,  3  F l o w  C o n d i t i o n s

F i g . 6 .1 6  sh ow s t h e  f lo w  v e l o c i t y  a n d  a n g l e  p r o f i l e s  a t  t h e  
r o t o r  e x i t ,  20mm fro m  t h e  t o p  o f  t h e  d u c t  f o r  3 d i f f e r e n t  f lo w  
c o n d i t i o n s .  The tw o  p u l s e s  w i t h i n  a  c y c l e  a r e  w e l l  d e f i n e d  in  
b o t h  t h e  f lo w  v e l o c i t y  a n d  a n g l e  p r o f i l e s .  U n l ik e  t h e  
m e a su re m e n ts  made a t  t h e  r o t o r  i n l e t  t h e s e  v e l o c i t y  p u l s e s  h av e  
a p p r o x i m a t e l y  t h e  sam e m a g n i tu d e .  T he f lo w  a n g l e  p u l s e s  
i n c r e a s e  i n  m a g n i tu d e  a t  h i g h e r  t o t a l  m ass  f lo w  c o n d i t i o n s  
(aw ay fro m  t h e  d e s ig n  p o i n t ) . From  t h e  s t e a d y  t e s t  r e s u l t s  i t  

m ay b e  p o s s i b l e  t o  u n d e r s t a n d  why t h e s e  p u l s e s  a r e  
a p p r o x im a te ly  o f  e q u a l  m a g n itu d e  i n s t e a d  o f  t h e  u n e q u a l  p u l s e ,  
s e e n  a t  t h e  r o t o r  i n l e t .
F i g s . 5 .2 2  a n d  5 .2 3  show t h a t  t h e  e f f e c t  o f  p a r t i a l  a d m is s io n  
f lo w  t h e  e f f e c t  on t h e  f lo w  v e l o c i t y  a n d  a n g l e  i s  m inim um . F o r 
e x a m p le ,  w hen o n e  o f  t h e  l im b s  i s  f u l l y  c l o s e d  t h e  f lo w  
v e l o c i t y  a n d  a n g le  i s  a lm o s t  t h e  sam e a s  i n  p a r t i a l  a n d  e q u a l  
a d m is s io n  c o n d i t i o n s  ( t h i s  i s  n o t  t h e  c a s e  a t  r o t o r  i n l e t ) . 
S in c e  t h e  p u l s e  f lo w  c o n d i t i o n  i s  i n s t a n t a n e o u s l y  s i m i l a r  t o  
s t e a d y  p a r t i a l  a d m is s io n  f lo w ,  s i m i l a r  e f f e c t s  on  t h e  f lo w  
v e l o c i t y  a n d  a n g le  a r e  l i k e l y  t o  r e s u l t  a t  t h e  r o t o r  e x i t  u n d e r  
p u l s e  f lo w  c o n d i t i o n s .
F i g . 5 .1 9  show s t h a t  a t  o f f  d e s ig n  p o i n t s  t h e  s w i r l  i n  t h e  d u c t
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beco m es m ore s e v e r e .  T h is  e f f e c t  i s  a l s o  s e e n  i n  p u l s a t i n g  f lo w  
w h e re  t h e  f lo w  a n g l e ,  a p a r t  f ro m  i n c r e a s i n g ,  a l s o  h a s  a  l a r g e  
f l u c t u a t i o n  w i t h i n  t h e  c y c l e .  F i g . 6 .1 6  show s t h e  v a r i a t i o n  o f  
f lo w  a n g l e s  t o  b e  u p  t o  1 2 ° , 5° t o  23° a n d  12° t o  36° a s  t h e  
f lo w  c o n d i t i o n  m oves aw ay fro m  d e s ig n  p o i n t .
F i g . 6 .1 7  sh o w s t h e  v a r i a t i o n  o f  f lo w  v e l o c i t y  a s  p u l s e  
m e a s u r e m e n ts  w e re  m ade a c r o s s  t h e  d u c t  f o r  o n e  o f f - d e s i g n  
c o n d i t i o n .  The tw o  v e l o c i t y  p u l s e s  o f  a p p r o x i m a t e l y  e q u a l  
m a g n itu d e  a r e  o b s e r v e d .  The f i g u r e  a l s o  show t h a t  t h e  m a g n itu d e  
c h a n g e s  a s  t h e  m e a s u re m e n t p o i n t  i s  m oved a c r o s s  t h e  d u c t .  
F i g . 6 .1 8  show s t h i s  v a r i a t i o n  m ore c l e a r l y  by  p l o t t i n g  o n ly  th e  
p e a k  v e l o c i t y  a c r o s s  t h e  d u c t .  T h is  v e l o c i t y  p r o f i l e  i s  v e r y  
s i m i l a r  t o  t h o s e  o b t a i n e d  i n  t h e  s t e a d y  f lo w  t e s t  a s  shown in  
F i g . 5 .2 2 .
F i g . 6 .1 9  show s t h e  v a r i a t i o n  o f  f lo w  a n g le  a c r o s s  t h e  d u c t  f o r  
t h e  sam e c o n d i t i o n .  The tw o  a n g u l a r  p u l s e s  a r e  s t i l l  p ro n o u n c e d  
i n  t h e  f lo w  a n g le  p r o f i l e .  A t t h e  c e n t r e  o f  t h e  d u c t  t h e  f lo w  
a n g l e  i s  lo w  i n d i c a t i n g  a  m inim um  s w i r l .  T he f lo w  a n g le  
v a r i a t i o n  i s  12° t o  30° a t  25mm a n d  9° t o  30° a t  35mm. C lo s e r  t o  
t h e  w a l l  ( a t  15mm a n d  45mm) t h i s  f lo w  a n g l e  v a r i a t i o n  i s  
b e tw e e n  18° t o  50°, i n d i c a t i n g  h ig h  s w i r l .  A t t h e  c e n t r e  o f  t h e  
d u c t  (30mm) m o st o f  t h e  r e s u l t s  w e re  n o t  p r o c e s s e d  d u e  t o  t h e  
l a c k  o f  s u f f i c i e n t  q u a l i t y  d a t a  c o l l e c t .  T h i s  i n d i c a t e s  a 
d i f f i c u l t y  i n  m e a su re m e n t p o s s i b l y  d u e  t o  t h e  wake s h e d  by  th e  
s o l i d  h u b .

C o n c lu s io n  fro m  m e a su re m e n t a t  r o t o r  e x i t

I n  t h e  s t e a d y  f lo w  t e s t s ,  r o t o r  e x i t  m e a s u re m e n ts  show ed  t h a t  
s w i r l  i n c r e a s e s  a s  t h e  f lo w  c o n d i t i o n  d e p a r t s  f ro m  d e s ig n
p o i n t .  When t h e  f lo w  c o n d i t i o n  i s  n e a r  t h e  d e s i g n  p o i n t ,  a

\m inim um  s w i r l  i s  n o t e d .  U n d e r u n s t e a d y  f lo w  c o n d i t i o n s ,  t h e  
e x t e n t  o f  t h e  s w i r l  v a r i e s  w i t h in  a  p u l s e . The p u l s e s  a r e  w e l l  
d e f i n e d  i n  te r m s  o f  a b s o l u t e  v e l o c i t y  a n d  f lo w  a n g l e .  F o r  f lo w
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c o n d i t i o n s  a w a y  f r o m  t h e  d e s i g n  p o i n t ,  i t  i s  c l e a r  t h a t  t h e  
s w i r l  i s  m o r e  s e v e r e  a n d  t h e  v a r i a t i o n  i s  g r e a t e r .
B y  p l o t t i n g  t h e  p e a k  v e l o c i t y  o f  t h e  f l o w  c h a r a c t e r i s t i c s  
a c r o s s  t h e  e x i t  d u c t ,  t h e  r e s u l t  s h o w s  v a r i a t i o n  t h a t  i s  
s i m i l a r  t o  t h o s e  o b t a i n e d  u n d e r  s t e a d y  f l o w  t e s t .  T h i s  i s  so m e  
i n d i c a t i o n  t h a t  t h e  f l u i d  f l o w  r e m a i n s  i n  d y n a m i c  e q u i l i b r i u m  
w h i l s t  t h e  f l o w  i s  u n s t e a d y .
U n l i k e  t h e  f l o w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t ,  b o t h  
v e l o c i t y  p u l s e s  m e a s u r e d  a r e  o f  e q u a l  m a g n i t u d e .  T h i s  
o b s e r v a t i o n  i s  a l s o  n o t e d  f o r  d i f f e r e n t  f l o w  c o n d i t i o n s  a n d  
m e a s u r i n g  p o i n t s .

6 . 5  R o to r  I n l e t ,  A z im u th  a n g l e  = 2 0 ° ,  9 0 ° ,  1 8 0 °  a n d  
270° D i f f e r e n t  D i v i d e r  D e p th ,

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

F i g .  6 . 2 0  s h o w s  m e a s u r e m e n t s  m a d e  w i t h  SW<|> =  80mm a t  d i f f e r e n t  
a z i m u t h  a n g l e s .  M e a s u r e m e n t s  a t  1 , 2  a n d  3mm ( m e a s u r i n g  p o i n t )  
w e r e  n o t  p o s s i b l e .  M e a s u r e m e n t s  a t  4mm t o  8mm r e v e a l  o n l y  o n e  
v e l o c i t y  p u l s e .  T h e  s e c o n d  p u l s e  d u e  t o  t h e  p r e s s u r e  p u l s e  
c o m i n g  f r o m  t h e  i n n e r  l i m b  i s  n o t  m e a s u r e d  a r o u n d  t h e  o u t e r  
l i m b  r e g i o n .  I t  i s  p r o b a b l e  t h a t  t h i s  p u l s e  f r o m  t h e  i n n e r  l i m b  
d e v e l o p s  i n t o  a  f l o w  w i t h  a  h i g h  a x i a l  c o m p o n e n t  o f  v e l o c i t y  
( a s  i t  a r r i v e s  a t  t h e  o u t e r  l i m b  r e g i o n )  s o  t h a t  i t  c a n n o t  b e  

d e t e c t e d  w h i l s t  m e a s u r i n g  i n  t h e  t a n g e n t i a l - r a d i a l  p l a n e .  I t  
c o u l d  a l s o  b e  t h e  r e s u l t  o f  a  m o m e n t a r i l y  h i g h l y  d i s t u r b e d  
f l o w .  T h i s  m a y  l e a v e  v e r y  l i t t l e  s p a c e  b e t w e e n  i t  a n d  t h e  r o t o r  
f o r  f l o w  f r o m  t h e  t w o  l i m b  t o  m i x .  W it h  t h e  e x t e n d e d  d i v i d e r ,  
t h e  s p a c e  b e t w e e n  t h e  d i v i d e r  t i p  a n d  t h e  r o t o r  t i p  I s  a  
m in im u m , s o  t h a t  t h e  f l o w  f r o m  e a c h  l i m b  h a s  v e r y  l i t t l e
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i n t e r s p a c e  i n  w h i c h  t o  m ix  b e f o r e  a r r i v i n g  a t  t h e  r o t o r  i n l e t .

F i g . 6 . 2 1  s h o w s  t h e  f l o w  c h a r a c t e r i s t i c s  m e a s u r e d  a t  a z i m u t h  
a n g l e  =  2 7 0 °  f o r  SW<|>= 8 6  a n d  96m m . T h e s e  a r e  c o m p a r e d  w i t h  t h e  
f l o w  c h a r a c t e r i s t i c s  o b t a i n e d  a t  t h e  s a m e  a z i m u t h  a n g l e  a n d  
w i t h  SW<|> =  80m m f F i g .  6 . 2 0 c .  T h e  m e a s u r e m e n t s  a t  SW<|> o f  80mm 
s h o w  o n l y  o n e  v e l o c i t y  p u l s e  ( c o n s i s t e n t l y  d u e  t o  a  p r e s s u r e  
p u l s e  c o m i n g  f r o m  o u t e r  l i m b )  f o r  m e a s u r e m e n t s  f r o m  4mm t o  8mm. 
W it h  SW<J> =  86m m , F i g .  6 . 2 1 a  a l s o  s h o w s  o n e  v e l o c i t y  p u l s e  f o r  
m e a s u r e m e n t s  m a d e  f r o m  3mm t o  8m m . U n l i k e  t h e  f l o w  
c h a r a c t e r i s t i c s  w i t h  SW<(> =  80m m , t h e s e  m e a s u r e m e n t s  s h o w  t h a t  
t h e  s i n g l e  v e l o c i t y  p u l s e  i s  d u e  t o  t h e  p r e s s u r e  p u l s e  f r o m  
e i t h e r  t h e  o u t e r  o r  i n n e r  l i m b  d e p e n d i n g  o n  t h e  m e a s u r i n g  
p o i n t .  A t  m e a s u r i n g  p o i n t  3mm a n d  4mm ( w h i c h  i s  a r o u n d  t h e  
i n n e r  l i m b  r e g i o n )  t h e  v e l o c i t y  p u l s e  i s  d u e  t o  p r e s s u r e  p u l s e  
a r i s i n g  f r o m  i n n e r  l i m b .  A t  m e a s u r i n g  p o i n t s  6mm t o  8mm, ( w h ic h  
a r e  a r o u n d  t h e  o u t e r  l i m b  r e g i o n )  t h e  v e l o c i t y  p u l s e  i s  d u e  t o  
p r e s s u r e  p u l s e  a r i s i n g  f r o m  t h e  o u t e r  l i m b .  A t  t h e  5mm p o i n t  
w h i c h  i s  a p p r o x i m a t e l y  t h e  c e n t r e  o f  t h e  v o l u t e  e x i t ,  t w o  
v e l o c i t y  p u l s e s  a r e  n o t e d .  T h i s  i n d i c a t e s  t h a t  t h e  f l o w  f r o m  
b o t h  l i m b s  h a s  b e e n  a b l e  t o  m ix  w e l l  a t  t h e  m id  s e c t i o n  o f  t h e  
v o l u t e  e x i t .  W it h  a  l a r g e r  s e p a r a t i n g  w a l l  d i a m e t e r  ( f r o m  SW<|> =  
80mm t o  86m m ) t h e  l a r g e r  i n t e r s p a c e  a l l o w s  t h e  f l o w  f r o m  b o t h  
l i m b s  t o  m i x  a t  h i g h e r  r a d i u s .  T h i s  o b s e r v a t i o n  i s  n o t e  i n  
s t e a d y  g a s  f l o w  c h a r a c t e r i s t i c s .
F i g .  6 . 2 1 b  s h o w s  t h e  f a m i l i a r  t w o  v e l o c i t y  p u l s e s  w i t h  SW<|> =  
96m m . I t  a l s o  s h o w s  c h a r a c t e r i s t i c a l l y  t h e  v a r y i n g  m a g n i t u d e s  
o f  t h e  v e l o c i t y  p u l s e s  w i t h  t h e  m e a s u r i n g  p o i n t  a c r o s s  t h e  
v o l u t e  e x i t .
T h e  c o m p a r i s o n  s h o w s  t h a t  w i t h  t h e  l a r g e r  s e p a r a t i n g  w a l l  
d i a m e t e r  p l a t e s ,  t h e  f l o w  d u e  t o  t h e  p r e s s u r e  p u l s e s  i n  t h e  t w o  
l i m b s  h a v e  b e e n  a b l e  t o  m ix  b e t t e r  b e f o r e  a r r i v i n g  a t  t h e  
r o t o r .  A s  t h e  s e p a r a t i n g  w a l l  d i a m e t e r  b e c o m e s  s m a l l e r ,  t h e r e  
i s  a p p a r e n t l y  l i t t l e  r o o m  f o r  t h e  f l o w  i n  e a c h  l i m b  t o  m i x .
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F i g .  6 . 2 1 c  t o  6 . 2 1 e  s h o w  t h e  a b s o l u t e  f l o w  a n g l e  f o r  SW<|> =  
8 0 , 8 6 ,  a n d  96mm m e a s u r e d  a t  2 7 0 °  a z i m u t h  a n g l e .  T h e  v a r i a t i o n  
o f  t h e  f l o w  a n g l e  i s  s i g n i f i c a n t  i n  a l l  c a s e s .  F o r  SW<|> =  80mm  
a n d  86mm t h i s  i s  f r o m  5 °  t o  4 5 ° ,  d e p e n d i n g  o n  m e a s u r i n g  p o i n t .  
F i g . 6 . 2 1 e  s h o w s  s o m e  f l o w  r e v e r s a l  w i t h  SW<(> =  96m m . T h i s  
c h a r a c t e r i s t i c  i s  n o t  o b s e r v e d  a t  9 0 °  a n d  1 8 0 °  a z i m u t h  a n g l e .

F i g . 6 . 2 2  c o m p a r e s  t h e  v e l o c i t i e s  a t  v o l u t e  e x i t  w i t h  d i f f e r e n t  
s e p a r a t i n g  w a l l  d i a m e t e r s  a t  1 8 0 °  a z i m u t h  a n g l e .  T h e  f l o w  
c h a r a c t e r i s t i c s  o b t a i n e d  - w i t h  d i f f e r e n t  s e p a r a t i n g  w a l l  
d i a m e t e r  r e v e a l s  v e r y  l i t t l e  d i f f e r e n c e ,  e x c e p t  f o r  SW<|> =  80m m . 
T h i s  i s  a l s o  t h e  o b s e r v a t i o n  m a d e  u n d e r  s t e a d y  f l o w  c o n d i t i o n .

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

1 .  W it h  a  s m a l l  s e p a r a t i n g  w a l l  d i a m e t e r ,  SW<(> =  80m m , t h e  f l o w  
f r o m  t h e  p r e s s u r e  p u l s e  i n  t h e  i n n e r  l i m b  d o e s  n o t  m ix  w e l l  
w i t h  f l o w  f r o m  o u t e r  l i m b  a s  i t  c r o s s e s  t o  t h e  o u t e r  l i m b  
r e g i o n .  T h i s  r e s u l t s  i n  w h a t  i s  c o n s i s t e n t l y  o b s e r v e d  a s  a  
s i n g l e  v e l o c i t y  p u l s e  a r i s i n g  f r o m  t h e  p r e s s u r e  p u l s e  i n  o u t e r  
l i m b .  T h i s  o b s e r v a t i o n  i s  m a d e  a t  2 7 0 °  a z i m u t h  a n g l e  o n l y .

2 .  W it h  SW<|> =  86mm t h e  f l o w  c h a r a c t e r i s t i c s  c h a n g e  n o t i c e a b l y  
f r o m  1 8 0 °  t o  2 7 0 °  a z i m u t h  a n g l e .  T w o v e l o c i t y  p u l s e s  a r e  
o b s e r v e d  a t  1 8 0 °  a z i m u t h  a n g l e .  A s  t h e  f l o w  m o v e s  t o  2 7 0 °  
a z i m u t h  a n g l e  m a i n l y  o n e  v e l o c i t y  p u l s e  i s  o b s e r v e d .  T h e  s i n g l e  
v e l o c i t y  p u l s e  i n  t h i s  c a s e  a r i s e  f r o m  a  p r e s s u r e  p u l s e  i n  
e i t h e r  t h e  o u t e r  o r  t h e  i n n e r  l i m b ,  d e p e n d i n g  o n  m e a s u r i n g  
p o i n t .

3 .  F r o m  t h e  a n a l y s i s  o f  t h e  r e s u l t s ,  a p p l y i n g  d i f f e r e n t  
s e p a r a t i n g  w a l l  d i a m e t e r s  d o e s  n o t  s i g n i f i c a n t l y  c h a n g e  t h e  
f l o w  c h a r a c t e r i s t i c s  e x c e p t  f o r  SW<j> =  80mm
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6 . 6  T u r b i n e  p e r f o r m a n c e  u n d e r  u n s t e a d y  f l o w  c o n d i t i o n s .

6 . 6 . 1  P o w e r  d e v e l o p e d  b y  r o t o r

T h e  u n s t e a d y  g a s  f l o w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t  a n d  
e x i t  d e m o n s t r a t e  l a r g e  v a r i a t i o n s  o f  a b s o l u t e  f l o w  v e l o c i t y  a n d  
a n g l e .  M e a s u r e m e n t s  o f  u n s t e a d y  t u r b i n e  p e r f o r m a n c e  b y  D a l e  
( 3 9 )  h a v e  s h o w n  l a r g e  v a r i a t i o n s  i n  t u r b i n e  e f f i c i e n c y  w i t h  

b l a d e  s p e e d  r a t i o .  S i m i l a r  o v e r a l l  t u r b i n e  p e r f o r m a n c e  
m e a s u r e m e n t s  w e r e  n o t  m a d e  d u r i n g  t h e  p r e s e n t  f l o w  
i n v e s t i g a t i o n s .  H o w e v e r ,  i t  i s  p o s s i b l e  t o  c o m b i n e  t h e  u n s t e a d y  
f l o w  c h a r a c t e r i s t i c s  m e a s u r e d  a t  b o t h  r o t o r  i n l e t  a n d  e x i t  t o  
e s t i m a t e  t h e  p o w e r  d e v e l o p e d  b y  t h e  r o t o r  a n d  f r o m  t h i s  t h e  
t i m e - v a r y i n g  e f f i c i e n c y .
A t  t h e  i n l e t  f l o w  v e l o c i t i e s  w e r e  m e a s u r e d  j u s t  u p s t r e a m  o f  t h e  
r o t o r  t i p  (R /R t i P=  1 . 1 4 7 ,  SW<|> =  8 6 m m ). T h e  t a n g e n t i a l  a n d  a x i a l  
c o m p o n e n t s  o f  v e l o c i t y  r e q u i r e d  j u s t  d o w n s t r e a m  o f  t h e  r o t o r  
e x i t  c a n  b e  e s t i m a t e d  f r o m  t h e  r e s u l t s  o b t a i n e d  30mm d o w n s t r e a m  
o f  r o t o r  t r a i l i n g  e d g e  u s i n g  m e t h o d  d e s c r i b e d  i n  A p p e n d i x  C . 
T h e  m e t h o d  u s e d  t o  d e r i v e  t h e  p o w e r  d e v e l o p e d ,  i s e n t r o p i c  
p o w e r ,  b l a d e  s p e e d  r a t i o  a n d  t u r b i n e  e f f i c i e n c y  i s  d e s c r i b e d  i n  
A p p e n d i x  D .

F i g . 6 . 2 3  s h o w s  t h e  v a r i a t i o n  o f  i n c i d e n c e  a n g l e  f o r  3 d i f f e r e n t  
f l o w  c o n d i t i o n s .  T h e  i n s t a n t a n e o u s  i n c i d e n c e  a n g l e  i s  a n  
a v e r a g e d  v a l u e  o b t a i n e d  f r o m  m e a s u r e m e n t s  a c r o s s  t h e  v o l u t e  
e x i t .  T h i s  w i l l  b e  r e l a t e d  t o  t h e  t u r b i n e  p e r f o r m a n c e .  F i g . 6 . 2 4  
s h o w s  t h e  v a r i a t i o n  o f  p o w e r  d e v e l o p e d  b y  t h e  r o t o r  f o r  
d i f f e r e n t  f l o w  c o n d i t i o n s .  I n  e a c h  c a s e ,  i t  i s  a p p a r e n t  t h a t  
t h e  m a x im u m  p o w e r  d e v e l o p e d  i s  a s s o c i a t e d  w i t h  t h e  m a x im u m  
i n l e t  p r e s s u r e  d u r i n g  t h e  p u l s e .  T h e  p r e s s u r e  p u l s e  a n d  p o w e r  
v a r i a t i o n s  a r e  r o u g h l y  i n  p h a s e .  W it h  a  h i g h  a b s o l u t e  v e l o c i t y  
s o  t h a t  t h e  t a n g e n t i a l  c o m p o n e n t  o f  v e l o c i t y  e x c e e d s  t h e  b l a d e  
s p e e d ,  a n  e x t r e m e  n e g a t i v e  i n c i d e n c e  a n g l e  r e s u l t s .  T h u s  t h e
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m a x im u m  p o w e r  i s  d e v e l o p e d  a r o u n d  t h e  p e a k  o f  t h e  p r e s s u r e  
p u l s e ,  w h e r e  t h e  i n c i d e n c e  a n g l e  i s  i n  t h e  n e g a t i v e  r e g i o n  a n d  
a w a y  f r o m  t h e  o p t im u m  v a l u e  ( f r o m  t h e  s t e a d y  f l o w  r e s u l t s  t h i s  
i s  b e t w e e n  2 0 °  a n d  4 0 °  s e e  F i g . 5 . 3 ) .  H e n c e  i t  f o l l o w s  t h a t  
m a x im u m  i n c i d e n c e  l o s s e s  o c c u r  w h e n  t h e  m a x im u m  p o w e r  i s  
d e v e l o p e d  i n  t h e  r o t o r .

F i g . 6 . 2 5  s h o w s  t h e  d e v e l o p m e n t  o f  i n s t a n t a n e o u s  u / c  u n d e r  
d i f f e r e n t  f l o w  c o n d i t i o n s .  A t  c l o s e  t o  d e s i g n  p o i n t ,  F i g . 6 . 2 5 a  
s h o w s  v a r i a t i o n  o f  u / c  b e t w e e n  0 . 4 4  t o  0 . 6 7 .  I t  i s  a l s o  c l e a r  
t h a t  t h e  l o w e r  u / c  v a l u e s  o c c u r  a r o u n d  h i g h  p r e s s u r e  p u l s e  
r e g i o n  w h e r e  t h e  a b s o l u t e  v e l o c i t y  i s  m a x im u m .
T h e  v a r i a t i o n  o f  u / c  d e c r e a s e s  a s  t h e  f l o w  c o n d i t i o n  d e p a r t s  
f r o m  d e s i g n  p o i n t .  A t  0 . 1 7  k g / s  a n d  0 . 2 4  k g / s  f l o w  c o n d i t i o n s ,  
t h e  u / c  v a r i a t i o n s  a r e  b e t w e e n  0 . 3 9  t o  0 . 5 5  a n d  0 . 3 3  t o  0 . 4 4  
r e s p e c t i v e l y .  T h e  g e n e r a l  t r e n d  o f  i n s t a n t a n e o u s  u / c  v a l u e s  
d e c r e a s e s  a s  t h e  f l o w  c o n d i t i o n  d e p a r t s  f r o m  t h e  d e s i g n  p o i n t .  
C o m p a r in g  t h e  i n s t a n t a n e o u s  p o w e r  d e v e l o p e d  b y  t h e  r o t o r  ( F i g .  
6 . 2 4 )  a n d  u / c , i t  b e c o m e s  c l e a r  t h a t  t h e  m a x im u m  p o w e r  o c c u r s  
a t  a b o u t  t h e  l o w  u / c  r e g i o n .
A t  t h e  f u r t h e s t  o f f - d e s i g n  c o n d i t i o n  ( F i g . 6 . 2 4 c )  t h e  p o w e r  
d e v e l o p e d  i n c r e a s e s  s u b s t a n t i a l l y  a n d  t h i s  c o r r e s p o n d s  t o  a  
m a r k e d  d e c r e a s e  i n  u / c  v a l u e s .  B e c a u s e  m ax im u m  p o w e r  o c c u r s  a t  
l o w  u / c , i t  i s  a d v a n t a g e o u s  t o  d e s i g n  t h e  t u r b o c h a r g e r  t u r b i n e  
s o  t h a t  h i g h e r  t u r b i n e  e f f i c i e n c y  c a n  b e  r e a l i z e d  a t  l o w  u / c  
v a l u e s .
F i g . 6 . 2 6  s h o w s  t h e  d e v e l o p m e n t  o f  i n s t a n t a n e o u s  t u r b i n e  
e f f i c i e n c y  ( t o t a l - s t a t i c )  f o r  d i f f e r e n t  f l o w  c o n d i t i o n s .  A t  
c l o s e  t o  t h e  d e s i g n  p o i n t ,  F i g . 6 . 2 6 a  s h o w s  l a r g e  v a r i a t i o n s  o f  
t u r b i n e  e f f i c i e n c y  b e t w e e n  30% t o  70% . T h i s  i s  d u e  t h e  l a r g e  
v a r i a t i o n s  o f  p o w e r  d e v e l o p e d  b y  t h e  r o t o r  a n d  i n c i d e n c e  a n g l e  
( a n d  h e n c e  i n c i d e n c e  l o s s e s ) . H ig h  e f f i c i e n c y  o c c u r s  a r o u n d  a  

r e g i o n  w h e r e  t h e  p r e s s u r e  b e g i n s  t o  f a l l .  L ow  e f f i c i e n c y  o c c u r s  
w h e n  t h e  p r e s s u r e  i s  r i s i n g .  R e l a t i n g  t h i s  o b s e r v a t i o n  w i t h
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p o w e r  d e v e l o p e d  i t  f o l l o w s  t h a t  h i g h  e f f i c i e n c y  r e g i o n  o c c u r s  
a s  t h e  m a x im u m  e x h a u s t  p u l s e  e n e r g y  i s  d e c l i n i n g .  L ow  
e f f i c i e n c y  o c c u r s  w h e n  t h e  b u l k  o f  e x h a u s t  p u l s e  e n e r g y  i s  
b u i l d i n g  u p .
A s  t h e  f l o w  d e p a r t s  f r o m  d e s i g n  p o i n t ,  t h e  v a r i a t i o n  o f  t u r b i n e  
e f f i c i e n c y  d e c r e a s e s .  A t  t h e  0 . 1 7  k g / s  a n d  0 . 2 4  k g / s  f l o w  
c o n d i t i o n s ,  t h e  t u r b i n e  e f f i c i e n c y  v a r i e s  b e t w e e n  26% a n d  61% 
a n d  26%  a n d  45%  r e s p e c t i v e l y .  T h e  g e n e r a l  t r e n d  o f  
i n s t a n t a n e o u s  t u r b i n e  e f f i c i e n c y  d e c r e a s e s  s i g n i f i c a n t l y  a s  t h e  
f l o w  c o n d i t i o n  m o v e s  a w a y  f r o m  t h e  d e s i g n  p o i n t  ( F i g .  6 . 2 6 ) .

F i g . 6 . 2 7  s h o w s  t h e  i n s t a n t a n e o u s  t u r b i n e  e f f i c i e n c y  p l o t t e d  
a g a i n s t  t h e  c o r r e s p o n d i n g  u / c  v a l u e s .  T h e  s t e a d y  f l o w  t u r b i n e  
e f f i c i e n c y  c u r v e  o b t a i n e d  a t  t h e  s a m e  r o t o r  s p e e d  i s  
s u p e r i m p o s e d .  T h i s  c o m p a r i s o n  s h o w s  c l e a r l y  t h a t  u n d e r  u n s t e a d y  
f l o w  c o n d i t i o n s  t h e  t u r b i n e  e f f i c i e n c y  d e p a r t s  f r o m  t h e  s t e a d y  
c u r v e ,  a n d  f o r m s  i n  w h a t  a p p e a r s  t o  b e  a  l o o p  ( t h i s  w i l l  b e  
r e f e r e d  t o  a s  a n  e f f i c i e n c y  l o o p ,  F i g . 6 . 2 7 ) .  T h i s  e f f i c i e n c y  
l o o p  i s  s i m i l a r  t o  t h a t  w h i c h  w a s  o b s e r v e d  i n  D a l e ' s  
i n v e s t i g a t i o n  ( 3 8 , 3 9 ) .  I n  a d d i t i o n  s i m i l a r  v a r i a t i o n s  o f  t h i s  
e f f i c i e n c y  l o o p  a r e  n o t e d  a t  d i f f e r e n t  f l o w  c o n d i t i o n s .  F o r  
e x a m p l e  a t  n e a r  t h e  d e s i g n  p o i n t  c o n d i t i o n  ( F i g . 6 . 2 7 a )  t h e  
e f f i c i e n c y  l o o p  i s  b r o a d e r .  T h i s  e f f i c i e n c y  l o o p  i s  a l s o  
s i m i l a r  t o  t h a t  w h i c h  w a s  o b t a i n e d  e a r l i e r  ( s e c t i o n  5 . 4 )  u n d e r  
s t e a d y  f l o w s  c o n d i t i o n  u s i n g  a  s e r i e s  o f  p a r t i a l  a d m i s s i o n  
f l o w s  w i t h  t h e  t o t a l  m a s s  f l o w  t o  t u r b i n e  h e l d  c o n s t a n t .
A t  c l o s e  t o  t h e  d e s i g n  p o i n t ,  F i g  6 . 2 7 a  s h o w s  t h a t  t h e  
e f f i c i e n c y  l o o p  v a r i e s  a r o u n d  b u t  p r e d o m i n a n t l y  b e l o w  t h e  
s t e a d y  e f f i c i e n c y  c u r v e .  T h i s  b r o a d  e f f i c i e n c y  l o o p  i s  a  
c o m b i n a t i o n  o f  l a r g e  v a r i a t i o n s  o f  i n s t a n t a n e o u s  u / c  a n d  
t u r b i n e  e f f i c i e n c y  a t  c l o s e  t o  d e s i g n  f l o w  c o n d i t i o n s .  T h e  
t u r b i n e  e f f i c i e n c y  v a r i e s  f r o m  a s  h i g h  a s  70% d o w n  t o  a r o u n d  
30% . T h i s  i s  a  v e r y  l a r g e  v a r i a t i o n .  I t  i s  a s s o c i a t e d  w i t h  v e r y  
l a r g e  v a r i a t i o n  o f  i n c i d e n c e  a n g l e  a t  r o t o r  i n l e t  ( 5 5 °  t o  - 4 0 °
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s e e  F i g .  6 . 2 3 ) .  A t  t h e  r o t o r  e x i t  t h e r e  i s  a  m in im u m  s w i r l  
( i n s t a n t a n e o u s l y ) . T h e  o b s e r v a t i o n  f r o m  s t e a d y  f l o w  t e s t s  ( w i t h  

a  s e r i e s  o f  p a r t i a l  a d m i s s i o n s )  i s  t h a t  t h e  t u r b i n e  e f f i c i e n c y  
v a r i e s  b y  a b o u t  16% .
A s  t h e  f l o w  d e p a r t s  f r o m  t h e  d e s i g n  c o n d i t i o n ,  t h e  e f f i c i e n c y  
l o o p  g r a d u a l l y  f a l l s  b e l o w  t h e  s t e a d y  e f f i c i e n c y  c u r v e .  T h e  
l o o p s  a l s o  b e c o m e  n a r r o w e r  a n d  e x t e n d  o v e r  t h e  l o w e r  e n d  o f  t h e  
u / c  a n d  t u r b i n e  e f f i c i e n c y  r a n g e .  F i g . 6 . 2 7 c  s h o w s  t h a t  t u r b i n e  
e f f i c i e n c y  d e c r e a s e s  f r o m  44% w i t h  u / c  a t  0 . 4 4  t o  25% w i t h  u / c  
a t  0 . 3 2 .  A t  t h i s  o f f - d e s i g n  f l o w  c o n d i t i o n ,  l o w  t u r b i n e  
p e r f o r m a n c e  i s  l i n k e d  t o  a  n e g a t i v e  i n c i d e n c e  a n g l e  b etw een  -1 4 °  
t o  -5 2 °  ( F i g . 6 . 2 3 ) .  C o m p a r e d  w i t h  n e a r  d e s i g n  f l o w  c o n d i t i o n s ,  
t h i s  i n c i d e n c e  a n g l e  v a r i a t i o n  i s  s m a l l e r  b u t  i t  b e c o m e s  m o r e  
n e g a t i v e .  S i m i l a r  r e s u l t s  h a v e  b e e n  o b s e r v e d  i n  s t e a d y  f l o w  
t e s t s  i n  w h i c h  t h e  i n c i d e n c e  a n g l e  b e c o m e s  m o r e  n e g a t i v e  a s  
f l o w  c o n d i t i o n  d e p a r t s  b u t  o n l y  i n  o n e  d i r e c t i o n  f r o m  d e s i g n  
c o n d i t i o n .  A t  t h e  r o t o r  e x i t ,  t h e  o f f - d e s i g n  f l o w  c o n d i t i o n  i s  
a s s o c i a t e d  w i t h  a  m ax im u m  v a r i a t i o n  o f  s w i r l  ( f r o m  1 2 °  t o  3 7 °  
i n  F i g  6 . 1 6 ) .
W h i l e  F i g s . 6 . 2 7 b , c  o u t l i n e  o n l y  t h e  e f f i c i e n c y  l o o p ,  F i g . 6 . 2 7 a  
a c t u a l l y  t r a c e s  t w o  d i s t i n c t  e f f i c i e n c y  l o o p s  r e s u l t i n g  f r o m  
t h e  t w o  p r e s s u r e  p u l s e s .  D a l e * s  ( 3 8 , 3 9 )  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  w i t h  t h e  p r e s s u r e  p u l s e s  f r o m  t h e  o u t e r  a n d  i n n e r  
l i m b s  a l i g n e d  i n  p h a s e ,  a n d  t h i s  r e s u l t e d  i n  a  s i n g l e  
e f f i c i e n c y  l o o p .  T h e  p r e s e n t  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  w i t h  
t h e  t w o  p r e s s u r e  p u l s e s  a l i g n e d  a t  1 8 0 °  o u t  o f  p h a s e ,  r e s u l t i n g  
i n  t h e s e  t w o  e f f i c i e n c y  l o o p s .  F i g . 6 . 2 8  s h o w s  t h e  b r e a k d o w n  o f  
t h e  e f f i c i e n c y  l o o p  a n d  i d e n t i f i e s  t h e m  a s  e f f i c i e n c y  l o o p s  1 
a n d  2 ,  r e s u l t i n g  f r o m  p r e s s u r e  p u l s e s  i n  t h e  o u t e r  a n d  i n n e r  
l i m b s  r e s p e c t i v e l y .  T h e s e  f i g u r e s  s h o w  m o r e  c l e a r l y  t h e  
v a r i a t i o n  o f  t u r b i n e  p e r f o r m a n c e  u n d e r  u n s t e a d y  f l o w  
c o n d i t i o n s .  T h e  t u r b i n e  e f f i c i e n c y  l o o p  g e n e r a l l y  v a r i e s  f r o m  
h i g h  t u r b i n e  e f f i c i e n c y  a n d  h i g h  u / c  t o  l o w  e f f i c i e n c y  w i t h  
l o w  u / c  v a l u e s .  B o t h  e f f i c i e n c y  l o o p s  a r e  v e r y  s i m i l a r  a t  o f f -
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d e s i g n  c o n d i t i o n s .

6 . 6 . 2  F i x e d  a b s o l u t e  f l o w  a n g l e

A l t h o u g h  a  t u r b i n e  w i t h  i n l e t  n o z z l e s  u s u a l l y  a c h i e v e s  a  h i g h e r  
p e a k  e f f i c i e n c y  t h a n  o n e  w i t h  n o z z l e l e s s  c a s i n g  ( d u e  t o  b e t t e r  
a n d  m o r e  u n i f o r m  f l o w  d i s t r i b u t i o n  a n d  g u i d a n c e  a r o u n d  t h e  
r o t o r  t i p ) , t h e  l a t t e r  i s  b e t t e r  e q u i p p e d  t o  c o p e  w i t h  o f f  
d e s i g n  c o n d i t i o n ,  W a t s o n  ( 5 1 )  . R e g a r d l e s s  o f  m a s s  f l o w  r a t e ,  
t h e  u s e  o f  i n l e t  n o z z l e s  w i l l  c o n s t r a i n  t h e  f l o w  a n g l e  a t  e n t r y  
t o  t h e  r o t o r .  A s  t h e  f l o w  r a t e  m o v e s  a w a y  f r o m  t h e  d e s i g n  
c o n d i t i o n s ,  t h e  i n l e t  v e l o c i t y  w i l l  c h a n g e  i n  m a g n i t u d e ,  n o t  
d i r e c t i o n .  T h e  r e l a t i v e  v e l o c i t y  a p p r o a c h i n g  t h e  i m p e l l e r  t i p  
w i l l  d e p a r t  f r o m  t h e  r a d i a l  d i r e c t i o n ,  c r e a t i n g  a n  i n c i d e n c e  
l o s s .  I f  a  n o z z l e l e s s  c a s i n g  i s  u s e d ,  t h e  f l o w  a n g l e  w i l l  
c h a n g e  w i t h  t h e  f l o w  r a t e .  A n i n c i d e n c e  l o s s  w i l l  s t i l l  r e s u l t ,  
b u t  t h e  i n c i d e n c e  a n g l e  ( a n d  h e n c e  t h e  l o s s )  w i l l  b e  l e s s .  T h u s  
t h e  n o z z l e l e s s  t u r b i n e  h a s  a  w i d e r  r a n g e  o f  e f f i c i e n t  w o r k i n g  
a n d  i s  c o m m o n ly  u s e d  o n  t u r b o c h a r g e r s  f o r  e n g i n e s  w o r k i n g  o v e r  
w i d e  s p e e d  a n d  l o a d  r a n g e s .
T h e  i n f o r m a t i o n  f r o m  W a t s o n  ( 5 1 )  o n  f l o w  i n  n o z z l e d  a n d  
n o z z l e l e s s  t u r b i n e  i s  b a s e d  o n  s t e a d y  f l o w  k n o w l e d g e .  W h i l e  t h e  
f l o w  c h a r a c t e r i s t i c s  u n d e r  s t e a d y  f l o w  c o n d i t i o n s  a l l o w  t h e  g a s  
a n g l e  i n  a  n o z z l e l e s s  t u r b i n e  t o  a d a p t  i t s e l f  w h e n  f l o w  
c o n d i t i o n  c h a n g e s ,  t h e  s a m e  m a y  n o t  b e  t r u e  w h e n  t h e  f l o w  
c o n d i t i o n  i s  u n s t e a d y .
T h e  u n s t e a d y  f l o w  m e a s u r e m e n t s  s h o w  t h a t  t h e  f l o w  a n g l e  v a r i e s  
s i g n i f i c a n t l y  b o t h  w i t h i n  a  c y c l e  a n d  a r o u n d  t h e  r o t o r  
p e r i p h e r y .  T h i s ,  t o g e t h e r  w i t h  t h e  v a r i a t i o n  o f  a b s o l u t e  
v e l o c i t y ,  r e s u l t s  i n  l a r g e  v a r i a t i o n s  o f  i n c i d e n c e  a n g l e  a n d  
t u r b i n e  e f f i c i e n c y .  T h o u g h  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  n o t  
e x t e n d e d  t o  u n s t e a d y  f l o w  m e a s u r e m e n t s  i n  a  n o z z l e d  t u r b i n e ,  
t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  n o z z l e l e s s  t u r b i n e  c a n  b e  u s e d  
e s t i m a t e  h o w  i n c i d e n c e  a n g l e s  a n d  t u r b i n e  p e r f o r m a n c e  u n d e r
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p u l s a t i n g  f l o w  c o n d i t i o n s  m a y  b e  a f f e c t e d  b y  t h e  p r e s e n c e  o f  a  
n o z z l e .  T h i s  i s  d o n e  b y  a p p l y i n g  a  c o n s t a n t  a b s o l u t e  f l o w  a n g l e  
( i n s t e a d  o f  t h e  m e a s u r e d  v a l u e s )  t o g e t h e r  w i t h  t h e  v a r y i n g  

a b s o l u t e  v e l o c i t y  t o  d e d u c e  t h e  i n c i d e n c e  a n g l e  a n d  t u r b i n e  
e f f i c i e n c y .  R e s u l t s  w e r e  o b t a i n e d  f o r  c o n s t a n t  a b s o l u t e  a n g l e s  
f r o m  5 °  t o  3 5 °  a t  5 °  i n t e r v a l s  w i t h  t h e  u n s t e a d y  f l o w  
c h a r a c t e r i s t i c s  f o r  t h r e e  f l o w  c o n d i t i o n s .
T h e  i n c i d e n c e  a n g l e  u n d e r  t h e s e  c o n d i t i o n s  t o g e t h e r  w i t h  
c o n d i t i o n s  w h e n  t h e  f l o w  a n g l e  i s  a l l o w e d  t o  v a r y  a r e  p r e s e n t e d  
f r o m  F i g s . 6 . 2 9  t o  6 . 3 5 .  A t  5 ° ,  a  g r e a t e r  v a r i a t i o n  o f  i n c i d e n c e  
a n g l e  ( t h a n  w h e n  t h e  f l o w  a n g l e s  v a r y )  o c c u r s  f o r  t h e  t h r e e  
f l o w  c o n d i t i o n s .  A s  t h e  a n g l e  i n c r e a s e s ,  t h i s  v a r i a t i o n  o f  
i n c i d e n c e  a n g l e  d e c r e a s e s .  W hen t h i s  a n g l e  i s  g r e a t e r  t h a n  2 0 °  
t h e  v a r i a t i o n  b e c o m e s  l e s s  t h a n  w h e n  t h e  f l o w  a n g l e  i s  a l l o w e d  
t o  f l u c t u a t e .
F i g s . 6 . 3 6  t o  6 . 4 2  s h o w  t h e  t u r b i n e  e f f i c i e n c y  v e r s u s  b l a d e  
s p e e d  r a t i o  ( u / c ) w i t h  d i f f e r e n t  f i x e d  a n g l e s  a p p l i e d .  F o r  t h e  
5 °  a n g l e  a  l a r g e  v a r i a t i o n  o f  t u r b i n e  e f f i c i e n c y  i s  o b s e r v e d .  
N e a r  t h e  d e s i g n  p o i n t  f l o w  c o n d i t i o n ,  t h e  p e a k  e f f i c i e n c y  i s  
h i g h e r  t h a n  w h e n  t h e  f l o w  a n g l e  i s  a l l o w  t o  f l u c t u a t e  
( F i g . 6 . 2 9 ) ,  b u t  f o r  t h e  o f f - d e s i g n  c o n d i t i o n ,  f i x i n g  t h e  f l o w  

a n g l e  a t  5 °  r e s u l t e d  i n  a  l o w e r  t u r b i n e  e f f i c i e n c y  ( t h e  l o w  e n d  
o f  t h e  e f f i c i e n c y  l o o p  i s  a r o u n d  11% -12%  w h i c h  i s  v e r y  l o w  
c o m p a r e d  t o  t h a t  i n  n o z z l e l e s s  t u r b i n e  u n d e r  s i m i l a r  
c o n d i t i o n s ) .

A s  t h e  a n g l e  i n c r e a s e s  t h e  v a r i a t i o n  o f  i n c i d e n c e  a n g l e  r e d u c e s  
a n d  w i t h  i t ,  t h e  t u r b i n e  e f f i c i e n c y .  H o w e v e r ,  t h e  m a x im u m  
e f f i c i e n c y  a l s o  f a l l s .  T h e  o p t im u m  a n g l e  a p p e a r s  t o  b e  f r o m  1 0 °  
t o  1 5 °  w h e r e  a t  o f f - d e s i g n  c o n d i t i o n s  t h e  e f f i c i e n c y  i s  
m a x i m i s e d .  A t  o f f - d e s i g n  c o n d i t i o n s  t h e  e f f i c i e n c y  v a l u e s  
i n c r e a s e  a p p r e c i a b l y  f r o m  w h a t  i s  n o t e d  w i t h  a  5 °  a n g l e .  T h e  
l o w e r  e n d  o f  t h e  t u r b i n e  e f f i c i e n c y  i m p r o v e s  t o  24% a n d  t h e  
h i g h e r  e n d  t o  50% . A l s o  u n d e r  t h i s  c o n d i t i o n  t h e  e f f i c i e n c y
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l o o p  f o r  n e a r  t h e  d e s i g n  c o n d i t i o n  d o e s  n o t  d e c r e a s e  
a p p r e c i a b l y  ( f r o m  t h e  5 °  f i x - f l o w  a n g l e ) .
T h e  a b o v e  a n a l y s i s  s h o w s  t h a t  b y  i n c r e a s i n g  t h e  s t a t o r  e x i t  
a n g l e ,  t h e  v a r i a t i o n  o f  i n c i d e n c e  a n g l e  m a y  b e  r e d u c e d ,  t h u s  
b r i n g i n g  t h e  i n c i d e n c e  a n g l e  c l o s e r  t o  t h e  o p t im u m  v a l u e  o f  
a b o u t  + 2 8 °  n o t e d  i n  t h e  s t e a d y  f l o w  t e s t s  p r e s e n t e d  i n  s e c t i o n
5 . 2 .  T h i s  i d e a l l y  w o u ld  b e  a n  a d v a n t a g e  a s  i t  r e d u c e s  i n c i d e n c e  
l o s s e s .  B u t  i n c r e a s i n g  t h e  s t a t o r  a n g l e  a l s o  c a u s e s  t h e  
i n s t a n t a n e o u s  m a s s  f l o w  t o  t h e  r o t o r  t o  i n c r e a s e .  T h i s  
i n c r e a s e s  t h e  p o w e r  o u t p u t  b y  t h e  r o t o r  a n d  t h e  i s e n t r o p i c  
p o w e r .  O v e r a l l ,  t h e  t u r b i n e  e f f i c i e n c y  d e c r e a s e s  q u i t e  
a p p r e c i a b l y  a t  h i g h e r  a n g l e s .  H o w e v e r  i t  m u s t  b e  s t r e s s e d  t h a t  
t h i s  a n a l y s i s  i s  b a s e d  o n  a p p l y i n g  a  f i x e d  s t a t o r  a n g l e  t o  t h e  
u n s t e a d y  g a s  f l o w  c h a r a c t e r i s t i c s  o b t a i n e d  i n  a  n o z z l e l e s s  
t u r b i n e .  T h e  a c t u a l  v a r i a t i o n  o f  a b s o l u t e  v e l o c i t y  i n  a  n o z z l e d  
t u r b i n e  m a y  b e  d i f f e r e n t  f r o m  t h a t  o b t a i n e d  i n  n o z z l e l e s s  
t u r b i n e .  I n  a d d i t i o n  w i t h  a  n o z z l e d  t u r b i n e ,  w h e t h e r  t h e  f l o w  
a n g l e  w i l l  r e m a i n  c o n s t a n t  a f t e r  t h e  n o z z l e  u n d e r  p u l s a t i n g  
f l o w  c o n d i t i o n s  r e q u i r e s  e x p e r i m e n t a l  r e s u l t s  t o  v e r i f y .
W h i l e  t h e r e  i s  s t i l l  v i r t u a l l y  n o  u n s t e a d y  g a s  f l o w  i n f o r m a t i o n  
i n  e i t h e r  n o z z l e d  o r  n o z z l e l e s s  t u r b i n e s  a v a i l a b l e  i n  t h e  o p e n  
l i t e r a t u r e ,  t h i s  a n a l y s i s  o f f e r s  s o m e  i d e a s  o n  h o w  t h e  
i n c i d e n c e  a n g l e  a n d  t u r b i n e  p e r f o r m a n c e  c a n  b e  a f f e c t e d  b y  
n o z z l e  s e t t i n g  u n d e r  p u l s a t i n g  c o n d i t i o n s .

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

A m e t h o d  t o  d e r i v e  t h e  t u r b i n e  p e r f o r m a n c e  u s i n g  t h e  u n s t e a d y  
f l o w  c h a r a c t e r i s t i c s  m e a s u r e d  a t  t h e  r o t o r  i n l e t  a n d  e x i t  h a s  
y i e l d e d  s o m e  u s e f u l  d e d u c t i o n s .  T h e r e  i s  c e r t a i n l y  r o o m  f o r  
i m p r o v e m e n t  i n  t h e  m e t h o d  u s e d  t o  e s t i m a t e  t h e  f l o w  
c h a r a c t e r i s t i c s  i m m e d i a t e l y  a f t e r  t h e  r o t o r  e x i t .  H o w e v e r  t h i s  
m e t h o d  d o e s  p r o v i d e  s o m e  i n d i c a t i o n  o f  t h e  u n s t e a d y  f l o w

2 1 3



t u r b i n e  c h a r a c t e r i s t i c s  a n d  t h e s e  a r e  c o m p a r a b l e  t o  r e s u l t s  
o b t a i n e d  b y  D a l e ' s  i n v e s t i g a t i o n  ( 3 8 , 3 9 ) .

1 .  T h e  p o w e r  d e v e l o p e d  b y  t h e  r o t o r  v a r i e s  w i t h  t h e  p r e s s u r e  
p u l s e .  H i g h e r  p o w e r  i s  d e v e l o p e d  d u e  t o  i n c r e a s e d  m a s s  f l o w  a n d  
t h i s  o c c u r s  a r o u n d  t h e  l o w  u / c  r e g i o n .

2 .  A t  o f f - d e s i g n  c o n d i t i o n s ,  t h e  v a r i a t i o n  o f  p o w e r  i s  g r e a t e r  
t h a n  n e a r  t h e  d e s i g n  c o n d i t i o n  b u t  u / c  v a r i a t i o n  i s  g r e a t e r  
n e a r  t h e  d e s i g n  p o i n t .

3 .  L a r g e  v a r i a t i o n s  o f  i n c i d e n c e  a n g l e  a r e  n o t e d  p a r t i c u l a r l y  
a t  t h e  d e s i g n  p o i n t  c o n d i t i o n .  T h i s ,  t o g e t h e r  w i t h  t h e  
v a r i a t i o n  i n  p o w e r  d e v e l o p e d ,  p r o b a b l y  c o n t r i b u t e s  t o  t h e  l a r g e  
v a r i a t i o n  o f  t u r b i n e  e f f i c i e n c y .  T h i s  v a r i a t i o n  i s  a  m ax im u m  
n e a r  t h e  d e s i g n  p o i n t  c o n d i t i o n .  I t  i s  r e d u c e d  a s  t h e  f l o w  
d e p a r t s  f r o m  t h i s  c o n d i t i o n  b u t  t h e  g e n e r a l  e f f i c i e n c y  t r e n d  
d e c r e a s e s  a s  w e l l .

4 . C o m b i n i n g  t h e  i n s t a n t a n e o u s  t u r b i n e  e f f i c i e n c y  w i t h  t h e  
c o r r e s p o n d i n g  u / c  v a l u e s  p r o d u c e s  e f f i c i e n c y  l o o p s .  A t  n e a r  t h e  
d e s i g n  p o i n t  c o n d i t i o n ,  t h i s  l o o p  i s  c o m p a r a t i v e l y  b r o a d .  A t  
t h i s  p o i n t  t h e  t u r b i n e  o p e r a t e s  b o t h  a b o v e  a n d  b e l o w  t h e  s t e a d y  
e f f i c i e n c y  c u r v e .

5 .  A s  t h e  f l o w  d e p a r t s  f r o m  d e s i g n  p o i n t ,  t h e  e f f i c i e n c y  l o o p s  
g r a d u a l l y  f a l l  b e l o w  t h e  s t e a d y  e f f i c i e n c y  c u r v e .  T h e  l o o p s  
a l s o  b e c o m e  n a r r o w e r  a n d  e x t e n d  o v e r  t h e  l o w e r  e n d  o f  t h e  u / c  
a n d  t u r b i n e  e f f i c i e n c y  r a n g e s .

6 .  T h e  v a r i a t i o n  o f  t u r b i n e  e f f i c i e n c y  v e r s u s  u / c  c a n  b e  
i d e n t i f i e d  a s  t w o  e f f i c i e n c y  l o o p s ,  e a c h  r e s u l t i n g  f r o m  t h e  
p r e s s u r e  p u l s e  a r i s i n g  f r o m  o n e  l i m b .  T h e s e  l o o p s  a r e  s i m i l a r  
i n  p a r t i c u l a r  a t  o f f - d e s i g n  c o n d i t i o n s .
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7 .  A t  o f f - d e s i g n  f l o w  c o n d i t i o n s  t h e  l o w e r  t u r b i n e  e f f i c i e n c y  
i s  a s s o c i a t e d  w i t h  a  n e g a t i v e  i n c i d e n c e  a n g l e  b e t w e e n  1 4 °  t o  
5 2 ° .  A t  t h e  r o t o r  e x i t ,  a  h i g h e r  s w i r l  i s  o b s e r v e d .

8 .  B y  a p p l y i n g  a  c o n s t a n t  f l o w  a n g l e  t o  t h e  u n s t e a d y  f l o w  
c h a r a c t e r i s t i c s ,  i t  i s  p o s s i b l e  t o  m o d e l  a  n o z z l e d  t u r b i n e  
u n d e r  p u l s a t i n g  f l o w  c o n d i t i o n s .  A s  t h i s  a n g l e  i n c r e a s e s ,  t h e  
i n c i d e n c e  a n g l e  b e c o m e s  m o r e  p o s i t i v e .  T h i s  b r i n g s  t h e  
i n c i d e n c e  a n g l e  c l o s e r  t o  o p t im u m  v a l u e  ( a s  i n  s t e a d y  f l o w  
r e s u l t ) . H o w e v e r ,  a t  a n g l e s  g r e a t e r  t h a n  a b o u t  2 0 °  t h e  t r e n d  i s  
f o r  t u r b i n e  e f f i c i e n c y  t o  d e c r e a s e  a p p r e c i a b l y  a f t e r  2 0 °  a n g l e  
s e t t i n g .  T h e  o p t im u m  a n g l e  a p p e a r s  t o  b e  1 0 °  t o  1 5 ° .
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Fig. 6.1 Instantaneous Pressure
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Note : 00° flow angle means flow does not deviate from the radial plane 

i.e zero axial component of velocity, see Fig. 4.20

Fig 6.14 M easuring flow  v ia  m irror at 3m m  point
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Note : 90° flow angle means flow  does not deviate from the radial plane

i.e zero axial component of velocity, see Fig. 4.20

Fig 6.15 M easuring flo w  v ia  m irror at 7m m  poin t
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CHAPTER 7

SUMMARY OF ACHIEVEMENTS, CONCLUSIONS 
AND SUGGESTIONS FOR FUTURE WORK

T h i s  c h a p t e r  s u m m a r iz e s  w h a t  h a s  b e e n  a c c o m p l i s h e d  a n d  

im p o r t a n t  f i n d i n g s  f r o m  t h i s  w o r k .  S u g g e s t io n s  a r e  a l s o  m ade as  

t o  how  t h e  p r e s e n t  i n v e s t i g a t i o n  c o u ld  b e  im p r o v e d  a n d  e x p lo r e d  

i n  t h e  f u t u r e  i n  o r d e r  t o  e x t e n d  t h e  u n d e r s t a n d in g  o f  t h e  f l u i d  

d y n a m ic s  i n  p a r t i c u l a r  t o  u n s t e a d y  f l o w .

7 .1  Summary o f  A c h ie v e m e n ts

F lo w  i n  a  v a n e l e s s  t w i n - e n t r y  r a d i a l - i n f l o w  t u r b o c h a r g e r  

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

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

u n t i l  now b e e n  r e s t r i c t e d  t o  s t e a d y  f l o w  t e s t  i n f o r m a t i o n  f o r  

d e v e lo p m e n t .  As a  r e s u l t  t h e  v a r i a t i o n s  t h r o u g h  a  p u ls e  o f  f l o w  

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

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

d e v e lo p m e n t  o f  t h e  t u r b i n e .  T h e  p r e s e n t  f l o w  i n v e s t i g a t i o n s  

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

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

A  t u r b o c h a r g e r  t u r b i n e  h o u s in g  h a s  b e e n  i n s t r u m e n t e d  t o  e n a b le  

d e t a i l e d  m e a s u re m e n ts  t o  b e  m ade o f  t h e  f l o w s  a t  r o t o r  i n l e t  

a n d  e x i t ,  u s in g  a n  L 2 F  v e l o c i m e t e r .  T h e  a b s o l u t e  v e l o c i t y  a n d  

f l o w  a n g l e  i n  t h e  t u r b i n e  h o u s in g  w e r e  m e a s u r e d .  T h e  

i n s t r u m e n t e d  t u r b i n e  a l l o w s  t h e s e  m e a s u re m e n ts  t o  b e  m ade a t  

d i f f e r e n t  a z im u t h  a n g le s .  A t  t h e  r o t o r  i n l e t ,  m e a s u re m e n ts  w e re  

m ade a c r o s s  t h e  v o l u t e  a t  1mm i n t e r v a l s .  I n  a d d i t i o n ,  m i r r o r s  

w e r e  u s e d  t o  d e f l e c t  t h e  L 2 F  b eam  so  t h a t  i t  i s  p o s s i b l e  t o
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m e a s u r e  t h e  sam e p o i n t  i n  t h e  f l o w  f r o m  d i f f e r e n t  a n g l e s ,  a n d  

h e n c e  t o  i n v e s t i g a t e  t h e  p r e s e n c e  o f  a x i a l  c o m p o n e n ts  o f  

v e l o c i t y  a t  r o t o r  i n l e t .  A t  t h e  r o t o r  e x i t ,  m e a s u re m e n ts  w e re  

p r i m a r i l y  m ade a t  30mm d o w n s tre a m  o f  t h e  r o t o r  t r a i l i n g  e d g e .  

M e a s u r e m e n ts  h a v e  a l s o  b e e n  m ad e  v e r y  c l o s e  t o  t h e  r o t o r  

t r a i l i n g  e d g e  (4mm d o w n s tr e a m )  a n d  c o m p a re d  w i t h  t h o s e  m ade  

f u r t h e r  d o w n s tre a m .

R e s u l t s  w e re  o b t a in e d  f o r  s t e a d y  f l o w  c o n d i t i o n s  w i t h  e q u a l  a n d  

p a r t i a l  a d m is s io n  i n  t h e  v o l u t e  e n t r i e s ,  b o t h  a t  r o t o r  i n l e t  

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

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

c o n d i t i o n s  w as m o n i t o r e d .  F ro m  t h e s e  m e a s u r e m e n ts , i t  h a s  b e e n  

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

c h a r a c t e r i s t i c s .  I m p o r t a n t  c o r r e l a t i o n s  a r e  o b s e r v e d  b e tw e e n  

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

r o t o r  i n l e t  a n d  e x i t .

T h e  u n s t e a d y  f l o w  t e s t s  w e r e  c a r r i e d  o u t  a t  a  p u ls e  f r e q u e n c y  

o f  5 0  H z .  T h e  t o t a l  t im e - a v e r a g e d  m ass f l o w  t o  t h e  t u r b i n e  was  

m o n i t o r e d  a t  a  d i s t a n c e  o f  a p p r o x i m a t e l y  15m  u p s t r e a m  o f  t h e  

r o t a r y  p u ls e  g e n e r a t o r .  T h e  p r e s s u r e  p u ls e  i n  e a c h  o f  t h e  tw o  

l im b s  i s  s e t  a t  1 8 0 °  o u t  o f  p h a s e .  T h is  r e p r o d u c e s  t h e  f l o w  

c o n d i t i o n s  i n  m any common t u r b o c h a r g e r s ,  s u c h  a s  a  t w i n - e n t r y  

t u r b i n e  f e d  f r o m  a  m u l t i - c y l i n d e r  e n g in e  w i t h  d i v i d e d  m a n i f o l d .  

T h e  p u l s e  g e n e r a t o r  u s e s  a  r o t a t i n g  d i s c ,  w h ic h  h a s  b e e n  

d e v e lo p e d  t o  p r o d u c e  a  p r e s s u r e  p u ls e  s h a p e  t h a t  i s  s i m i l a r  t o  

a  t y p i c a l  e x h a u s t  p u ls e  i n  a n  e n g in e .  T h e  r e s u l t s  a r e  p r e s e n t e d  

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

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

c o m p o n e n ts  o f  v e l o c i t y  h a s  a l s o  b e e n  p r e s e n t e d .  M e a s u re m e n ts  

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

m e a s u r e m e n ts ,  i t  h a s  b e e n  p o s s i b l e  t o  d e r i v e  t h e  t i m e - v a r y i n g  

v e l o c i t y  t r i a n g l e s .  T h e s e  r e v e a l  v e r y  l a r g e  v a r i a t i o n s  o f  

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

c h a n g e s  i n  r o t o r  e x i t  s w i r l ,  e v e n  w hen o p e r a t i n g  a t  a  n o m in a l
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d e s ig n  c o n d i t i o n .  From t h e  t im e - v a r y in g  v e l o c i t y  t r i a n g l e s  a t  
b o th  r o t o r  i n l e t  and  e x i t ,  i t  h a s  b een  p o s s ib l e  t o  e s t im a te  th e  
t im e - v a r y in g  pow er d e v e lo p e d  b y  t h e  r o t o r  an d  h e n c e  t im e -  
v a r y in g  t u r b i n e  e f f i c i e n c y .  T h e re fo re  i t  h a s  b ee n  p o s s i b l e  t o  
c o r r e l a t e  t h e  t im e - v a r y in g  t u r b i n e  p e r fo rm a n c e  and  g a s  f lo w  
c h a r a c t e r i s t i c s  a t  b o th  r o t o r  i n l e t  a n d  e x i t .  T h e se  
i n v e s t i g a t i o n s  h av e  p r o v id e d  a  b e t t e r  u n d e r s ta n d in g  o f  th e  
o r i g i n  o f  l o s s e s  a s s o c i a t e d  w ith  p u ls e  f lo w .

7 .2  C o n c lu s io n s

7 .2 .1  S te a d y  Flow T e s ts

The s te a d y  f lo w  c h a r a c t e r i s t i c s  have b ee n  i n v e s t i g a t e d  w ith  
d i f f e r e n t  f lo w  c o n d i t i o n s  an d  d i f f e r e n t  s e p a r a t i n g  w a l l  
d ia m e te r s .  T h ro u g h -f lo w  v e l o c i t y  and  a x i a l  v e l o c i t y  com ponents 
a t  r o t o r  i n l e t  w ere m easu red  f o r  e q u a l  and  p a r t i a l  a d m is s io n . 
The t u r b i n e  p e rfo rm a n c e  h a s  b ee n  m o n ito re d  in  p a r t i c u l a r  t o  
s tu d y  th e  i n f lu e n c e  on th e  f lo w  c h a r a c t e r i s t i c s  u n d e r  p a r t i a l  
a d m is s io n  c o n d i t io n s .
The flo w  i n v e s t i g a t i o n  can  be sum m arized a s  fo l lo w s  :

1 . The flo w  c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  f lo w  c o n d i t io n  u n der 
e q u a l  a d m is s io n  f lo w  show s t h e  i n c i d e n c e  a n g le  t o  v a ry  
s p a t i a l l y  a s  fo l lo w s  :

u/c Turbine efficiency
Rotor incidence variation Rotor incidence
across volute exit arithmetic average

0 .7 0 67%
0 .6 7 67%
0 .5 7 62%
0 .4 4 53%

23° t o  35° 
20° t o  45° 
30° t o  -10° 
10° t o

28°
30°
1 6 .5 °

-1 1 .3 °
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The f lo w  in  th e  v o lu te  e x i t  i s  t h r e e  d im e n s io n a l . U nder e q u a l 
a d m is s io n  c o n d i t io n s  th e  a x i a l  com ponent i s  a  minimum. As flo w  
i n  o ne  l im b  becom es m ore d o m in a n t t h e  a x i a l  co m p o n en t 
i n c r e a s e s .  The maximum d e v i a t i o n  o f  t h e  f lo w  from  th e  r a d i a l  
p la n e  a t  ex tre m e  p a r t i a l  a d m iss io n  i s  a b o u t 20°.

2 . W ith  i n c r e a s i n g  s e p a r a t i n g  w a l l  d ia m e te r ,  t h e  f lo w s  from  
t h e  tw o lim b s  a r e  a b le  t o  m ix a t  a h ig h e r  r a d i u s .  Thus u n d e r 
ex tre m e  p a r t i a l  a d m iss io n  c o n d i t io n s ,  th e  f lo w  d o es n o t r e v e r s e  
in  th e  v o l u t e .  Flow r e v e r s a l  i s ,  how ever, n o te d  in  th e  v o lu te  
e x i t  w ith  s m a l le r  s e p a r a t in g  w a l l  diameters,SW<j> = 80mm and 86mm 
(R/Rt ip = 1 .0 6 7  and  1 .1 4 7 ) , F i g s . 5 . 26b and  5 .2 7 b .

3 . W ith th e  s e r i e s  o f  p a r t i a l  a d m iss io n  t e s t s ,  a c o r r e l a t i o n  
b e tw een  th e  flo w  c h a r a c t e r i s t i c s  and t u r b i n e  p e rfo rm a n c e  shows 
t h a t  th e  minimum tu r b in e  e f f i c i e n c y  o c c u rs  a t  ex trem e  in c id e n c e  
a n g le s .  In  a d d i t i o n ,  F i g s . 5 .1 0  and  5 .1 1  show t h a t  u n d e r  t h i s  
c o n d i t io n  ( o u te r  lim b  f u l l y  c lo s e )  th e  f lo w  d e v ia t io n  from  th e  
r a d i a l  p la n e  i s  a maximum. T h is  c o n t ib u te s  t o  th e  p o o r s p e c i f i c  
work and  h en ce  lo w er t u r b i n e  e f f i c i e n c y .
The optim um  in c id e n c e  a n g le  (a v e ra g e d  a c r o s s  t h e  v o lu te )  f o r  
e q u a l  a d m is s io n  flo w  i s  28°.

4 . At th e  r o t o r  e x i t  m easu rem en ts made a t  30mm from  th e  r o t o r  
t r a i l i n g  edge  show t h a t  f lo w  in  th e  d u c t  s w i r l s  w ith  v a ry in g  
f lo w  c o n d i t i o n s .  At n e a r  th e  d e s ig n  c o n d i t io n ,  th e  s w i r l  i s  a 
minimum. S w ir l  i n c r e a s e s  a s  th e  o p e r a t in g  c o n d i t i o n s  d e p a r t s  
from  d e s ig n  p o i n t .
The flo w  v a r i a t i o n  a t  t h e  r o t o r  i n l e t  (even  a t  ex tre m e  p a r t i a l  
a d m is s io n  c o n d i t io n s )  d o es  n o t  have an  a p p r e c i a b l e  a f f e c t  on 
t h e  flo w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  e x i t .

5 . The r o t o r  e x i t  flo w  c h a r a c t e r i s t i c s  m easu red  c lo s e  t o  th e  
r o t o r  t r a i l i n g  edge a r e  d i f f e r e n t  from  th o s e  m easu red  f u r t h e r
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dow nstream . C lo s e r  t o  th e  r o t o r  e x i t ,  t h e  flo w  a n g le  i s  l a r g e r .

6 . Flow m easu rem en ts  made c lo s e  t o  t h e  r o t o r  e x i t  a r e  o n ly  
p o s s i b l e  f o r  t h e  to p  h a l f  o f  t h e  r o t o r  e x i t  b la d e  (sh ro u d  
s id e )  . T h is  i n d i c a t e s  t h a t  th e  f lo w  in  t h e  hub r e g io n  (lo w er 
h a l f  o f  th e  r o t o r  e x i t  b la d e )  i s  h ig h ly  d i s tu r b e d  due t o  b la d e  
wake and  th e  e f f e c t  o f  t h e  re d u c in g  th ro u g h - f lo w  a r e a  n e a r  t o  
t h e  h u b .

7 . A pp ly in g  a  c o n s ta n t  m ass f lo w  t o  th e  t u r b i n e  and  v a ry in g  th e  
p a r t i a l  a d m is s io n  c o n d i t i o n ,  t h e  t u r b i n e  e f f i c i e n c y  an d  u / c 
v a lu e  c h a n g e . The ra n g e  o f  t h i s  change i s  co m p arab le  t o  th o s e  
in s ta n ta n e o u s  e f f i c i e n c y  m easu red  by D ale (3 9 ) .

7 .2 .2  U n stead y  Flow T e s t

1 . R o to r  i n l e t

.T he a b s o lu t e  v e l o c i t y  and  f lo w  a n g le  v a ry  w ith  t h e  p r e s s u r e  
p u l s e .  The v a r i a t i o n  o f  f lo w  a n g le  i s  s i g n i f i c a n t  from  5° t o  
34° a t  c lo s e  t o  d e s ig n  o p e r a t in g  p o i n t ,  F i g .6 .3 c .
.F rom  t h e  a b s o l u t e  v e l o c i t y ,  f lo w  a n g le  an d  b la d e  s p e e d , 
v e l o c i t y  t r i a n g l e  can  be  c o n s t r u c te d ,  show ing th e  v a r i a t i o n s  o f  
t a n g e n t i a l  and  r a d i a l  com ponen ts o f  v e l o c i t y ,  in c id e n c e  and 
r e l a t i v e  v e l o c i t y .
. A v e ry  l a r g e  v a r i a t i o n  o f  in c id e n c e  a n g le  i s  n o te d  even  a t  
n e a r  d e s ig n  o p e r a t i o n ,  fro m  60° t o  -6 5 ° ,  F i g .  6 .1 0 .  T h is  
r e p r e s e n t s  a  l a r g e  v a r i a t i o n  o f  in c id e n c e  l o s s e s .
.T he  m a g n itu d e  o f  t h e  v e l o c i t y  p u l s e s  v a r i e s  w i th  d i f f e r e n t  
m e a su rin g  p o i n t s  a c r o s s  th e  v o lu te  e x i t .

M easu rem en ts on th e  t a n g e n t i a l - r a d i a l  p la n e  c l e a r l y  show two 
p u l s e s  from  t h e  p r e s s u r e  p u l s e  g e n e r a to r ,  one i n  e a c h  l im b . 
M e a su rin g  t h e  same p o i n t  in  t h e  f lo w  on a t a n g e n t i a l - a x i a l
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p la n e  show s o n ly  one p u l s e .  A n a ly s is  o f  t h e  r e s u l t s  s u g g e s t  
t h a t  th e  m is s in g  p u ls e  p ro b a b ly  h a s  a  h ig h  a x i a l  com ponent o f  
v e l o c i t y  i n  t h e  m ea su rin g  p la n e .  T h is ,  t o g e th e r  w ith  th e  e f f e c t  
o f  th e  L2F f o c a l  volum e r o t a t i n g  on a  30° p la n e ,  r e s u l t e d  in  
i n s u f f i c i e n t  q u a l i t y  d a ta  t o  p ro d u c e  th e  seco n d  p u l s e .
A co m p ariso n  o f  F i g s . 5 .1 0  and  6 .9  s u g g e s ts  t h a t  t h e  u n s te a d y  
g a s  f lo w s  a r e  in s t a n t a n e o u s ly  v e ry  s i m i l a r  t o  t h e  s te a d y  flow  
a t  c o r r e s p o n d in g  p a r t i a l  a d m is s io n  c o n d i t i o n s .  An im p o r ta n t  
c o n c lu s io n  from  t h i s  a n a l y s i s  i s  t h a t  u n d e r p u l s a t i n g  f lo w  th e  
f l u i d  i s  i n  dynam ic e q u i l i b r iu m ,  i . e  th e  t u r b i n e  i s  " q u a s i -  
s t e a d y ”

2 . R o to r  e x i t

In  th e  s te a d y  flo w  t e s t s ,  r o t o r  e x i t  m easurem ents show t h a t  th e  
s w i r l  i n c r e a s e s  a s  t h e  f lo w  c o n d i t i o n  d e p a r t s  fro m  d e s ig n
p o i n t .  When t h e  flo w  c o n d i t io n  i s  n e a r  t o  t h e  d e s ig n  p o i n t ,  a 
minimum s w i r l  i s  n o te d .  U nder u n s te a d y  f lo w  c o n d i t i o n s ,  th e  
e x t e n t  o f  th e  s w i r l  v a r i e s  w i th in  a  p u l s e .  From F i g . 6 .1 6  th e  
v a r i a t i o n  o f  flo w  a n g le  i s  o b se rv e d  a s  f o l lo w s :

up t o  12° f o r  0 .1 3  k g /s  m ass flo w
5° t o  23° f o r  0 .1 7  k g /s  mass flow

12° t o  36° f o r  0 .2 4  k g /s  m ass flo w

The p u l s e s  i n  te rm s  o f  a b s o lu t e  v e l o c i t y  and  f lo w  a n g le  a r e  
w e l l  d e f in e d .  F o r f lo w  c o n d i t io n s  away from  t h e  d e s ig n  p o in t ,  
i t  i s  c l e a r  t h a t  t h e  s w i r l  becom es m ore s e v e r e  an d  th e  
v a r i a t i o n  i s  g r e a t e r .  T h is  s w i r l  d e c r e a s e s  a s  t h e  o p e r a t in g  
p o in t  moves n e a r e r  t o  th e  d e s ig n  c o n d i t io n s .
B y p l o t t i n g  t h e  p e a k  v e l o c i t y  o f  t h e  f l o w  c h a r a c t e r i s t i c s  

a c r o s s  t h e  e x i t  d u c t ,  t h e  r e s u l t  show s a  v a r i a t i o n  t h a t  i s  

s i m i l a r  t o  t h o s e  o b t a i n e d  u n d e r  s t e a d y  f l o w  t e s t s .  T h i s  a ls o  

g i v e s  som e i n d i c a t i o n  t h a t  t h e  f l u i d  f l o w  r e m a in s  i n  d y n a m ic
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e q u i l ib r iu m  w h i l s t  t h e  f lo w  i s  p u l s a t i n g .

3 E f f e c t  o f  d i f f e r e n t  s e p a r a t in g  w a ll  d ia m e te r s .

. W ith  a  s m a ll  s e p a r a t i n g  w a l l  d ia m e te r ,  SW<|> «  80mm (R/Rt ip = 
1 .0 6 7 ) ,  t h e  f lo w  from  a p r e s s u r e  p u l s e  in  i n n e r  lim b  h a s  n o t 
b ee n  a b le  t o  m ix w e ll  w ith  f lo w  from  o u te r  lim b  a s  i t  c r o s s e s  
t o  th e  o u te r  lim b  r e g io n .  T h is  r e s u l t e d  in  w hat i s  c o n s i s t e n t l y  
o b se rv e d  a s  a s i n g l e  v e l o c i t y  p u l s e  a r i s i n g  from  th e  p r e s s u r e  
p u l s e  i n  o u t e r  l im b . T h is  o b s e r v a t io n  i s  made a t  270° az im u th  
a n g l e .

. At 180° a z im u th  a n g le  t h e r e  i s  l i t t l e  e f f e c t  on t h e  flo w  
c h a r a c t e r i s t i c s  w ith  d i f f e r e n t  s e p a r a t in g  w a ll  d ia m e te r s  e x c e p t 
f o r  SW<|) = 80mm (R/Rt iP = 1 .0 6 7 ) .

. W ith  SW<{> = 86mm (R/Rt i p = 1 .1 4 7 ) t h e  f lo w  c h a r a c t e r i s t i c s  
change n o t i c e a b ly  from  180° t o  270° az im u th  a n g le .  Two v e l o c i t y  
p u l s e s  a r e  o b se rv e d  a t  180° az im u th  a n g le .  As th e  flo w  moves t o  
270° a z im u th  a n g le  m a in ly  one v e l o c i t y  p u l s e  i s  o b s e rv e d . The 
s i n g l e  v e l o c i t y  p u l s e  in  t h i s  c a s e  a r i s e s  from  p r e s s u r e  p u ls e  
i n  e i t h e r  th e  o u t e r  o r  i n n e r  lim b  d e p e n d in g  on t h e  m e a su rin g  
p o i n t .

4 T u rb in e  p e rfo rm a n ce

A m ethod t o  d e r iv e  t h e  t im e - v a r y in g  t u r b i n e  p e rfo rm a n c e  u s in g  
t h e  u n s te a d y  f lo w  c h a r a c t e r i s t i c s  m easu red  a t  r o t o r  i n l e t  and 
e x i t  h a s  y ie ld e d  some u s e f u l  o b s e r v a t io n s .  T h ere  i s  c e r t a i n l y  
room  f o r  im p ro v em en t i n  t h e  m eth o d  t o  e s t i m a t e  t h e  f lo w  
c h a r a c t e r i s t i c s  im m e d ia te ly  a f t e r  th e  r o t o r  e x i t .  However t h i s  
m eth o d  d o e s  p r o v id e  some i n d i c a t i o n s  o f  t h e  u n s te a d y  flo w  
t u r b i n e  c h a r a c t e r i s t i c s  an d  t h e s e  a r e  c o m p a ra b le  t o  r e s u l t s  
o b ta in e d  by D ale*s i n v e s t i g a t i o n .  The fo l lo w in g  c o n c lu s io n s  a r e
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o b ta in e d  from  th e  o b s e r v a t io n  made :

. The pow er d e v e lo p e d  by t h e  r o t o r  v a r i e s  i n  t im e  w ith  th e  
p r e s s u r e  p u l s e .  Maximum pow er o c c u rs  a ro u n d  th e  low u / c r e g io n .  
As t h e  t im e - a v e r a g e d  f lo w  d e p a r t s  from  th e  d e s ig n  c o n d i t io n s  
t h e  pow er d e v e lo p e d  by t h e  r o t o r  i n c r e a s e s  (due t o  h ig h e r  
t u r b i n e  i n l e t  p r e s s u r e )  w h ile  th e  u / c v a lu e s  d e c r e a s e .

. A t o f f - d e s i g n  c o n d i t i o n s ,  t h e  t i m e - v a r i a t i o n  o f  pow er i s  
g r e a t e r  th a n  a t  n e a r  d e s ig n  c o n d i t i o n .  B ut t h e  u / c v a r i a t i o n  
i s  g r e a t e r  a t  n e a r  d e s ig n  p o in t  c o n d i t io n .

. L a rg e  v a r i a t i o n s  o f  in c id e n c e  a n g le  a r e  n o te d  p a r t i c u l a r l y  
a t  th e  d e s ig n  p o in t  c o n d i t io n .  The r o t o r  in c id e n c e  a f f e c t s  th e  
pow er d e v e lo p e d  by th e  r o t o r .  T h is , t o g e th e r  w ith  th e  v a r i a t i o n  
in  pow er d e v e lo p e d , p ro b a b ly  c o n t r i b u t e s  t o  th e  l a r g e  v a r i a t i o n  
o f  t u r b i n e  e f f i c i e n c y .  The v a r i a t i o n  o f  t u r b in e  e f f i c i e n c y  i s  a 
maximum a t  n e a r  d e s ig n  p o i n t  c o n d i t i o n s .  T h is  v a r i a t i o n  i s  
re d u c e d  a s  f lo w  d e p a r t s  from  d e s ig n  f lo w  c o n d i t io n  b u t  th e  
g e n e r a l  e f f i c i e n c y  t r e n d s  d e c re a s e  a s  w e l l .

. C o m b in in g  t h e  i n s t a n t a n e o u s  t u r b i n e  e f f i c i e n c y  w i th  
c o r r e s p o n d in g  u / c v a lu e s  p ro d u c e s  e f f i c i e n c y  lo o p s .  At n e a r  th e  
d e s ig n  p o in t  c o n d i t io n ,  t h i s  lo o p  i s  c o m p a ra t iv e ly  b ro a d . T h is  
i s  due t o  th e  l a r g e  v a r i a t i o n  o f  t u r b i n e  e f f i c i e n c y  an d  u / c 
v a l u e s .  U nder t h i s  c o n d i t io n  t h e  t u r b i n e  o p e r a t e s  p a r t i a l l y  
above and  below  th e  s te a d y  e f f i c i e n c y  c u rv e .

. As t h e  t im e - a v e r a g e  f lo w  d e p a r t s  fro m  d e s ig n  p o i n t ,  t h e  
e f f i c i e n c y  lo o p s  g r a d u a l ly  f a l l s  b e low  th e  s te a d y  e f f i c i e n c y  
c u rv e .  The lo o p  i s  a l s o  n a rro w e r an d  e x te n d s  o v e r  s m a l le r  ran g e  
o f  t u r b i n e  e f f i c i e n c y  and  u / c .

. The v a r i a t i o n  o f  t u r b i n e  e f f i c i e n c y  v e r s u s  u / c can  be
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i d e n t i f i e d  a s  tw o  e f f i c i e n c y  l o o p s ,  w i th  e a c h  r e s u l t i n g  fro m  
t h e  p r e s s u r e  p u l s e  i n  o n e  l im b .

. A t o f f - d e s i g n  f lo w  c o n d i t i o n s ,  a  lo w e r  t u r b i n e  e f f i c i e n c y  i s  
a s s o c i a t e d  w i th  a  n e g a t i v e  i n c i d e n c e  o f  b e tw e e n  -1 4 °  t o  -5 2 ° .  
U n d er t h i s  c o n d i t i o n  h i g h e r  s w i r l  is a l s o  n o t e d  a t  t h e  r o t o r  
e x i t ,  F i g . 6 .1 6 .

. By a p p l y i n g  a  c o n s t a n t  f lo w  a n g l e  t o  t h e  u n s t e a d y  f lo w  
c h a r a c t e r i s t i c s ,  a  n o z z l e d  t u r b i n e  o p e r a t i n g  u n d e r  p u l s a t i n g  
f lo w  c o n d i t i o n s  c a n  b e  m o d e l le d .  As t h i s  a n g le  i n c r e a s e s ,  t h e  
i n c i d e n c e  a n g l e  b eco m es l e s s  n e g a t i v e ,  b r i n g i n g  i t  c l o s e r  t o  
t h e  op tim um  v a lu e  (a s  m e a s u re d  u n d e r  s t e a d y  f lo w  c o n d i t i o n s )  . 
H ow ever t h e  t u r b i n e  e f f i c i e n c y  d e c r e a s e s  a p p r e c i a b l y  a b o v e  
a b o u t  a  20° a n g le  s e t t i n g .  A t an  a n g le  o f  5 ° , t h e  e f f i c i e n c y  
lo o p  u n d e r  u n d e r  o f f - d e s i g n  c o n d i t i o n s  i s  lo w e r  t h a n  when t h e  
f lo w  a n g l e  i s  a l lo w e d  t o  f l u c t u a t e .  An op tim um  a n g l e  s e t t i n g  
f o r  t h i s  t u r b i n e  a p p e a r s  t o  b e  a t  10° t o  15°.

7 . 3  F u t u r e  W ork

The L2F v e l o c i m e t e r  h a s  p r o v e d  t o  b e  r e l i a b l e  i n  t h e  g a s  f lo w  
m e a su re m e n t a n d  i t s  s y c h r o n i z i n g  f a c i l i t y  i n  p a r t i c u l a r  i s  v e ry  
u s e f u l  i n  t a k i n g  m e a su re m e n ts  i n  b e tw e e n  r o t o r  b l a d e s  a n d  p u l s e  
f lo w  m e a s u re m e n ts . The p r e s e n t  s tu d y  o f  t u r b i n e  p e r fo r m a n c e  and  
g a s  f lo w  c h a r a c t e r i s t i c s  i n  a  v a n e l e s s  tw in  e n t r y  t u r b i n e  h a s  
p r o d u c e d  some i n t e r e s t i n g  r e s u l t s .  T h is  s t u d y  c a n  b e  e x te n d e d  
t o  s i n g l e  e n t r y  t u r b i n e s ,  n o z z l e d  t u r b i n e s  a n d  m ix e d - f lo w  
t u r b i n e s ,  s o  t h a t  a  c o m p a r is o n  o f  t h e  g a s  f lo w  c h a r a c t e r i s t i c s  
c a n  b e  m ad e . The i n v e s t i g a t i o n  o f  g a s  f lo w  c h a r a c t e r i s t i c s  
u n d e r  p u l s a t i n g  a n d  s t e a d y  f lo w  c o n d i t i o n s  ( w i th  a  s e r i e s  o f  
p a r t i a l  a d m is s io n  c o n d i t i o n s )  h a s  p ro d u c e d  u s e f u l  u n d e r s t a n d in g  
a n d  t h e s e  t e s t  c o n d i t i o n s  c a n  a l s o  b e  a p p l i e d  i n  f u t u r e  w ork .
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T he r e s u l t s  f ro m  u n s t e a d y  f lo w  c h a r a c t e r i s t i c s  r e v e a l  l a r g e  
v a r i a t i o n s  o f  r o t o r  i n l e t  a b s o l u t e  f lo w  v e l o c i t y  a n d  a n g l e ,  
r o t o r  i n c i d e n c e ,  a n d  h e n c e  t u r b i n e  p e r f o r m a n c e .  T h e se  r e s u l t s  
i n d i c a t e  t h e  a r e a s  w here  f u r t h e r  r e s e a r c h  c a n  b e  d i r e c t e d .

1 .  M ixed  F low  T u rb in e

T he p r e s e n t  s t u d y  show s t h a t  u n d e r  e x tr e m e  p a r t i a l  a d m is s io n  
f lo w  c o n d i t i o n s  t h e  a x i a l  com p onen t o f  v e l o c i t y  a t  r o t o r  i n l e t  
b eco m es s i g n i f i c a n t  a n d  t h e r e  i s  e v id e n c e  t h a t  t h i s  a l s o  o c c u r s  
d u r in g  p u l s a t i n g  f lo w . The t i m e - v a r y i n g  p o w er d e v e lo p e d  b y  th e  
r o t o r  show s t h a t  maximum p o w er o c c u r s  a t  low  u / c  v a l u e s .  U nder 
t h e s e  c o n d i t i o n s ,  a  m ix e d  f lo w  t u r b i n e  may c o p e  b e t t e r  w i th  
h i g h e r  a x i a l  c o m p o n e n ts  o f  i n l e t  v e l o c i t y .  I n  a  m ix e d  f lo w  
r o t o r ,  t h e  i n l e t  i s  p a r t i a l l y  r a d i a l  a n d  a x i a l  d i r e c t i o n  so  
t h a t  t h e  f lo w  e n t e r i n g  t h e  r o t o r  h a s  b o t h  r a d i a l  a n d  a x i a l  
c o m p o n e n t. A m ix e d  f lo w  t u r b i n e  c a n  h a v e  n o n - z e r o  i n l e t  b l a d e  
a n g l e  a n d  s t i l l  m a i n t a in  r a d i a l  b l a d e s  i n  s e c t i o n  ( im p o r ta n t  
f o r  s t r e s s ) . The f o r w a r d  sw eep  a n g le  w h ich  g i v e s  r e d u c e  d e g r e e  
o f  r e a c t i o n  a l lo w s  t h e  maximum e f f i c i e n c y  t o  move t o  a  lo w e r  
u / c  v a l u e .  The d e v e lo p m e n t o f  m ix e d  f lo w  t u r b i n e  t o  a c h ie v e  
p e a k  e f f i c i e n c y  a t  low  u / c  v a l u e s  ( 0 .5  t o  0 .6 )  w i l l  m a x im ise  
e x h a u s t  p u l s e  e n e r g y .  T h i s  s u g g e s t s  an  a r e a  f o r  f u r t h e r  
r e s e a r c h  w i th  m ix ed  f lo w  t u r b i n e ,  i n  p a r t i c u l a r  t o  i n v e s t i g a t e  
t h e  u n s t e a d y  g a s  f lo w  c h a r a c t e r i s t i c s  t o  c o r r e l a t e  w i th  t h e  
u n s t e a d y  t u r b i n e  p e r f o r m a n c e .

2 .  M o d ify  T u r b in e  H o u s in g

U n s te a d y  f lo w  t e s t s  w i th  d i f f e r e n t  s e p a r a t i n g  w a l l  d i a m e t e r s  
i n d i c a t e  t h a t  w i th  t h e  d i v i d e r  v e r y  c l o s e  t o  t h e  r o t o r  t i p  o n ly  
o n e  p u l s e  c a n  b e  m e a s u re d . T h is  e f f e c t  i s  m ore  o b v io u s  a t  270° 
a z im u th  a n g l e ,  p o s s i b l y  c a u s e d  i n  p a r t  by  t h e  r e d u c e d  f lo w  a r e a
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i n  t h i s  r e g i o n .  The c u r r e n t  d e s ig n  o f  tw in - f l o w  h o u s in g  h a s  th e  
v o l u t e  d i v i d e d  360° m e r i d i o n a l l y .  The t h i c k n e s s  o f  t h e  d i v i d e r  
r e m a in s  c o n s t a n t  t h r o u g h o u t ,  t h u s  a t  h i g h e r  a z im u th  a n g le  
r e g i o n s  t h e  t h r o u g h - f l o w  a r e a  b e c o m e s  e v e n  s m a l l e r .  I f  t h e  
d i v i d e r  w a l l  c a n  b e  e l i m i n a t e d  a r o u n d  the high a z im u th  a n g le  
r e g i o n ,  i t  i s  p o s s i b l e  t h a t  b o t h  p r e s s u r e  p u l s e s  c a n  c o n t r i b u t e  
t o  t h e  pow er d e v e lo p e d  by  t h e  r o t o r .
A d e s i g n  o f  s u c h  t u r b i n e  h o u s in g  i s  i n  F i g . 7 .1  sh o w in g  a 
g r a d u a l  t e r m i n a t i o n  o f  t h e  d i v i d e r  w a l l  fro m  180° a z im u th  a n g le  
o n w a r d s .

3 .  S in g le  E n t r y  T u rb in e

T he p r e s e n t  s t u d i e s  a r e  c o n f in e d  t o  t w i n - e n t r y  t u r b i n e s .  B ut 
m o st s m a l l  a u to m o t iv e  t u r b o c h a r g e r s  f o r  s p a r k - i g n i t i o n  e n g in e s  
u t i l i z e  s i n g l e  e n t r y  t u r b i n e s .  I n  t h e  t w i n - e n t r y  t u r b i n e  
i n v e s t i g a t i o n  t h e  i n t e r a c t i o n  o f  t h e  f lo w s  i n  t h e  tw o  v o l u t e  
e n t r i e s  when b o th  a r e  p u l s e d  i n  a n t i - p h a s e  ( s i m u l a t i n g  a  common 
p u l s e  t u r b o c h a r g i n g  a r r a n g e m e n t )  a r e  v e r y  c l e a r l y  s e e n .  Any 
im p ro v e m e n t on d e v e lo p m e n t i n  s i n g l e  e n t r y  t u r b i n e s  may a l s o  
r e q u i r e  a n  u n d e r s t a n d i n g  o f  t h e  f lo w  i n t e r a c t i o n  f ro m  t h e  
a l t e r n a t i n g  p r e s s u r e  p u l s e s  a r r i v i n g  a t  t h e  r o t o r .  W ith  a  
s i n g l e  e n t r y  t u r b i n e  t h e  i n v e s t i g a t i o n  o f  t h e  p r e s e n c e  o f  an  
a x i a l  com p o n en t o f  v e l o c i t y  a t  r o t o r  i n l e t  w i l l  b e  m ore d i r e c t  
d u e  t o  t h e  a b s e n c e  o f  t h e  d i v i d e r  w a l l .

4 .  N o z z le d  T u rb in e

A c o n s t a n t  f lo w  a n g le  h a s  b e e n  a p p l i e d  t o  t h e  m e a su re d  u n s te a d y  
f lo w  c h a r a c t e r i s t i c s .  W ith  a  f i x e d  f lo w  a n g l e  a n d  v a r y i n g  
a b s o l u t e  v e l o c i t y ,  t h i s  s i m u l a t e s  a n  u n s t e a d y  f lo w  t e s t  i n  a  
n o z z l e d  t u r b i n e .  T h is  h a s  p r o d u c e d  some i n t e r e s t i n g  r e s u l t s ,  
a n d  i n d i c a t e s  t h a t  t h e  op tim um  n o z z l e  s e t t i n g  i s  10° t o  15°. 
V a r i a b l e  g e o m e try  t u r b i n e s  u s i n g  v a n e d  n o z z l e s  a r e  b e c o m in g
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m o re  c l o s e l y  i n v e s t i g a t e d  i n  p a r t i c u l a r  f o r  t h e  c o m m e rc ia l  
a u t o m o t i v e  a p p l i c a t i o n .  An u n d e r s t a n d i n g  o f  t h e  g a s  f lo w  
c h a r a c t e r i s t i c s  a n d  t h e  c o r r e l a t i o n  w i th  t u r b i n e  p e r fo r m a n c e  in  
t h i s  a r e a  w i l l  b e  u s e f u l  i n  t h e  d e v e lo p m e n t o f  s u c h  t u r b i n e s .

5 .  M easu rem en t b e tw e e e n  b l a d e s  u n d e r  s t e a d y  f lo w  c o n d i t i o n

G as f lo w  m e a s u re m e n ts  b e tw e e n  b l a d e s  h a s  b e e n  s u c c e s s f u l l y  
c a r r i e d  o u t  on  c o m p r e s s o r s  b y  u s i n g  t h e  L2F s y c h r o n i z i n g  
f a c i l i t y  t o  p h a s e  lo c k  m e a s u re m e n ts  w i th  t h e  b l a d e  f r e q u e n c y  
( 4 5 ,4 6 ,5 0 ) .  T h i s  t e c h n i q u e  a p p l i e d  t o  t u r b i n e  r o t o r s  h a s  n o t  

b e e n  p u b l i s h e d  i n  t h e  o p e n  l i t e r a t u r e .  The o b j e c t i v e  o f  t h i s  
w ork  i s  t o  h a v e  an  u n d e r s t a n d i n g  o f  t h e  g a s  f lo w  b e h a v io u r  
b e f o r e  a n d  a f t e r  e n t e r i n g  t h e  t u r b i n e  r o t o r .  T h is  w ork s h o u ld  
b e  e x t e n t e d  t o  p a r t i a l  a d m is s io n  f lo w , in p a r t i c u l a r  a t e x tre m e  
f lo w  c o n d i t i o n s .

6 . I n s t a n t a n e o u s  p r e s s u r e  a t  v o l u t e  e x i t .

I n s t a n t a n e o u s  p r e s s u r e s  a r e  m e a su re d  b e f o r e  t h e  t u r b i n e  i n l e t .  
T h e s e  r e s u l t s  h a v e  b e e n  a p p l i e d  t o  d e r i v e  t h e  t u r b i n e  
p e r fo r m a n c e  u s in g  f lo w  c h a r a c t e r i s t i c s  m e a su re d  a t  v o l u t e  e x i t ,  
t h u s  a s s u m in g  t h e  i n s t a n t a n e o u s  p r e s s u r e  t o  r e m a in  c o n s t a n t  
a c r o s s  t h e  v o l u t e  e x i t .  B u t r e s u l t s  h a v e  show n t h a t  f lo w  
c h a r c t e r i s t i c s  v a r y  a c r o s s  t h e  v o l u t e  e x i t  a n d  i n t e r a c t i o n  o f  
t h e  f lo w  i n  t h e  v o l u t e  e n t r i e s  i s  c l e a r l y  s e e n .  T hus v a r i a t i o n  
o f  i n s t a n t a n e o u s  p r e s s u r e  a t  t h e  v o l u t e  may o c c u r  d u e  t o  f lo w  
i n t e r a c t i o n  fro m  t h e  v o l u t e  e n t r i e s .  I n v e s t i g a t i o n  i n  t h i s  a r e a  
w i l l  b e  a n o t h e r  s t e p  to w a r d s  u n d e r s t a n d i n g  t h e  u n s t e a d y  f lo w  
c h a r a c t e r i s t i c s  i n  t h e  t u r b i n e  a n d  w i l l  p r o v i d e  i m p o r t a n t  
b o u n d a ry  c o n d i t i o n s  i n  u n s t e a d y  c o m p u ta t i o n a l  f l u i d  d y n a m ic s  
w o rk . Work i n  t h i s  a r e a  i s  a l r e a d y  i n  p r o g r e s s .
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7 .  A n a l y t i c a l  m e th o d s .

A n a l y t i c a l  m e th o d s  h a v e  b e e n  d e v e lo p e d  t o  m o d e l t h e  f lo w  in  
r a d i a l  t u r b i n e s .  B u t t h e s e  a r e  a t  p r e s e n t  r e s t r i c t e d  t o  s t e a d y  
f lo w  a p p l i c a t i o n .  H ow ever a n y  m o d e l d e v e lo p e d  w i l l  r e q u i r e  
e x p e r i m e n ta l  d a t a  f o r  c o m p a r is o n . The p r e s e n t  w ork  h a s  p r o v id e d  
u n s t e a d y  f lo w  e x p e r i m e n t a l  d a t a  f o r  f u t u r e  d e v e lo p m e n t  o f  
a n a l y t i c a l  m e th o d s  t o  m ode l u n s te a d y  f lo w  i n  t u r b i n e s .

7 .4  F i n a l  R em arks

The o b j e c t i v e s  o f  t h i s  w ork  s t a t e d  i n  t h e  i n t r o d u c t i o n  h a v e  
b e e n  g e n e r a l l y  a c h i e v e d .  The g a s  f lo w  c h a r a c t e r i s t i c s  u n d e r  
s t e a d y  f lo w  c o n d i t i o n s  h a v e  b e e n  i n v e s t i g a t e d  i n  d e t a i l  w i th  a 
s e r i e s  o f  p a r t i a l  a d m is s io n  f lo w  c o n d i t i o n s  a l s o  i n t r o d u c e d .  
U n s te a d y  f lo w  t e s t s  h a v e  p ro d u c e d  u n iq u e  g a s  f lo w  i n f o r m a t io n  
a n d  r e v e a l e d  im p o r ta n t  v a r i a t i o n s  o f  f lo w  c o n d i t i o n s  th r o u g h  a 
p u l s e .
T h e  t i m e - v a r y i n g  t u r b i n e  e f f i c i e n c i e s  show  s i g n i f i c a n t  
v a r i a t i o n  f ro m  t h e  s t e a d y  f lo w  p e r f o r m a n c e ,  w h ic h  h a s  
i m p l i c a t i o n s  b o th  f o r  t h e  d e s ig n  o f  r a d i a l  i n f l o w  t u r b i n e s  an d  
f o r  e n g i n e - t u r b o c h a r g e r  m a tc h in g .
I n  v ie w  o f  t h e s e  f i n d i n g s ,  i t  becom es m ore o b v io u s  t h a t  f u r t h e r  
d e v e lo p m e n ts  o f  t u r b i n e s  f o r  p u l s e  t u r b o c h a r g i n g  s h o u ld  be  
b a s e d  m ore  c l o s e l y  on t h e  u n s t e a d y  f lo w  c h a r a c t e r i s t i c s  an d  
p e r f o r m a n c e .  T h i s  w ork  h a s  t a k e n  a  f i r s t  s t e p  to w a r d s  t h e  
u n s te a d y  f lo w  i n v e s t i g a t i o n  i n  t u r b o c h a r g e r  t u r b i n e s ,  b u t  t h e r e  
a r e  l a r g e  a r e a s  r e m a in in g  f o r  f u r t h e r  i n v e s t i g a t i o n .
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Fig 7.1 Sectional view of turbine housing
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A p p e n d ix  A

MEASURING PROCEDURE

M easu rem en t w i th  L2F beam  i n  a x i a l  d i r e c t i o n

M e a s u re m e n ts  w e re  m ade a lo n g  a n  a x i a l  a x i s .  T he L2F f o c a l  
v o lu m e  i s  f o c u s e d  on  t h e  i n n e r  w a l l .  M e a s u r in g  p o i n t s  w ere  
s u b s e q u e n t l y  made w i th  r e f e r e n c e  t o  t h e  i n n e r  w a l l .
When t h e  L2F f o c a l  vo lu m e  i s  f o c u s e d  on a  s o l i d  d a r k  s u r f a c e ,  
t h e  2 s p o t s  c an  b e  o b s e r v e d  on  t h e  "b a c k  p l a t e "  o f  t h e  L2F u n i t  
( t h e  p h o t o - m u l t i p l i e r  h a s  t o  b e  r e m o v e d ) . Once t h e  f o c a l  volum e 
i s  o u t  o f  f o c u s  t h e  tw o  s p o t s  w i l l  d i s a p p e a r .  A c c u ra c y  o f  t h i s  
s e t t i n g  i s  a b o u t  0.2m m . The tw o  s p o t s  c a n  b e  s e t  t o  r o t a t e .  
C o n s t a n t  i n t e n s i t y  o f  t h e  s p o t s  i n d i c a t e s  c o n s i s t e n t  f l a t n e s s  
o f  t h e  f o c u s e d  s u r f a c e .
T he  a x i s  o f  m e a s u re m e n t i s  c o n s i s t e n t l y  m a i n t a i n e d  a t  t h e  
c e n t r e  o f  t h e  w indow  f o r  a l l  m e a s u re m e n ts . T h is  i s  a c h ie v e d  by  
f i r s t  f o c u s i n g  t h e  L2F f o c a l  v o lu m e  on a  p l u g  t h a t  s i t s  i n  
s q u a r e l y  i n  t h e  o p t i c a l  w indow  a c c e s s .  A t t h e  c e n t r e  o f  t h e  
p l u g  i s  a  t i n y  b r i g h t  s p o t  t o  g u id e  t h e  L2F beam .
M e a su re m e n t w i th  L2F beam  i n  t h e  a x i a l  d i r e c t i o n  i s  s t r a i g h t  
f o r w a r d .  The p o s i t i o n  o f  t h e  f o c a l  v o lu m e  h a s  t o  b e  n o t e d  
a lw a y s .  I f  i n  d o u b t ,  t h e  p o s i t i o n  o f  t h e  f o c a l  v o lu m e  c an  be  
c h e c k e d  w i th  r e s p e c t  t o  t h e  r e f e r e n c e  p l a n e .

M e asu rem en t w i th  L2F beam  a t  30° t o  t h e  v e r t i c a l  a x i s

M e a s u r in g  t h e  sam e p o i n t  i n  t h e  f lo w  fro m  tw o  d i r e c t i o n s  can  
c r e a t e  a  3D r e p r e s e n t a t i o n  o f  t h e  f l o w .  The L2F beam  i s  
d e f l e c t e d  s u c h  t h a t  m e a su re m e n t c a n  b e  made fro m  a n o t h e r  a n g le .
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I t  i s  c r i t i c a l  t o  e n s u r e  t h a t  t h e  f o c a l  v o lu m e  i s  on t h e  same 
p o i n t  i n  t h e  f lo w  f ro m  t h i s  a n g l e .  T h i s  i s  n o t  s t r a i g h t  
f o r w a r d .  A r e f e r e n c e  g a u g e  a n d  a  t a r g e t  d i s c  w e re  u s e d  t o  g u id e  
t h e  L2F beam  t o  t h e  r e q u i r e d  p o s i t i o n .  The L2F u n i t  c a n  b e  
t r a v e r s e d  i n  t h r e e  d i r e c t i o n s  : v e r t i c a l ,  h o r i z o n t a l  a n d  a x i a l .  
A l l  t h e s e  m ovem ents a r e  r e q u i r e d  h e r e  f o r  t h e  e x e r c i s e  shown i n  
F i g s .A l  a n d  A 2 . F ig .A l  show s t h e  s e t - u p  w i th  f r o n t  m i r r o r  i n  
p o s i t i o n  a n d  F ig .A 2  w i th  r e a r  m i r r o r  i n  p o s i t i o n .  T h e se  tw o  
a r r a n g e m e n ts  h a v e  d i f f e r e n t  t r a v e r s e  a s  t a b u l a t e d  i n  T a b le s  A1 
a n d  A 2 .
F i g . A3 show s t h e  r e f e r e n c e  g a u g e . T h is  g a u g e  i s  m a c h in e d  t o  -a 
t o l e r a n c e  o f  0.2m m . One e n d  o f  t h e  g a u g e  i s  m a c h in e d  down t o  
i t s  c e n t r e  a x i s . T h is  e n s u r e s  t h a t  when t h e  L2F beam  i s  f o c u s e d  
on  t h i s  p l a n e  f ro m  t h e  t o p ,  i t  w i l l  b e  so m ew h ere  a lo n g  t h e  
c e n t r e  a x i s .
The m a c h in e d  s u r f a c e  i s  d a rk e n e d  a n d  tw o  t h i n  l i n e s  a r e  s c r i b e d  
a c r o s s  t h e  s u r f a c e ,  s o  t h a t  t h e  f l a r e  w i l l  b e  v i s i b l e  when t h e  
L2F f o c a l  vo lum e i s  f o c u s e d  on  t h e  p l a n e  a n d  a lo n g  t h e  l i n e .  
The l i n e s  a r e  3mm a n d  7mm fro m  t h e  t i p  o f  t h e  g a u g e , w h ich  w i l l  
b e  p r e s s e d  a g a i n s t  t h e  i n n e r  w a l l .  When t h e  g a u g e  i s  i n s i d e  t h e  
w in d o w , t h e  h o r i z o n t a l  o f  t h e  m a c h in e d  s u r f a c e  h a s  t o  b e  
m a i n t a i n e d .  T h is  i s  e n s u r e d  b y  m a c h in in g  a n o t h e r  f l a t  s u r f a c e  
on  t h e  o p p o s i t e  e n d  o f  t h e  g a u g e  a lo n g  t h e  sam e p l a n e .
The t a r g e t  d i s k  w i th  a  b r i g h t  c e n t r e  s p o t  p l a c e d  on t h e  window 
r e c e s s  a n d  u s e d  t o  g u id e  t h e  l a s e r  beam  t o  t h e  c e n t r e  o f  t h e  
w in d o w . T he w in d o w s on  e a c h  a z im u th  a n g l e  a r e  c a r e f u l l y  
m a c h in e d  s o  t h a t  t h e i r  c e n t r e s  a r e  on  t h e  sam e p l a n e .

T he m i r r o r  i s  s e c u r e d  by  a  h o l d e r .  T h is  a s s e m b ly  i s  a t t a c h e d  b y  
tw o  a rm s w h ic h  c a n  s l i d e  a lo n g  a  fra m e w o rk . The i n c l i n a t i o n  o f  
t h e  m i r r o r  c a n  b e  a d j u s t e d  a n d  lo c k e d  i n  p o s i t i o n .  The p o s i t i o n  
o f  t h e  m i r r o r  i s  i n d i c a t e d  i n  F i g s .A l  a n d  A 2 .

2 8 4



S e t t i n g  o f  t h e  f o c a l  vo lum e w i th  l a s e r  beam  d i r e c t e d  v i a  t h e  
m i r r o r  i s  a s  f o l l o w s :

1 .  S t a r t i n g  w i t h  l a s e r  beam  a lo n g  t h e  a x i a l  a x i s ,  m ove t h e  
l a s e r  beam  v e r t i c a l l y  u p w a rd s  a n d  d i r e c t  i t  o n to  t h e  m i r r o r  
t h a t  i s  a l r e a d y  s e t  i n  p o s i t i o n .

2 .  P l a c e  t h e  t a r g e t  d i s k  on  t h e  w indow  r e c e s s  a n d  f o c u s  t h e  
beam  on t h e  d i s k .  The f o c u s e d  vo lu m e  o f  t h e  L2F beam  s h o u ld  b e  
r o u g h ly  p o s i t i o n e d  on  t h e  c e n t r e  o f  t h e  d i s k .  The tw o  s p o t s  on 
t h e  " b a c k  p l a t e "  o f  t h e  L2F u n i t  w i l l  b e  v i s i b l e ,  i n d i c a t i n g  
t h a t  t h e  beam  i s  f o c u s e d  on t h e  d i s k .

3 .  The w indow  i s  m a c h in e d  so  t h a t  i t  i s  30° t o  t h e  h o r i z o n t a l ,  
s o  t h e  t a r g e t  i s  on a  30° p l a n e .  When f o c u s e d  on t h i s  p l a n e  t h e  
p o s i t i o n  o f  t h e  m i r r o r  i s  c h e c k e d  b y  m ov in g  t h e  f o c u s e d  s p o t  
a r o u n d  t h e  t a r g e t  d i s k  s u r f a c e .  The tw o  s p o t s  on  t h e  " b a c k  
p l a t e "  s h o u ld  a lw a y s  b e  i n  v ie w . T h is  i n d i c a t e s  t h a t  t h e  beam  
h a s  b e e n  f o c u s e d  on t h e  t a r g e t  d i s k  p l a n e  a n d  t h a t  t h e  m i r r o r  
i s  i n c l i n e d  c o r r e c t l y .  O th e r w is e  t h e  m i r r o r  w i l l  h a v e  b e  t o  
r e p o s i t i o n e d .

4 .  Move t h e  f o c u s e d  beam  on t h e  c e n t r e  o f  t h e  d i s k  a n d  c h e c k  
f o r  f l a r e  on t h e  " b a c k - p l a t e " .

5 .  Remove t h e  t a r g e t  d i s k .  Move L2F u n i t  a x i a l l y  t h e  n e c e s s a r y  
d i s t a n c e  t o  p o s i t i o n  t h e  f o c a l  v o lu m e  o f  t h e  beam  i n  t h e  
v o l u t e . 6

6 . I n s e r t  t h e  g a u g e  i n  t h e  a x i a l  r e c e s s  a n d  h o l d  a g a i n s t  t h e  
i n n e r  w a l l  ( s e e  F ig .A 4 )  . E n s u r e  t h e  m a c h in e d  s u r f a c e d  i s  
h o r i z o n t a l .
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7 . F o c u s  t h e  beam  on t h e  m a c h in e d  s u r f a c e  o f  t h e  g a u g e . C heck 
f o r  t h e  tw o  s p o t s  on  " b a c k - p l a t e " .

8 .  The f o c u s e d  p o i n t  may o r  may n o t  l i n e  up  w i t h  t h e  t h i n  l i n e  
d ra w n  on  t h e  s u r f a c e .  I f  i t  d o e s ,  f l a r e  w i l l  b e  o b s e r v e d ,  
o t h e r w i s e  tw o  s p o t s  w i l l  b e  s e e n  on t h e  " b a c k  p l a t e " .

9 . A x ia l  a n d  v e r t i c a l  m ovem ents o f  t h e  t r a v e r s e  a r e  r e q u i r e d  t o  
move t h e  f o c u s e d  s p o t  on  t h e  r e f e r e n c e  l i n e .

1 0 . S u b s e q u e n t  m ovem ent fro m  t h e  r e f e r e n c e  l i n e  a lo n g  an  a x i a l  
a x i s  r e q u i r e s  tw o  m o v em en ts . R e f e r  t o  T a b le s  A1 a n d  A 2.
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Fig A1 L2F measurement with front mirror

Table A1
Movement Inwards 
◄ ---------

Down 
x mm

Inwards
y mm ◄ ---------

Movement
outwards Up

x mm
Outwards
y mm

1 mm 0.87 0.5 1 mm 0.87 0.5
2mm 1.73 1.0 2mm 1.73 1.0
3 mm 2.6 1.5 3 mm 2.6 1.5
4 mm 3.47 2.0 4 mm 4 mm 2.0

Tliis tabic is for traverse with Front Mirror in position at 180* section
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Fig A2 L2F measurement with rear mirror

Table A2
MovementInwards Down

x mm
Outwards 
y mm

Movement
outwards Up 

x mm
Inward 
y mmM---------

1 mm 0.87 0.5 1 mm 0.87 0.5
2 mm 1.73 1.0 2mm 1.73 1.0
3 mm 2.6 1.5 3 mm 2.6 1.5
4 mm 3.47 2.0 4 mm 4 mm 2.0

This table is for traverse with Rear Mirror in position at 180* section
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Fig A4 Locating point 3mm and 7mm w ith reference gauge
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A pp en d ix  B

E f f e c t  o f  d e f l e c t i n g  t h e  L2F beam  v i a  t h e  m i r r o r

A p p e n d ix  A d e s c r i b e d  t h e  m e th o d  o f  how t h i s  w as c a r r i e d  o u t  by  
u s i n g  e i t h e r  t h e  f r o n t  o r  t h e  r e a r  m i r r o r  t o  d e f l e c t  t h e  L2F 
b eam . Due t o  t h e  d i v i d e r  w a l l  t h e  d e f l e c t i o n  a n g le  o f  t h e  beam  
i s  120° w i th  f r o n t  m i r r o r  a n d  60° w i th  r e a r  m i r r o r .  I n  b o th  
c a s e s  t h e  L2F f o c a l  vo lum e i s  r o t a t i n g  on a  p l a n e  a t  30° t o  t h e  
a x i s  o f  t h e  t u r b i n e .  The f o l l o w i n g  d e s c r i b e s  how t h i s  c a n  
a f f e c t  t h e  a n g le  \ j / ( d e f in e d  i n  F ig .B 2 )  w h ich  i n c l u d e s  f lo w  w i th  
a  t h i r d  com p onen t o f  v e l o c i t y .
F i g . B l  show s t h e  L2F f o c a l  vo lum e r o t a t i n g  on  a  30° p l a n e  u s in g  
f r o n t  m i r r o r .  A t t h e  f o c a l  p o i n t  t h e  s t o p  t r i g g e r  beam  (A*) 
r o t a t e s  a ro u n d  t h e  s t a r t  t r i g g e r  beam  (A ) . When a  p r e d e te r m in e d  
n u m b e r o f  p a r t i c l e s  c r o s s  t h e  s t a r t  t r i g g e r  beam , t h e  s t o p  
t r i g g e r  beam  w i l l  b e  a d v a n c e d  t o  t h e  n e x t  p r e s e t  a n g le  u n t i l  
t h e  p r e s e l e c t e d  a n g u l a r  s c a n  o f  t h e  f lo w  h a s  b e e n  c o v e r e d .
I f  t h e  maximum p a r t i c l e  i n t e n s i t y  i s  d e t e c t e d  when t h e  a n g le  0 
i s  a t  90°, t h i s  i m p l i e s  t h a t  t h e  f lo w  h a s  z e r o  a x i a l  com p onen t 
o f  v e l o c i t y .  When t h e  a n g le  0 i s  g r e a t e r  t h a n  90°, i t  i n d i c a t e s  
t h a t  t h e  f lo w  d e v i a t e s  i n  t h e  d i r e c t i o n  to w a r d s  i n n e r  l im b  an d  
v i c e  v e r s a

x = s . s i n  ( 0 -  90° ) 
h  = x .  s i n  30°

= s .  s i n  30° s i n  ( 0 -  90° )

From View  A (F ig .B 2 ) w ith  stop t r ig g e r  beam ro ta te d  to  p o s it io n  B 

\ \ f  =  t a n " 1 ( ( / s )
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I n  t h e  L2F o p t i c a l  s y s te m , s = 4  ,  t h u s
\|f  = t a n " 1 ( 1 -  s i n  3 0 ° .s i n  ( 0 -  90° ) )

When a n g u l a r  s c a n  0 i s  g r e a t e r  t h a n  90° ( im p ly in g  a n  a x i a l  
c o m p o n en t o f  v e l o c i t y  i n  t h e  d i r e c t i o n  to w a r d s  i n n e r  l im b )  \\f  

b e c o m e s  l e s s  t h a n  4 5 ° . T a b le  B1 show s how \|f r e d u c e s  a s  0 
i n c r e a s e s  b e y o n d  90°.
C o n s id e r  (0 -9 0 ° )  = 45°, \y d e c r e a s e s  t o  3 2 ° . T h e r e f o r e  i f  t h e  
t h i r d  co m p o n en t o f  v e l o c i t y  h a s  an  a b s o l u t e  f lo w  a n g le  i n  t h e  
r e g i o n  o f  32° o r  m ore  i t  b eco m es m ore  d i f f i c u l t  f o r  t h e  same 
p a r t i c l e  t o  t r i g g e r  b o t h  t h e  s t a r t  a n d  s t o p  beam s a n d  t h u s  
y i e l d  s u f f i c i e n t  q u a l i t y  d a t a  t o  p ro d u c e  r e s u l t s .

T h i s  p r o b le m  c a n  b e  m in im iz e d  b y  c h a n g in g  t h e  a n g l e  o f  
d e f l e c t i o n  o f  t h e  L2F beam  so  t h a t  t h e  p l a n e  on w h ich  t h e  f o c a l  
v o lu m e  r o t a t e s  beco m es m ore h o r i z o n t a l .  T a b le  B2 show s how 
c a n  b e  im p ro v e d  when t h e  p l a n e  becom es m ore h o r i z o n t a l .

T he a n a l y s i s  c a n  b e  a p p l i e d  when u s i n g  t h e  r e a r  m i r r o r  t o  
d e f l e c t  t h e  L2F beam . F ig .B 3  show s i n  t h i s  c a s e  t h a t  when a n g le  
0 i s  l e s s  t h a n  90° t h e  f lo w  i s  i n  t h e  d i r e c t i o n  to w a r d s  t h e  
o u t e r  l im b . As © becom es l e s s  t h a n  90°, V d e c r e a s e s .
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Front Mirror

L2F focal volume Is rotating on a 30* plane 
Plane perpendicular to L2F beam

90° View of focal volume on a 30° plane

Fig B1 L2F m easurem ent with front m irror



s t o p  b e a m

Fig B2 View A

Table B1
3 0 °  R o t a t i n g  p l a n e

6 -  90° V

20°

0o

3 0 ° 3 7 °

4 0 ° 3 4 °

4 5 ° 3 2 °

Table B2

1 5 °  R o t a t i n g  p l a n e 10° R o t a t i n g  p l a n e

e -  9 ( f V 6 - 90° V

oOCNI 4 2 ° 20° 4 3

3 0 ° 4 1 ° 3 0 ° 4 2

oO
 

i 
*

4 0 ° 4 0 ° 41.6

4 5 ° 3 go 4 5 ° 4 1 . 3
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Rear Mirror

2 7 0 °

Fig B3 L2F m«»»ur«m®nt w ith  rmmr m irror
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A p p en d ix  C

To c a l c u l a t e  v a l u e s  im m e d ia te ly  a f t e r  r o t o r  e x i t  u s in g  
v a l u e s  m e a su re d  a t  30mm d o w n s trea m  o f  i t .

Ca = 0 , Ce = 0 Ca = 0 , Ce = 0
S /sS S /s/s_________________________________ ///////z//a

C a i

(  C a 2  +  C a 2 2  )/2

C a l c u l a t e  a x i a l  v e l o c i t y

From  c o n t i n u i t y  :

( C a l  +  C a l l ) / 2  X  ( a n n u l u s  a r e a ) i  =  ( C a 2 +  C a 22) / 2  x  ( a n n u l u s  a r e a )  2

F o r  s t a r t i n g  p o i n t  C a 2 a n d  C a i  a r e  a ssu m ed  z e r o  a t  t h e  w a l l .  
S e c t i o n  1 a n d  2 a r e  d i v i d e d  i n t o  30 s t r i p s .  C a 22 i s  a  known 
v a l u e ,  h e n c e  C a n  c a n  b e  c a l c u l a t e d .
A w e a k n e ss  i n  t h i s  m eth o d  i s  t h a t  a s  t h e  ( a n n u lu s  a r e a ) 2 t e n d s  
t o  z e r o  i n  t h e  c e n t r e  o f  d u c t  i t  p r o d u c e s  a  s i n g u l a r i t y  an d  
f o r c e s  C a l i  t o  z e r o ,  w h ich  i s  p r o b a b ly  u n r e a l i s t i c .
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C a l c u l a t e  t a n g e n t i a l  v e l o c i t y

Assum e f lo w  i n  t h e  r o t o r  e x i t  t o  b e  f r e e  v o r t e x .  
T hus

r l*^01 = r 2*^02

C©1 -  ( r 2 .C02 ) / r i

T h e  m e th o d  d e s c r i b e d  a b o v e  t o  c a l c u l a t e  t h e  v e l o c i t y  
im m e d ia te ly  a f t e r  t h e  r o t o r  e x i t  c a n  b e  im p ro v e d . T h is  c a n  be  
a c h i e v e d  b y  m e a s u r in g  t h e  t o t a l  t e m p e r a t u r e  a n d  p r e s s u r e  ( in  
a d d i t i o n  t o  f lo w  v e l o c i t y )  a t  t h e  m e a s u r in g  p o i n t s  d o w n stre a m  
o f  t h e  r o t o r  e x i t  a n d  a p p ly in g  a  tw o  d im e n s io n a l  a n a l y s i s  in  
t h e  s t r e a m tu b e .
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A p p en d ix  D

To c a l c u l a t e  u n s t e a d y  t u r b i n e  p e r f o r m a n c e  u s i n g  
u n s t e a d y  f lo w  c h a r a c t e r i s t i c s  m e a s u re d  a t  r o t o r  i n l e t  
a n d  e x i t .

The r a t e  o f  c h a n g e  o f  a n g u l a r  momentum i s  e q u a l  t o  t h e  sum o f  
t h e  m om ents o f  t h e  e x t e r n a l  f o r c e s  ( t o r q u e ) . S in c e  a n g u l a r  
momentum i s  t h e  moment o f  l i n e a r  momentum, t h e  r a t e  o f  ch an g e  
i s  g iv e n  b y  t h e  p r o d u c t  o f  m ass f lo w  r a t e ,  r a d i u s  a n d  v e l o c i t y .  
T hus t h e  t o r q u e  b e co m e s,

T o rq u e  TQ = m( r 1CQl -  r 2 C02 )

The e n e r g y  t r a n s f e r  (pow er d e v e lo p e d  by  t h e  r o t o r )  i s  g iv e n  by  
t h e  p r o d u c t  o f  t o r q u e  a n d  a n g u l a r  v e l o c i t y .

W = TQ. 00
W = m ( UjCg! -  U2C02 ) ......................................  (1)

To c a l c u l a t e  t h e  p o w er d e v e lo p e d ,  t h e  r o t o r  i s  d i v i d e d  i n t o  8 
e l e m e n t s ,  F i g . D l .  A t t h e  r o t o r  i n l e t  m e a s u re m e n ts  w e re  made 
a c r o s s  t h e  v o l u t e  e x i t  (2m t o  8mm m e a s u r in g  p o i n t s ) . D a ta  a t  
1mm i s  e x t r a p o l a t e d .  W here t h e r e  a r e  m is s in g  d a t a  w i t h i n  t h e  
c y c l e  (due  t o  p o o r  q u a l i t y  s i g n a l )  t h e s e  a r e  i n t e r p o l a t e d .  The 
e a r l i e r  f i n d i n g s  i n  s e c t i o n  6 .2  on t h e  v a r i a t i o n  o f  t h e  p e a k s  
o f  t h e  v e l o c i t y  p u l s e s  a c r o s s  t h e  v o l u t e  e x i t  p r o v i d e  a  good 
g u id e  t o  d e v e lo p  a  t i m e - v a r y i n g  r e p r e s e n t a t i o n  o f  t h e  u n s te a d y  
f lo w  c h a r a c t e r i s t i c s  a t  t h e  r o t o r  i n l e t .
A t t h e  r o t o r  e x i t ,  m e a s u re m e n ts  w e re  m ade 30mm d o w n s tre a m  o f  
t h e  r o t o r  t r a i l i n g  e d g e .  A t t h e  r o t o r  e x i t ,  t h e  u n s t e a d y  , f lo w  
c h a r a c t e r i s t i c s  m e a s u re d  a c r o s s  t h e  e x i t  d u c t  a r e  o f  t h e  same 
p h a s e ,  F i g . 6 .1 7 .  T h e r e f o r e  i t  i s  p o s s i b l e  t o  a r r a n g e  d a t a  on
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t h e  sam e t im e  b a s e  a n d  p l o t  i t  a s  a  f u n c t i o n  o f  d i s t a n c e  a c r o s s  
t h e  e x i t  d u c t .  The t a n g e n t i a l  a n d  a x i a l  c o m p o n e n ts  o f  v e l o c i t y  
a r e  t h e n  u s e d  t o  c a l c u l a t e  v a lu e s  im m e d ia te ly  a f t e r  t h e  r o t o r ,  
u s i n g  t h e  m e th o d  d e s c r i b e d  i n  A p p e n d ix  C . T he r o t o r  e x i t  i s  
a l s o  d i v i d e d  i n t o  8 e le m e n ts  c o r r e s p o n d in g  t o  r o t o r  i n l e t .  
A lth o u g h  i t  i s  e v i d e n t  t h a t  u n d e r  u n s te a d y  f lo w s  c o n d i t i o n  th e  
r o t o r  s p e e d  f l u c t u a t e s  d u r in g  a  p u l s e ,  D a le  (39) sh ow ed  t h a t  
t h e  v a r i a t i o n  i s  v e r y  s m a l l .  T h e r e f o r e  i n  t h e  f o l l o w in g  m ethod  
t o  c a l c u l a t e  p o w er d e v e lo p e d ,  t h e  r o t o r  s p e e d  i s  a ssu m e d  t o  be  
c o n s t a n t .  From  e q u . (1) t h e  p o w e r d e v e lo p e d  b y  r o t o r  i n  e a c h  
s t r e a m tu b e  c a n  b e  w r i t t e n  a s  :

= (8 m  XJ1 C01 ) rotor i ni et  ” ( 8m U2 C02 ) rotor exit
w h ere

(8rn) rotor inlet = P ^ .p .R ^ p .  ■ Cr
<5m> rotor exit = P -2 -P -r - d r . Ca

= r o t o r  t i p  r a d i u s  
Ux = t i p  s p e e d  

r 2 = r a d i u s  a t  r o t o r  e x i t  
U2 = 0). r 2

density p is assumed constant i.e ( px= p2 ) since the Mach 
number for the test condition is less than 0 .3 .

The turbine efficiency and blade speed ratio are defined as 
follows:

Turbine Efficiency (t-s) = Power developed by rotor
Isentropic power

y
Isentropic power = 8m. Cp. Ttotal ( 1- (PR) ^  )

U/c = 7t. n /60 . rotor diameter

J 2 - CP- T tc t .l  ( ! -  <PR> a ' T,/Y  )
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w h ere
PR = t u r b i n e  e x p a n s io n  r a t i o  = tu rb in e  i n l e t  t o t a l  p ressu re

tu rb in e  e x i t  s t a t i c  p ressu re

T he t u r b i n e  e x i t  p r e s s u r e  i s  a m b ie n t  (m e a s u re d  a t  t h e  e x i t  
d u c t )  . T u r b i n e  i n l e t  t o t a l  p r e s s u r e  i s  d e r i v e d  f ro m  t h e  
i n s t a n t a n e o u s  p r e s s u r e  ( s t a t i c )  m e a s u re d  a t  t h e  t u r b i n e  i n l e t .

From steady flow test, the following parameters are applied

Total Mass Flow Y cP Ambient Pressure Density, p

0.13 1.389 1.0246 1.0004 1.180
0.17 1.389 1.0236 1.0004 1.241
0.24 1.389 1.0230 1.0004 1.370

Gas c o n s t a n t ,  R = 287 J /k g K  
R o to r  s p e e d ,  N = 34000 r e v /m in  
R o to r  t i p  d i a m e te r  = 0 .075m  
T u r b in e  I n l e t  T e m p e ra tu re  = 350K
C ro s s  s e c t i o n a l  a r e a  o f  d u c t  w here  i n s t a n t a n e o u s  p r e s s u r e s  w ere 
m e a s u re d , A = 0 .0 0 1 2 3 2  m2

A ss u m p tio n s
T h e re  i s  no  m ix in g  b e tw e e n  s t r e a m t u b e s ,  im p ly in g  n e g l i g i b l e  
s e c o n d a r y  f lo w  a n d  o v e r t i p  l e a k a g e .  T h is  i s  a lm o s t  c e r t a i n l y
n o t  t h e  c a s e  i n  a c t u a l  o p e r a t i o n .
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where

(8m )rotor inlet “  P-2.7C.Rtjp. dx. Cr 
(^m)rotor exjt -  p.2.7c .r. dr. Ca

F i g .  D1

3 0 0


