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The r i g h t  s ide  of t h e  Gaussian d i s t r i b u t i o n  equat ion should read: 
2 

-0.693 e 

NASA CR 179491 and NASA CR 179492: 

Wherever t h e  term "percent chord" appears, i t  should be rede f ined  and 
understood t o  be percent o f  surface d is tance ( o r  arc length,  s ince  t h e  
sur faces are c i r c u l a r  a rcs)  f o r  t h e  sur face  under discussion, i.e., 

"percent chord" f o r  suc t i on  sur face means x 100. 
Ass 

"percent chord" f o r  pressure sur face means a x 100. 
*P S 
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SUMMARY 

D e t a i l e d  measurements of t h e  mean v e l o c l t y  and t u r h u l e n c e  i n t e n s i t y  were 
made u s i n g  a one-component laser Doppler v e l o c i m e t e r  i n  t h e  boundary l a y e r  and 
n e a r  wake about  a double  c i r c u l a r  a r c ,  compressor b l a d e  i n  cascade.  The 
measurements were made a t  a chord Reynolds number of 500,000. Boundary l a y e r  
measurements on t h e  p r e s s u r e  s u r f a c e  i n d i c a t e  a t r a n s i t i o n  r eg ion  over  t h e  
l as t  40% of t h e  chord. A small s e p a r a t i o n  "bubble" near t h e  l e a d i n g  edge ot' 
t h e  s u c t i o n  s u r f a c e  r e s u l t s  i n  an immediate t r a n s i t i o n  from laminar  t o  
t u r b u l e n t  flow. The non-equi l ibr ium t u r b u l e n t  boundary l a y e r s  separ3te a g a l n  
near t h e  t r a i l i n g  edge of the s u c t i o n  s u r f a c e .  S i m i l a r i t y  of t h e  o u t e r  r eg lon  
of t h e  t u r b u l e n t  boundary l a y e r  ceases  t o  exist i n  t h e  s e p a r a t e d  reg lon .  
Also ,  s i m i l a r i t y  does not  hold i n  the near-wake r e g i o n ,  a r eg ion  which 
i n c l u d e s  n e g a t i v e  mean v e l o c i t i e s  because of  t h e  s e p a r a t i o n  n e a r  t he  t r a i l i n g  
edge of t h e  s u c t i o n  s u r f a c e .  
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1. INTRODUCTION 

Over the  pas t  two decades ,  t echn iques  f o r  computing complex f lows  have 
become i n c r e a s i n g l y  more s o p h i s t i c a t e d .  S t e g e r  [1978] ,  Thompson [1980] ,  Rubin 
and Khosla [1981, 19821, Beam and Warming [1982] ,  and R r i l e y  and McDonald 

19841 have computed v i scous  f lows  a t  r easonab le  Reynolds numbers ; Davis and 
Werle [1981] and Johnston and Sockol [1984] have s t u d i e d  v i s c i d - i n v i s c i d  
i n t e r a c t i o n ;  and Edwards and Carter [1985] and Melnik and Brook [1985] have 
computed through s e p a r a t e d  r eg ions .  F u r t h e r ,  a l l  computa t ions  may now i n v o l v e  
complex t i i rbulence models,  such as t h e  models by Bradshaw, F e r r i s s ,  and A t w e l l  
[1967] and Launder, Reece, and Rodi [1975].  It is  d e s i r a b l e  t h a t  t h e s e  
t echn iques  Find t h e i r  way i n t o  t h e  des ign  p rocess .  The des ign  p rocess  of 
p a r t i c r i l a r  i n t e r e s t  here i s  t h e  turbomachinery des ign  process .  These 
numer ica l  t echniques  are capab le  of very d e t a i l e d  p r e d j c t i o n s  ( f o r  example,  
boundary l a y e r  p r o f i l e s ) ,  h u t  t o  he used wi th  conf idence ,  they  should  be  
t e s t e d  n x a i n s t  very d e t a i l e d  expe r imen ta l  d a t a  tinder t y p i c a l  f l ow c o n d i t i o n s .  
AR turbomachinery t e s t i n g  has  Kenera1 l y  been concerned wi th  o v e r a l l  
turbomachinery performance r a t h e r  than  wi th  t h e  d e t a i l s  of t h e  f low f i e l d ,  
such  d a t a  are lacking .  

In o r d e r  t o  provide  some of t h e  needed d a t a ,  w e  used a one-component 
l a se r  Doppler ve loc imeter  (1,DV) t o  measure t h e  two-dimensional p e r i o d i c  f low 
f i e l d  about a double c i r c u l a r  arc ,  compressor b l a d e  i n  cascade.  Eleven 
boundary l a y e r  p r o f i l e s  w e r e  t aken  on bo th  t h e  p r e s s u r e  and s u c t i o n  s u r f a c e s  
of the  b l a d e ;  two p r o f i l e s  were taken  i n  t h e  n e a r  wake. A l l  measurements w e r e  
made a t  a chord Reynolds number (Re,) of 500,000 ( ? l % )  and an i n c i d e n c e  a n g l e  
of 5 degrees  ( t h a t  i s ,  t h e  s t a g n a t i o n  p o i n t  i s  on t h e  p r e s s u r e  s u r f a c e ) .  The 
t u r b u l e n c e  i n t e n s i t y  i n  t h e  i n c i d e n t  f low w a s  0.18%. With an i n c i d e n c e  a n g l e  
of 5 d e g r e e s ,  the p r e s s u r e  s u r f a c e  e x h i b i t s  a large r e g i o n  of laminar  f low (up 
t o  roughly 60% chord ) ;  t r a n s i t i o n  on t h e  p r e s s u r e  s u r f a c e  appea r s  t o  be 
fncomplete .  The s i i c t ion  s u r f a c e  p r o f i l e s  appea r  t o  s e p a r a t e  bo th  a t  t h e  
l e a d i n g  edge and agRin somewhat beyond midchord; t h e  l e a d i n g  edge s e p a r a t i o n  
a p p a r e n t l y  r e a t t a c h e s  by 2.62 chord.  1Jsing t h e  te rminology of Simpson, C h e w ,  
and Shivaprnsad [1381] ,  w e  found i n c i p i e n t  detachment t o  occur  a t  60X chord on 
t h e  s u c t i o n  surface and t r a n s i t o r y  detachment t o  occur  a t  832 chord.  I n l e t  
and o u t l e t  f lve-hole  probe measurements and b l a d e  s t a t l c - p r e s s u r e  measurements 
supplement t h e  b lade  boundary l a y e r  p r o f i l e s .  Su r face  f low v i s u a l i z a t i o n ,  
through sr ibl imat ion,  complements t h e  t r a n s t t i o n  and s e p a r a t i o n  r e g i o n  d a t a .  
Before d e s c r i b i n g  t h e  experiment  and ts  r e s u l t s ,  we w i l l  d e s c r i b e  p rev ious  
d e t a i l e d  measurements bo th  i n  r o t a t i n g  systems and i n  cascades .  

11. HISTORICAL BACKGROUND 

Seve ra l  r e s e a r c h e r s  have a t t empted  t o  measure boundary l a y e r s  on 
turbomachlne b lades .  Evans (19781 measured boundary l a y e r s  a t  f o u r  chord ( c )  
l o c a t i o n s  a t  midspan on t h e  s u c t i o n  s u r f a c e  of a s t a t o r  b l a d e  ( c  = 305.0 mm 
and Re, = 500,000). 
compressor a t  threc t l m e n e a n  i n c i d e n c e  a n g l e s  on a row of s t a t i o n a r y  b l a d e s  
preceded h y  a row of r o t a t i n g  b l ades .  The s t a t o r  b l a d e s  c u t  t h e  wakes of t h e  
r o t o r  h l a d r s  and L h c  r o t o r  wake segments are subsequen t ly  t r a n s p o r t e d  through 
t h e  s t a t o r  passages. Since  t h e  wake segments Invo lve  low v e l o c i t y  f l u i d ,  t h e  
boundary l a y e r  ts  s u b j e c t  t o  a p e r i o d i c a l l y  v a r y i n g  freestream, and t h e  b l a d e  
i s suhJec  t KO a p e r  I odlca 1 l y  va ry ing  inc idence  angle .  Ensemble-averaged 

The hot-wire  measurements were made i n  an  ax ia l - f low 

I 
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v e l o c i t y  p r o f i l e s  e l i m i n a t e  t h e  random u n s t e a d i n e s s  caused by turbul  ence.  
However, t h e  p e r i o d i c  u n s t e a d i n e s s  is preserved .  The ensemblc-averaged 
v e l o c i t y  p r o f i l e s  a t  30% and 50X chord show t h a t  t he  boundary layers a l t e r n a t e  
between l amina r  and t u r b u l e n t  because of t he  uns teady  flow. As a r e s u l t ,  t h e  
time-mean v e l o c i t y  p r o f i l e s  e x h i b i t e d  a l a r g e r  boundary l a y e r  growth than w a s  
expec ted .  

Anand and Lakshminarayana [ 19781 measured horindary l a y e r s  on the  r o t o r  
b l a d e s  of a rocke t  primp induce r  using n th ree-sensor  hot-wire  probe. r o t a t i n g  
w i t h  t h e  b l ades .  Recause of imbalances f n  t he  r a d i a l  p r e s s u r e  force and 
i n e r t i a  f o r c e s  i n  t h e  b l ade  boundary l a y e r ,  oritward r a d i a l  velocf t i e s  develop  
i n  a r o t o r  b l a d e  boundary l a y e r  a n d  inward r ad ia l  v e l o c i t i e s  deve lop  f n  a 
s t a t o r  b l a d e  boundary layer .  Anand and Lakshminarayana 119781 measured a 
s i g n i f i c a n t  outward r a d i a l  component i n  t h e  boundary l a y e r  v e l o c i t v  and found 
t h a t  t h i s  r a d i a l  mig ra t ion  s t r o n g l y  i n f l u e n c e d  t h e  chordwise v e l o c i t y  
p r o f i l e s .  

Other  expe r imen te r s  have measured t h e  boundary l a y e r s  on r o t o r  b l a d e s  of 
ax ia l - f low fans .  Toyokura, Kurokawa, and Kimoto [ 19821 used r o t a t i n g  
three-hole  cobra  probes  t o  measure t h e  th ree -d imens iona l  boundary l a y e r s  a t  
s i x  r a d i a l  s e c t i o n s  ( c  = 80.0 mm t o  199.5 mm and Rec = 300,000 t o  500,000). 
The outward r a d i a l  f low seemed t o  r e t a r d  t h e  p r e d i c t e d  r eg ions  of t r a n s i t i o n  
and s e p a r a t i o n .  Lakshminarayana, Govindan, and Hah [ 19821 used r o t a t i n g  
m i n i a t u r e  "x"-conf igura t ion  hot-wire probes f o r  boundary l a y e r  measurements a t  
f i v e  r a d i a l  l o c a t i o n s  ( c  = 152.4 mm and R e c  = 280,000 a t  midchord). R o t a t i n g  
m i n i a t u r e  "x"-conf i g u r a t i o n  hot-wire probes  were a l s o  used by Pouagare,  
G a l m e s ,  and iakshminarayana [ 19851 f o r  numerous boundary l a y e r  measurements ( c  
= 123.9 mm t o  154.1 mm). In no case corild t h e  ve loc i - ty  p r o f i l e s  be very w e l l  
r e so lved .  

Walker [ 19821 made measurements s imi l a r  t o  those  of Evans [ 19781. Walker 
[1982] used a ho t  w i r e  i n  an ax la l - f low compressor t o  measure hountiary l a y e r s  
on a s t a t o r  ( c  = 76.0 nun and Rec = 30,000 t o  200,000) downstream of both  a row 
of r o t a t i n g  b l a d e s  and a row of i n l e t  gu ide  vanes.  H e  t r i e d  t o  c o r r e c t  € o r  
w a l l  p rox imi ty  u s i n g  a method o u t l i n e d  by Wills 119621, bu t  s t i l l  had 
d i f f i c u l t i e s  matching t h e  l a w  of the w a l l .  Low Reynolds number, l a r g e  adve r se  
streamwise p r e s s u r e  g r a d i e n t s ,  and r a p i d l y  changing boundary c o n d i t i o n s  (due 
t o  t h e  p e r i o d i c  u n s t e a d i n e s s )  were g iven  as r easons  f o r  t h e  absence of a 
l o g a r i t h m i c  reg ion .  

Hodson [1983] made hot-wire measurements i n  an ax ia l - f low t u r b i n e  a t  
midspan on a r o t o r  b l a d e  (c  = 114.5 mm and R e c  = 315,000) downstream of a 
s t a t o r  row. Once a g a i n ,  t h e  p e r i o d i c  u n s t e a d i n e s s  seemed t o  cause  t h e  
boundary l a y e r  c h a r a c t e r i s t i c s  t o  vary between laminar  and t u r h u l e n t  a t  some 
chordwise l o c a t i o n s .  P r o f i l e  l o s s e s  were l a r g e r  than expec ted  and t h i s  t oo  
w a s  a t t r i b u t e d  t o  the  uns teady  flow. 

Boundary l a y e r  measurements on turbomachlne b l a d e s  have y e t  t o  produce 
v e l o c i t y  p r o f i l e s  w i th  enough d e t a i l  and p r e c i s i o n  t o  compare wi th  v i scous  
computa t iona l  codes.  The re fo re ,  our unde r s t and ing  of the  p h y s i c a l  n a t u r e  of 
t h e s e  complex, uns teady ,  three-dimensional  boundary l aye r s  i s  f a r  from 
complete .  These f lows  are c h a r a c t e r i z e d  by high tu rbu lence  l e v e l s ,  as w e l l  a s  
by p e r i o d i c  u n s t e a d i n e s s  caused by the  i n t e r a c t i o n  between s t a t i o n a r y  and  
r o t a t i n g  b l a d e  rows. "Blockage" e f f ec t s  e x i s t  because  of t h e  development of 
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t h e  end-wall boundary l a y e r s  and t h e  consequent c o n t r a c t i o n  of che mainstream 
flow. The blade boundary l ' i ye r s  a r p  olRo a f f e c t e d  by c e n t r j f u g a l  and C o r i o l i s  
forccg a e s o c l a t c d  with bnth t h e  s w i r l  and t h e  b l a d e  r o t a t i o n .  The complex 
b l a d e  geometr ies  and t h e  complex f Z n w  f i e l d ,  I n c l u d i n g  secondary f l o w s ,  t i p  
l e a k a g e ,  and t r a i l i n g  v o r t i c i t y ,  make t h e  a n a l y s i s  o r  measurement of 
turbomachine b lade  boundary l a y e r s  very  d i f f i c u l t .  

Because of t h e s e  d i f f i c u l t i e s ,  many r e s e a r c h e r s  have sought  a s imple  
geometry which r e t a i n s  some of t h e  p h y s i c s  of t h e  f low i n  which t o  make t h e i r  
boundary l a y e r  measurements. A model t h a t  h a s  proven e f f e c t i v e  i n  o t h e r  areas 
of turbomachinery is t h e  p e r i o d i c ,  two-dimensional  row of a i r f o i l s ,  commonly 
r e f e r r e d  t o  as a cascade.  P r o p e r l y  r e a l i z e d ,  a cascade  should  e l i m i n a t e  a l l  
of t h e  complexi t ies  of t h e  turbomachine e x c e p t  b l a d e  c u r v a t u r e ,  secondary  
f low,  and t h e  e f f e c t  of f r e e s t r e a m  t u r b u l e n c e .  

The f i r s t  a t t e m p t  t o  measure boundary l a y e r s  on cascade  b l a d e s  w a s  made 
by Pe terson  [1958]. He wet1 a three-hole  cobra probe t o  measure b l a d e  
boundary l a y e r s  t n  a compressor cascade  ( c  = 123.8 mm and Rec = 300,000). 
S e v e r a l  boundary l a y e r s  were measured on both  t h e  s u c t i o n  and p r e s s u r e  
s u r f a c e s  f o r  three d i f f e r e n t  i n c i d e n c e  a n g l e s .  I n  an a t t e m p t  t o  b e t t e r  model 
a n  actr ia l  turbomachine,  Pe terson  [1958] s i m u l a t e d  t h e  added d i f f u s i o n  caused 
by t h e  r a d i a l  d i s t r i b u t i o n  o l  a x i a l  v e l o c j  t y  and t h e  consequent  s t r e a m l i n e  
d e v i a t f o n .  This added d i f f r i s i o n  was c r e a t e d  i n  t h e  cascade by p l a c i n g  a 
p e r f o r a t e d  metal screen downstream of t h e  b l a d e s .  The measurements were n o t  
taken  i n  t h e  freestream, and t h e r e f  o r e ,  t h e  normal p r e s s u r e  g r a d i e n t  remains 
unknown. This  l a c k  of i n f o r m a t i o n  l e a d s  t o  a problem i n  computing t h e  edge 
v e l o c i t y  (which w a s  probably i n f e r r e d  from t h e  b l a d e  s t a t i c - p r e s s u r e  
d i s t r i b u t i o n ) .  The d a t a  are q u i t e  s c a t t e r e d ,  e s p e c i a l l y  i n  t h e  r e g i o n s  n e a r  
s e p a r a t i o n ,  where t h e  cobra probe f a i l s .  P e t e r s o n  [1958] r e p o r t e d  no 
s i g n i f i c a n t  d i f f e r e n c e s  between measurements w i t h  and wi thout  t h e  added 
d i f f u s i o n .  

P o l l a r d  and Gostelow [1967] measured boundary l a y e r s  on compressor 
cascade  b l a d e s  ( c  = 152.4 mm and Rec  = 200,000) w i t h  a P i t o t  tube  t o  examine 
t h e  e f f e c t  of l e a d i n g  edge roughness.  Three s u c t i o n  s u r f a c e  boundary l a y e r s  
and one p r e s s u r e  s u r f a c e  boundary l a y e r  were measured on both  b l a d e s  w i t h  a 
smooth l e a d i n g  edge and w i t h  a l e a d i n g  edge roughened wi th  poly thene  s p h e r e s .  
W i t h  no roughness ,  laminar  s e p a r a t i o n  occurred  b e f o r e  t r a n s i t i o n .  It appears  
t h a t  s e p a r a t i o n  of t h e  t u r b u l e n t  boundary l aye r s  n e a r  t h e  t r a i l i n g  edge would 
h e  more l f k e l y  t o  occur  when l e a d i n g  edge roughness  i s  p r e s e n t .  These r e s u l t s  
a g r e e  with t h e  Pres ton  tube s k i n - f r i c t i o n  measurements of P o l l a r d  and Gostelow 
[1967] .  The  d e t a i l  and p r e c i s i o n  of t h e  d a t a  are unknown s i n c e  no a c t u a l  d a t a  
p o i n t s  a r e  given. 

Evans [1981] used compressor cascade b l a d e s  (c = 304.8 mm and 
R e c  = 500,000) f o r  boundary l a y e r  measurements taken  wi th  a hot-wire 
anernnmeter probe. A problem w i t h  t h i s  d a t a  is  t h a t  t h e  b l a d e  boundary l a y e r s  
were t r i p p e d  with a wire a t  10% chord. Evans 119711 argued t h a t  a t u r b u l e n t  
boundary layer  over  most of t h e  b l a d e  would b e t t e r  r e p r e s e n t  t h e  h i g h  
t u r b u l e n c e  and u n s t e a d i n e s s  l e v e l s  u s u a l l y  encountered  i n  a turbomachine. 
I n s t e a d ,  t h e  a r t i f i c i a l l y  induced boundary l a y e r  development i s  r a t h e r  
mis leading .  

. 
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Problems of contaminat ion ,  co r ros ion ,  e r o s i o n ,  and d e p o s i t i o n  have l e d  t o  
two i n v e s t i g a t i o n s  t h a t  d e a l t  w i t h  t h e  e f f e c t s  of s u r f a c e  roughness  on cascade  
b l a d e  boundary l a y e r s .  Bammert and Milsch [ 19721 measured b l a d e  boundary 
l a y e r s  i n  a compressor cascade  ( c  = 180.0 c m  and R e c  = 430,000) wi th  €our  
d i f f e r e n t  b l a d e  p r o f i l e s  t o  p a r a m e t r i c a l l y  change t h e  p i t c h ,  camber, and 
t h i c k n e s s  of t h e  b l ades .  They used emery powder t o  deve lop  t h e  f i v e  roughness  
g r a d e s  t o  be t e s t e d .  A t u r b i n e  cascade ( c  = 17.50 cm a n d  Re, = 560,000) w a s  
used f o r  t h e  b l a d e  boundary l a y e r  measurements of R a m m e r t  and Sandstede 119801 
where f o u r  roughness  g rades  were t e s t e d .  Both i n v e s t i g a t i o n s  u s e d  a f l a t t e n e d  
P i t o t  tube  which al lowed measurements t o  he taken  very c l o s e  t o  t h e  h l a d e  
s u r f a c e .  B a m m e r t  and Sandstede 119801 used a hot-wire  anemometer t o  conf i rm 
t h e  measurements made w i t h  the  f l a t t e n e d  P i t o t  tuhe.  The s t u d i e s  showed t h a t  
i n c r e a s i n g  s u r f a c e  roughness  l e d  to  i n c r e a s e s  i n  both momentum t h i c k n e s s  and 
s k i n  f r i c t i o n  and a forward s h i f t  of the  r e g i o n s  of t r a n s i t i o n  and s e p a r a t i o n .  

Meauk  [1979] used a t r a n s o n i c  compressor cascade  ( c  = 9.49 c m ,  
R e c  = 1,660,000 f o r  M1 = 0.70, and Rec  = 2,120,000 f o r  M I  = 0.85) f o r  b l ade  
boundary l a y e r  measurements. He used t o t a l - p r e s s u r e  probes  t o  measure s u c t i o n  
s u r f  ace boundary l a y e r s  f o r  t w o  i n l e t  Mach numbers and f o u r  inc idence  a n g l e s .  
The f low recompression on t h e  h igh ly  cambered b l a d e s  r e s u l t s  i n  laminar  f l o w  
s e p a r a t i o n  and subsequent  t u r b u l e n t  r ea t t achmen t .  The t h i n  laminar boundary 
l a y e r s  upstream of t h i s  s e p a r a t i o n  "bubble" were d i f f i c u l t  t o  measure,  so t h a t  
t h e  t o t a l - p r e s s u r e  p r o f i l e s  were only measured f o r  t u r h u l e n t  boundary l a y e r s .  

The t r a i l i n g  edge boundary l a y e r s  on bo th  t h e  s u c t i o n  a v d  p r e s s u r e  
s u r f a c e s  of a c m p r e s s o r  cascade  b lade  ( c  = 203.2 mm and Rec = 478,000) were 
measured wi th  a ho t - f i lm  probe by Hohbs, Wagner, Dannenhoffer ,  and Dring 
119801. 
s e p a r a t e d  p r o f i l e  on t h e  s u c t i o n  sur face ,  and a l s o  a p r e s s u r e  s u r f a c e  p r o f i l e  
t y p i c a l  of f a v o r a b l e  p r e s s u r e  g r a d i e n t s .  

The two p r o f i l e s  are very d e t a i l e d  and precise;  they  show a n e a r l y  

Recen t ly ,  Hodson 119831 has  presented  b l a d e  houndary l a v e r  d a t n  measurpd 
i n  a t u r b i n e  cascade  ( c  = 114.5 mm and R e ,  = 315,000) wi th  a hot-wlre  probe. 
Although no d a t a  p o i n t s  are repor t ed ,  t h e  v e l o c i t y  p r o f i l e s  on the s u c t i o n  
s u r f a c e  show laminar  f low u n t i l  78% chord followetl  by l amlna r  s epa r . i t i on  and 
no r ea t t achmen t .  

A l l  p r i o r  i n v e s t i g a t i o n s  have used hot-wire  o r  p r e s s u r e  probes t o  make 
boundary l a y e r  measurements. There are t h r e e  p o t e n t i a l  prohlems: First, a 
p e r i o d i c  two-dimensional cascade  flow is  d i f f f c u l t  t o  e s t a b l i s h  and t h e  probe 
may d i s t o r t  i t ;  second,  some boundary l a y e r s  are l i k e l y  t o  be small compared 
t o  t h e  probe dimensions (some m y  be small r e l a t i v e  t o  t h e  LDV measurement 
volume, see Sec t ion  I V ) ;  and th i rd ,  s e p a r a t e d  r e g i o n s ,  i f  p r e s e n t ,  cannot  be 
c o n v e n i e n t l y  s t u d i e d .  For t h e s e  reasons ,  t h e  c u r r e n t  s t u d y  used t h e  LDV 
t echn ique .  Before d i s c u s s i n g  t h e  LDV r e s u l t s ,  however, we w i l l  d e s c r i b e  t h e  
cascade  f a c i l i t y  and flow. 

111. CASCADE TESTS 

The cascade  wind tunne l  has  a 0.37 m by  0.64 m tes t  s e c t i o n  wi th  a 
maximum a i r  speed of approximately 35 m/sec. Tunnel t u r b u l e n c e  c o n t r o l  i s  
through a honeycomb wi th  a 3.18 mm c e l l  s i z e ,  s e v e r a l  s e t t l i n g  s c r e e n s  i n  t h e  
d i f f u s e r  s e c t i o n ,  and a nine-to-one c o n t r a c t i o n .  fiver t h e  spceA ratif';e of 



- 6- 

24-35 m/sec,  the t u n n e l  o p e r a t e d  wi th  a freestream t u r b u l e n c e  l e v e l  of 0.18% 
+ lo% as measured by a hot-wire anemomenter. F i g u r e  1 shows a schemat ic  of t h e  
open return fac i l - l  t y .  

Thc blnde scc-tfon u s e d  i n  t h e  tcs ts  I s  a compressor b lade  des igned  a t  t h e  
NASA L e w i s  Research Center  ( s e e  Sanger [I980 >. The h l a d e  s e c t i o n  i s  a double  
c i r c u l a r  arc blade wlth 65 degrees  of camber and a 228.6 mm chord l e n g t h .  
Both t h e  l e a d i n g  and t r a i l - t n g  edges were machined t o  a 9.14 urn r a d i u s .  The 
b l a d e  aspect r a t i o  is 1.61. The f i v e  cascade  b l a d e s  were made of aluminum and 
were anodized b lack  t o  minimize laser r e f l e c t i o n s .  Camber l i n e  and t h i c k n e s s  
r e l a t i o n s h i p s  necessary  t o  c o n s t r u c t  t h e  b l a d e s  ( o r  f o r  computat ion)  are g iven  
i n  t h e  Appendix. 
p o s i t i o n e d  i n  two i n s e r t s  (aluminum and Plex ig las**  
which were i n  turn mounted t o  t h e  plywood w a l l s  of t h e  cascade  test s e c t i o n .  
The tes t  s e c t i o n  I s  shown i n  F igure  2. For t h e  case t o  be r e p o r t e d ,  t h e  
cascade  had R s o l i d i t y  of 2.14. The s t a g g e r  a n g l e  was 20.5 degrees .  The 
impor tan t  cascade and f low a n g l e s  are d e f i n e d  i n  F i g u r e  2. 

I, 

To i n s u r e  proper  a l i g n m e n t ,  t h e  b l a d e s  were c a r e f u l l y  
(on t h e  o p t i c s  s i d e ) ) ,  

A s  c u r r e n t  computer codes assume a two-dimensional p e r i o d i c  cascade  f low,  
one m u s t  t a k e  da ta  i n  such a flow f i e l d  f o r  i t  t o  be of use.  
Two-dimensionality,  of coi i rse ,  i m p l i e s  t h a t  t h e  v e l o c i t i e s  and a n g l e s  of t h e  
f low a r e  s i i b s t a n t i a l l y  t h e  same i n  spanwise p l a n e s ,  whi le  p e r i o d i c i t y  supposes  
t h a t  ve loc i  t-ies a n d  flow a n g l e s  show only  minimal v a r i a t i o n s  from b l a d e  
passage t o  blade passage, b o t h  upstream and downstream of t h e  b l a d e  row. For 
t h e  f ive-bladed cascade used  h e r e ,  p e r i o d i c i t y  was taken t o  mean p e r i o d i c i t y  
o v e r  t h r e e  blade passages c e n t e r e d  a t  t h e  minimum v e l o c i t y  p o i n t  of t h e  middle  
b l a d e  wake. In o r d e r  t o  s a t i s f y  t h e  c o n d i t i o n  of c o n t i n u i t y  f o r  a 
two-dimensional, i n c o m p r e s s i b l e  cascade  f low,  t h e  a x i a l  v e l o c i t y  must be h e l d  
c o n s t a n t  throughout .  From a p r a c t i c a l  s t a n d p o i n t  t h e n ,  f low p e r i o d i c i t y  and 
two-dimens€onality could he de te rmined ,  f o r  a uniform i n l e t  f low,  by examining 
t h e  a x i a l - v e l o c i t y  r a t i o  and f low a n g l e s  determined a t  t h e  ex i t  p lane .  This 
was q u i t e  u s e f u l  as t h e s e  o u t l e t  measurements could b e  made s imply and 
q u i c k l y ,  t h u s  al lowing us t o  check t h e  cascade  f low d a i l y .  

Two-dimensionality and p e r i o d i c i t y  a r e  normally c o n t r o l l e d  i n  cascades  by 
Continuous s u c t i o n  *** u s i n g  cont inuous s u c t i o n  over  t h e  e n t i r e  b l a d e  pack. 

was not  p o s s i b l e  i n  t h e  c u r r e n t  experiment  because  of t h e  need f o r  laser 
a c c e s s .  A l t e r n a t e  f low c o n t r o l  was examined i n  some d e t a i l .  Re turn ing  t o  
F i g u r e  2 ,  we note  t h a t  t h e r e  a r e  many p o t e n t i a l l y  u s e f u l  f low c o n t r o l s .  That 
is ,  i t  is  p o s s i h l e  i n  p r i n c i p l e ,  t o  c o n t r o l  t h e  f low by a d j u s t i n g  t h e  p o s i t i o n  
of t h e  lower f a l s e  b l a d e ,  t h e  upper € a l s e  b l a d e ,  t h e  v a r i a b l e  d i f f u s e r ,  and 
t h e  t a i l h o a r d s  (as w e l l  as t h e  r e l a t i v e  p o s i t i o n  of t h e  t a i l b o a r d s ) ,  o r  by 

A des ign  c o n d i t i o n  was t h a t  t h e  b l a d e  show some t r a i l i n g  edge s e p a r a t i o n  of 
t h e  s u c t i o n  s u r f a c e  t u r b u l e n t  boundary l a y e r  a t  z e r o  i n c i d e n c e  a n g l e .  With 
t h e  a v a i l a b l e  cascade geometry,  t h i s  l e a d s  t o  a l a r g e  camber angle .  

A g l a s s  i n s e r t  was l a t e r  p laced  w i t h i n  t h e  p l e x i g l a s s  t o  improve t h e  LDV 
s i g n a l  . 

* 

** 

. 

Note t h a t  the c o n t r o l  h e r e  seems t o  be o v e r  t h e  growth of channel  c o r n e r  
d i s t u r b a n c e s .  An a t t e m p t  t o  use a s l i g h t l y  d i v e r g e n t  w a l l ,  commonly used 
t o  compensate f o r  boundary l a y e r  growth, f a i l e d .  

*** 
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a d j u s t i n g  t h e  magnitude (and d i s t r i b u t i o n )  of t he  top  s u c t i o n ,  s i d e  s u c t i o n ,  
and lower and upper channel  suc t ion .  In p r a c t i c e ,  t h e  lower and upper  f a l s e  
b l a d e s  were each  set a t  nominal ly  one b l ade  spac ing  from b lades  1 and 5,  
r e s p e c t i v e l y .  The d i f f u s e r  was set t o  minimize the  €low ang le  a t  t h e  s p l l t t e r  
p l a t e .  Lower channel  s u c t i o n  was not r equ i r ed .  Top and upper channel s u c t i o n  
were provided through t h e  same 5 hp blower,  whjch w a s  run a t  f u l l  power. A 
b a f f l e  sys tem was used t o  a d j u s t  t h e  r e l a t i v e  amounts of s u c t i o n  provided  a t  
t h e  top  and upper  channel ,  and t h e  b a f f l i n g  a l o n g  wi th  s l i g h t  ad jus tmen t s  t o  
t h e  upper  f a l s e  b l ade  p o s i t i o n  were used t o  i n s u r e  a h o r i z o n t a l  f l ow a t  the  
upper  f a l s e  b l a d e  l e a d i n g  edge. The t a i l b o a r d s  were most u s e f u l  i n  
c o n t r o l l i n g  t h e  r e l a t i v e  e x i t  angles  of t he  f low;  t h a t  i s ,  they  could be 
a d j u s t e d  s o  t h a t  t h e  e x i t  ang le  ac ross  t h e  cascade  i n  a blade-to-blade 
d i r e c t i o n  w a s  c o n s t a n t  o u t s i d e  of the  wake r eg ions .  The p e r i o d i c i t y ,  however,  
was found t o  be most i n f l u e n c e d  by t h e  amount and d i s t r i b u t i o n  of t he  s i d e w a l l  
s u c t i o n .  S ide  s u c t i o n  w a s  provided by a 10 hp c e n t r i f u g a l  blower ope ra t ed  a t  
f u l l  power. S ide  s u c t i o n  d i s t r i b u t i o n  was c o n t r o l l e d  by a complex b a f f l i n g  
system. S i x  s u c t i o n  d u c t s  were l o c a t e d  a t  a h a l f  b l ade  s p a c i n g  on e i t h e r  s i d e  
of  each  of t h e  b l ades .  Each of the i n d i v i d u a l  d u c t s  had R s e p a r a t e  b a f f l e  
c o n t r o l ,  and w a s  a d j u s t e d  by the  s imple hut  t e d j o u s  procedure o f  changing a 
b a f f l e  p o s i t i o n  and then examining the resill t i n g  o i i t l e t  flow. Presumably,  t h e  
c o n t r o l  of s i d e  s u c t i o n  d i s t r i b u t i o n  c o n t r o l l e d  t h e  s i z e  of  t h e  s i d e w a l l  
boundary l a y e r  a t  i t s  i n t e r s e c t i o n  wi th  the  b l ade  pack l e a d i n g  edge l ine- - in  a 
s e n s e  c o n t r o l l i n g  t h e  v i r t u a l  o r i g i n  of the  c o r n e r  d i s t u r b a n c e s .  Con t ro l  of 
s i d e w a l l  s u c t i o n  d i s t r i b u t i o n  then  impl i ed  a c o n t r o l  of t h e  "b lockages ,"  
caused  by c o r n e r  d i s t u r b a n c e  contaminat ion ,  of each b l ade  passage  i n d i v i d u a l l y  
and hence c o n t r o l  of t h e  i n d i v i d u a l  b l a d e  a n g l e s  of a t t a c k .  Once s e t ,  t h e  
s t a b i l i t y  of t h e  p e r i o d i c i t y  obta ined  on a day-to-day b a s i s  was e x c e l l e n t .  

The two-d imens iona l i ty  and p e r i o d i c i t y  of t h e  cascade  f low were 
de termined  by conduct ing  measurements of t h e  cascade  i n l e t  and o u t l e t  v e l o c i t y  
p r o f i l e s  u s i n g  f ive -ho le  probes.  These probes  are capab le  of r e s o l v i n g  t h e  
t h r e e  components of v e l o c i t y  as w e l l  as t h e  r e l a t i v e  yaw and p i t c h  a n g l e s  of 
the flow. T r e a s t e r  and Yocum [1979]  g i v e  a complete  d e s c r i p t i o n  of t h e  
f ive -ho le  probes  employed i n  t h e  s tudy.  The probes were c a l i b r a t e d  a t  a speed 
o f  30.5 m/sec i n  an open j e t  a i r  f a c i l i t y  ove r  t h e  ranRc of p i t c h  and yaw 
a n g l e s  of +30 degrees  t o  -30 degrees .  Reynolds niimher e f F e c t s  on the  probes 
have been shown t o  he sma l l  ( s e e  T r e a s t e r  and Yocum [1979]) .  

411 i n l e t  and o u t l e t  l ive-hole  probe s i i rveys were refercncr.d t o  n 
P i t o t - s t a t i c  probe l o c a t e d  25.4 mm upstream of t h e  hlndc. pack leadjn}: edge 
l i n e .  The probe p ro t ruded  approximately 150 mm t n t o  t h e  €low--well o u t s i d e  of 
t h e  s i d e w a l l  boundary l a y e r .  The probe was l o c a t e d  a long  a p a r a l l e l .  t o  t h e  
l e a d i n g  edge l i n e  a t  a p o s i t i o n  between b l a d e s  3 and 4 a t  which the  i n l e t  
v e l o c i t y  w a s  roughly equa l  t o  the average of t h e  measured i n l e t  v e l o c i t i e s .  

Cascade i n l e t  f low p r o f i l e s  were documented by f ive-hole  probe 
measurements approximate ly  38 mm u p s t r e a m  of and p a r a l l e l  t o  the  l e a d i n g  edge 
l i n e .  O u t l e t  f l ow p r o f i l e s  were measured p a r a l l e l  t o  the  t r a i l i n g  edge l i n e  
and one-half chord downstream of t h i s  l i n e .  A n e a r l y  real-time d a t a  
a c q u i s i t i o n / r e d u c t i o n  system was used € o r  t h e  v e l o c i t y  measurements. I n  each 
c a s e  t h e  f ive-hole  probe and P i t o t - s t a t i c  probe d a t a  were s e n t  t o  seven  
s e p a r a t e  p r e s s u r e  t r a n s d u c e r s .  These seven  p r e s s u r e  s i g n a l s  a s  w e l l  as n test 
s e c t i o n  t empera tu re  s i g n a l  were scanned hy n m u l t i p l e x e r / s c a n n e r ,  smoothed on 
a mul t ime te r  through a 100 c y c l e  ( 1  7 / 7  s e c )  i n t e g r a t i o n ,  and sc=nt  For 
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r e d u c t i o n  t o  a VAX 111782. V e l o c i t i e s ,  v e l o c i t y  r a t i o s ,  and f low a n g l e s  could  
be  d i s p l a y e d  on a v ideo  t e r m i n a l ,  w r i t t e n  on a l i n e  p r i n t e r ,  o r  p l o t t e d  on a 
f l a t - b e d  p l o t t e r .  

I n l e t  v e l o c i t y  su rveys  were made a f t e r  t h e  o u t l e t  f low had been 
de termined  t o  be s a t i s f a c t o r y .  Good p e r i o d i c i t y  and spanwise c o n s i s t e n c y  were 
a p p a r e n t ,  as w a s  some s t r e a m l i n e  bending induced by the  p re sence  of t he  
b l ades .  An average i n l e t  v e l o c i t y  w a s  Found t o  be 33.11 m/sec,  with an 
ave rage  inc idence  a n g l e  of 5 degrees .  Chord Reynolds number, based on the  
i n l e t  v e l o c i t y ,  was 500,000 wi th  an observed +1% v a r i a t i o n  on a day-to-day 
b a s i s .  F igu re  3 shows a t y p i c a l  o u t l e t  f low p r o f i l e  and t h e  e q u i v a l e n t  
t u r n i n g  ang le s .  The p e r i o d i c i t y  of t he  f low is  c l e a r l y  e x c e l l e n t .  The 
a x i a l - v e l o c i t y  r a t i o  is determined by ave rag ing  t h e  l o c n l  a x j n l  -veloci. t y  r a t i o  
ove r  t h r e e  b l a d e  passages ,  c e n t e r e d  a t  t h e  minimum v e l o c i t y - r a t i o  p o i n t  of t h e  
c e n t e r  blade wake. I n  t he  c a l c u l a t i o n ,  t he  i n l e t  flow is  assumed t o  bc 
s p a t i a l l y  cons t an t  a t  i t s  ave rage  va lue  ( t h e  P i t o t - s t a t i c  tnhP rending) .  The 
ave rage  a x i a l - v e l o c i t y  r a t i o  w a s  found t o  be 1.0; on a day-to-day h a s i s  t h e  
v a r i a t i o n  was wi th in  +3%. The f low t u r n j n g  ang le  averaged across  the  t h r e e  
c e n t e r  b l a d e  passages w a s  54 degrees .  F igu re  4 shows a l l  of the  h lnde  
geometry and t h e  i n l e t  and o u t l e t  f low measurements. 

Measurements have been taken  t o  h e l p  quan t iFy  the l o s s e s  i n  t o t a l  
p r e s s u r e  a c r o s s  the cascade.  Add i t iona l  q u a n t i t i e s  can be computed t o  compare 
w i t h  des ign  l i m i t s  on d i f f u s i o n  ra te  and s t a t i c - p r e s s u r e  rise w i t h i n  t h e  
cascade .  The d f f f e r e n c e  between t h e  blade-passage-averaged Flow ang le  i n  t h e  
o u t l e t  f low and the e x i t  b l a d e  "metal" a n g l e  i s  t h e  d e v i a t i o n  ang lc .  For t h e  
c u r r e n t  s t u d y ,  t h e  d e v i a t i o n  a n g l e  w a s  measured t o  he 16 degrees,  whlch js  
v e r y  large. Non-dimensionalizing by the  i n l e t  dynamic prcssiire, t he  
blade-passage-averaged t o t a l - p r e s s u r e  l o s s  c o e f f i c i e n t  was 0.151 and t h e  
blade-passage-averaged s t a t i c - p r e s s u r e  r i s e  c o e f f i c i e n t  was 0.463. Note t h a t  
t h e  s t a t i c - p r e s s u r e  rise c o e f f i c i e n t  was probably  a f f e c t e d  b y  t he  p o s i t i o n i n g  
of t h e  t a i l b o a r d s .  An e q u a t i o n  f o r  t h e  t o t a l - p r e s s u r e  loss  c o e f f i c i e n t  was 
developed by L i e b l e i n  and Roudehush [ 1 ? 5 h ]  where 

* 

A v a l u e  of 0.172 f o r  0 can be  c a l c u l a t e d  from t h i s  e q u a t i o n  u s i n g  the  f low 
pa rame te r s  measured i n  t h e  o u t l e t  f low. The l o s s  i n  t o t a l  p r e s s u r e  a c r o s s  the  
cascade  i s  r e l a t e d  t o  t h e  amount t h e  f low is d i f f u s e d  through t h e  b l ade  
passage .  L i e b l e i n ,  Schwenk, and Broder ick  119531 d e r i v e d  a d i f f u s i o n  f a c t o r  
where 

, 
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: 

L i m i t i n g  v a l u e s  o f  D between 0.5 and 0.6 (depending upon span  l o c a t i o n )  
( are normal ly  u s e d  by d e s i g n e r s .  This  l i m i t  i s  based on  a l a r g e  number of 
i c a s c a d e  and r o t a t i n g  b l a d e  row performance tests. 

' t h i s  l i m i t  r e s u l t  i n  l a r g e  i n c r e a s e s  i n  t o t a l - p r e s s u r e  l o s s  because  t h e  
' l a r g e r  amount o f  d i f f u s i o n  c a u s e s  t h e  b l a d e  boundary l a y e r  t o  s e p a r a t e .  ,' Using a black-passage-averaged v a l u e  o f  t h e  o u t l e t  f l o w  a n g l e  a l l o w s  a v a l u e  ' of  0.658 f o r  D t o  b e  computed f o r  t h e  c u r r e n t  s tudy .  

\ i n d i c a t e s  _-___- - - -  a h i g h  - r i s k  o f  s e p a r a t i o n .  

Values  o f  D g r e a t e r  t h a n  

T h i s  v a l u e  of D 

I d e a l l y ,  b l a d e  s t a t i c  p r e s s u r e  would be measured on t h e  center b l a d e  of 
t h e  cascade--the one i n t e n d e d  f o r  LDV measurements--but t h e  two t y p e s  of 
measurements had somewhat c o n f l i c t i n g  requi rements .  That is, an 
aerodynamica l ly  smooth (0.8 pm e s t i m a t e d  s u r f a c e  roughness)  s u r f a c e  was 
d e s i r e d  f o r  t h e  LDV s u r v e y s ,  whi le  t h e  conveying tribes r e q u i r e d  f o r  t h e  
p r e s s u r e  measurements i n e v i t a b l y  led t o  a somewhat rorighened s u r f a c e .  To work 
around t h i s  problem, we ins t rumented  t h e  s u c t i o n  s u r f a c e  of t h e  upper b l a d e ,  4 
( s e e  F igure  2 ) ,  and t h e  p r e s s u r e  s u r f a c e  of t h e  lower b l a d e ,  2 ,  w i t h  24 
p r e s s u r e  t a p s ;  w e  ins t rumented  t h e  c e n t e r  h l a d e ,  3 ,  p r e s s u r e  and s u c t i o n  
s u r f a c e s  w i t h  6 and 7 t a p s ,  r e s p e c t i v e l y .  Since t h e  f low was p e r i o d i c ,  t h e  
p r e s s u r e  d i s t r i b u t i o n  could  be obta ined  from b l a d e s  2 and 4 as w e l l  as from 
b l a d e  3. After checking t h i s  by comparing t h e  r e s u l t s  of t h e  p r e s s u r e  
d i s t r i b u t i o n s  from b l a d e s  2 and 4 a g a i n s t  t h e  d a t a  from b l a d e  3, ( t h e  
agreement was e x c e l l e n t ) ,  we in te rchanged  b l a d e  3 w i t h  t h e  uninstrumented 
b l a d e ,  5,  f o r  t h e  LDV surveys .  Data a c q u i s i t i o n  and r e d u c t i o n ,  f o r  t h e  
s t a t i c - p r e s s u r e  d i s t r i b u t i o n ,  were similiar t o  t h a t  d e s c r i b e d  f o r  t h e  
f i v e - h o l e  probe d a t a  w i t h  t h e  except ion  t h a t  a s c a n n e r  v a l v e  w a s  used t o  
s w i t c h  t h e  p r e s s u r e  d a t a ,  hole-by-hole, t o  a s i n g l e  t r a n s d u c e r  d u r i n g  d a t a  
a c q u i s i t i o n .  

The b l a d e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n  appears  i n  F igure  5. I n t e g r a t i n g  
t h i s  d i s t r i b u t i o n  g i v e s  a l i f t  c o e f f i c i e n t  of 0.952. The 5 degree  i n c i d e n c e  
a n g l e  d r a m a t i c a l l y  a f f e c t s  t h e  p r e s s u r e  d i s t r i b u t i o n .  The l a r g e  f a v o r a b l e  
g r a d i e n t  on t h e  p r e s s u r e  s u r f a c e  s u g g e s t s  t h a t  t h e  boundary l a y e r s  near t h e  
l e a d i n g  edge w i l l  be l a m i n a r ;  t r a n s i t i o n  should  be looked f o r  on t h e  press i i re  
s u r f a c e .  The u n f a v o r a b l e  g r a d i e n t  a t  t h e  l e a d i n g  edge of t h e  s u c t i o n  s u r f a c e  
i m p l i e s  a l e a d i n g  edge s e p a r a t i o n .  The r a t h e r  f l a t  p r e s s u r e  p r o f i l e  near  t h e  
t r a i l i n g  edge of t h e  s u c t i o n  s u r f a c e  s u g g e s t s  t h a t  t h e  f l o w  m y  be s e p a r a t e d  
t h e r e .  The r a p i d  and cont€nuous changes of pressr i re  on both t h e  p r e s s u r e  and 
s u c t i o n  s u r f a c e s  o f f e r  l i t t l e  hope of f i n d i n g  e q u i l  €hri.um hoiindary l a y e r s .  I n  
a d d i t i o n ,  t h e  i n v i s c i d  v e l o c i t y  f i e l d  w i t h i n  t h e  b l a d e  passage w i l l  he under 
t h e  i n f l u e n c e  of a normal p r e s s u r e  g r a d i e n t ,  and one cannot  a n t i c i p a t e  a 
c o n s t a n t  f r e e s t r e a m  v e l o c i t y  region.  

Fol lowing t h e  s u b l i m a t i o n  method used by Holmes and Obara [1982] ,  we used 
s u r f a c e  f low v i s u a l i z a t i o n  t o  h e l p  de te rmine  t h e  l o c a t i o n  of t h e  a n t i c i p a t e d  
t r a i l i n g  edge s e p a r a t i o n  on t h e  s u c t i o n  s u r f a c e ,  and t h e  t r a n s i t i o n  on t h e  
p r e s s u r e  s u r f a c e .  An a i r  b r u s h  was used t o  c o a t  t h e  b l a d e  w i t h  a mixture  of 
n a p t h a l e n e  and a c e t o n e  i n  a 1:8 so i id- to-so lvent  volume r a t i o .  v r e i i m i n a r y  
tests determined t h a t  a run t i m e  of n i n e  minutes  was s u f f i c i e n t  t o  set  up t h e  
v i s u a l i z a t i o n  p a t t e r n .  For each run t h e  c e n t e r  b l a d e  w a s  removed, t h e  
n a p t h a l e n e / a c e t o n e  mixture  w a s  a p p l i e d ,  and l a r g e  p a r t i c l e s  were d u s t e d  o f f .  
The b l a d e  was then r e p l a c e d  i n  the  cascade  and removed a f t e r  t h e  n i n e  minute 
r u n  t i m e ,  a l i o w i n g  t h e  subl imat ion  p a t t e r n  t o  be photographed. A s u f f i c i e n t  
number of tests were taken so  t h a t  a meaningful mean and S t u d v n t ' s  t tes t  
d e v i a t i o n  could he obta ined .  Evidence of t wo-dimensf oriel  1 t y  W I ~ H  miicli morc 

- 
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appa ren t  i n  t h e  s u c t i o n  s u r f a c e  s e p a r a t i o n  p a t t e r n  then  i n  t h e  p r e s s u r e  
s u r f a c e  t r a n s i t i o n  p a t t e r n .  This is  perhaps  an i n d i c a t l o n  of t h e  Importance 
of  t h e  l o c a l  s u r f a c e  roughness  i n  de t e rmin ing  the t r a n s i t i o n  p o i n t  f o r  t h e  
ve ry  t h i n  boundary l a y e r s  encountered .  With 95% c o n f i d e n c e ,  s c p a r a t t o n  w a s  
found t o  occur  a t  65.6% chord on t h e  s u c t i o n  s u r f a c e  w i t h  a d c v l a t i o n  of + 3 . 5 X  
chord.  T r a n s i t i o n  was found on t h e  p r e s s u r c  s u r f a c e  to he a t  64.2% f 3.9% 
chord  t o  t h e  same l e v e l  of conf idence .  

I V .  THE LASER DOPPLER VELOCIMETER 

A l l  b l a d e  boundary layer  and near-wake measurcmcnts werc' madc rising a 
single-component LDV. For  a l l  t h e  LDV measurements,  a spec i  a l l  y des t):nc.d 
t r a v e r s i n g  mechanism w a s  used which matched t h c  a r c  o f  motion o f  a n  o p t i c s  
c r a d l e  t o  t h a t  of the  b l ade  c u r v a t u r e  (two a r c s  were t~mployc~d, one f o r  tlacli o f  
t h e  p r e s s u r e  and s u c t i o n  s u r f a c e s ) .  A l l  measurements were mad(* I n  L l i e  plnric 
of t h e  l o c a l  b l a d e  normal. T r a n s l a t i o n  of t he  o p t i c s  c r i l d l e  normal to the 
b l a d e  could be accomplished i n  s t e p  i n t e r v a l s  as small as  0.0254 mm. P r i o r  t o  
t h e  LDV measurements, a r e f e r e n c e  d i s t a n c e  w a s  e s t a b l i s h e d  by focus ing  the  LDV 
c o n t r o l  volume on an i n s e r t  which s e c u r e l y  f i t  ove r  t h e  center measuring 
b l ade .  Narrow l i n e s  had been e t ched  on t h e  i n s e r t  (on arcs matching t h e  b l ade  
c u r v a t u r e )  t o  be known d i s t a n c e s  from t h e  b l a d e  s u r f a c e .  R e p e a t a b i l j t y  i n  
e s t a b l i s h i n g  a measurement r e f e r e n c e  w a s  e s t i m a t e d  t o  be f0.05 mm, and t h i s  
u n c e r t a i n t y  i s  probably the  major sou rce  of s ca t t e r  i n  t h e  v e l o c i t y  da ta .  

A two-watt, Spec t ra -Phys ics ,  Argon-Ion laser was used f o r  t h e  
measurements. Power on t h e  b l u e  l i n e  ( 4 8 8  nm wavelength)  ranged between 0.5 
w a t t s  and 0.7 watts on a day-to-day b a s i s .  S tandard  TST b a c k s c a t t e r  o p t i c a l  
components were used: t h e  3 7 1 . 3  mm f o c u s i n g  l e n s  w a s  chosen t o  a l l o w  t h e  
measurements t o  be made a t  t h e  b l a d e  midspan. The e l l i p s o i d a l  measurement 
volume w a s  reduced through t h e  use  of a ( 2 . 7 1 : l )  beam expander ;  t he  p r e d i c t e d  
measurement l e n g t h  i n  t h e  normal t o  t h e  b l ade  d i r e c t i o n  was 37 pm. While t h i s  
l e n g t h  was small when compared t o  t h e  l e n g t h  s c a l e s  OF t he  t i i rbu len t  houndary 
l a y e r s  on t h e  s u c t i o n  s u r f a c e ,  we sha l l .  show t h a t  i t  Ts rouglrly halF the s t z e  
of t h e  d isp lacement  t h i c k n e s s  of t he  l n i t € a l  l aminar  p r o E l l c  on tht. p r e s s u r e  
s u r f a c e .  Where a p p r o p r i a t e ,  o p t i c a l  s h i f t i n g  a t  5 M1Iz w a s  cmploycd. Note 
t h a t  t o  measure c lose  t o  t h e  b l a d e  sur face  t h e  o p t i c a l  c r a d l e  was t t l t e d  a t  an 
a n g l e  of roughly  1 degree .  S i l i c o n  c a r b i d e  p a r t l c l e s  having  a mean d iameter  
of  1.5 pm were used f o r  laser seeding .  I n  an  a t t empt  t o  ma ln ta in  a uniform 
d i s t r i b u t i o n ,  we i n j e c t e d  the s i l i c o n  c a r b i d e  p a r t € c l e s  w e l l  upstream of t h e  
measurement s t a t i o n  a t  t h e  f l e x i b l e  coup l ing  ( s e e  F igu re  1).  The pa r t - l c l e s  
were suspended i n  a "cloud chamber," which w a s  c o n s t r u c t e d  f o r  t h i s  s t u d y ,  and 
were i n j e c t e d  i n t o  the t u n n e l  by a small ove rp res su re .  Gain,  on t h e  coun te r  
p r o c e s s o r ,  w a s  kept low, and p a r t i c l e  coun t s  averaged on ly  20 o r  so p a r t i c l e s  
p e r  second ( a s  we w i l l  d i s c u s s ,  however, t h e  v e l o c i t y  p r o b a b i l i t y  
d i s t r i b u t i o n s  were remarkably c l e a n ) .  

LDV d a t a  a c q u i s i t i o n  and r e d u c t i o n  was accomplished by u s i n g  a d i r e c t  
l i n k  t o  a Vax 11/782 computer. Sof tware  al lowed s e l e c t i o n  of t h e  f o c u s i n g  
l e n s  h a l f  a n g l e ,  the laser wavelength,  t h e  f requency  s h i f t  , t h e  minimum number 
of c y c l e s  employed i n  t h e  c a l c u l a t i o n  (8 h e r e ) ,  and t h e  number of p a r t i c l c  
coun t s  p e r  run. I n i t i a l  o u t p u t  was Ln t h e  form of  R v ~ l o c i t y  h i s t o g r m .  
M i n i m u m  and mximum v r l o c i t y  1 l m i  t M  C O t J l d  t)e Her by t w o  C1ir'iot-q t o  r l  I m l r i r i t c  
obvious n o i s e  from tlte dis t t r ih r i t lon .  F i n n ]  ot l tput  W I I H  Inc.riii v c l o ( - i l  y ,  l o c * r i  I 
t u r b u l e n c e  i n t e n s i t y ,  and the  pcrcr l i t  of pnrt  I c t c  C O I I I I I  H c l r q ) l t ) y c 4  i I I  I I r c h  
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c a l c u l a t i o n s .  For some of t h e  p r o f i l e s  measured t h e  skewness and kr r r tos i6  of 
t h e  d i s t r i b u t i o n  were a l s o  c a l c u l a t e d .  The p e r c e n t a g e  of p a r t i c l e  c o u n t s  
employed i n  t h e  c a l c u l a t i o n  may be used  a s  an i n d i c a t o r  of s igna l - to-noise  
r a t i o .  A t  l eas t  98X of t h e  t o t a l  p a r t i c l e  counts  were iiserl f o r  measiircmcxnt 
s t a t i o n s  i n  t h e  boundary l a y e r ;  a t  l e a s t  95X were employed f o r  p o t n t s  i n  t h e  
f r e e s t r e a m  ( t h e  d i f f e r e n c e  i n  percentages  r e f l e c t s  t h e  f a c t  t h a t  f rwcr  o v e r a l l  
p o i n t s  were used a t  t h e  f r e e s t r e a m  l o c a t i o n s ) .  

For a c o u n t e r  p r o c e s s o r ,  employed i n  a h i g h l y  t u r b u l e n t  f low,  t h e  
c a l c u l a t i o n  of mean v e l o c i t y  and turbulence  i n t e n s i t y  may not  be 
s t r a i g h t f o r w a r d .  McLaughlin and Tiederman [1973] ,  Hoessel and Rodi [1977] ,  
G i e l  and B a r n e t t  [1979],  Edwards [19811, Edwards a n d  Jensen 119831, Johnson, 
Modarress ,  and Owen [ 19841, and Stevenson, Thompson, and Cra ig  [ 19841 have a l l  
d i s c u s s e d  t h e  q u e s t i o n  of v e l o c i t y  bias i n  a h i g h l y  t u r b u l e n t  flow. As 
p o i n t e d  o u t  f i r s t  by McLaughlin and Tiederman [1973] ,  t h e  problem arises 
because  more high-speed p a r t i c l e s  than low-speed p a r t i c l e s  a r r i v e  i n  t h e  
measurement volume d u r i n g  a g i v e n  measurement i n t e r v a l .  A r e l a t e d  problem, 
termed incomple te  s i g n a l  b i a s  by Stevenson, Thompson, and Cra ig  [1984],  can he 
e l i m i n a t e d  by employing a s u f f i c i e n t l y  high f requency  s h i f t .  

1 McLaughlin and Tiederman [ 19731 d e s c r i h e  a c o r r e c t i o n  f o r  t h e  phenomenon 
( w i t h  uniform seeding)--but  i t  r e q u i r e s  complete  v e l o c i t y  v e c t o r  in format ion .  
A more p r a c t i c a l  one-dimensional c o r r e c t i o n  i s  a l s o  g i v e n ,  bu t  t h i s  c o r r e c t i o n  
t e n d s  t o  o v e r e s t i m a t e  t h e  e r r o r  f o r  l o c a l  t u r b u l e n t  i n t e n s i t i e s  >20%. Edwards 
[1980] shows t h a t  t h e  b i a s i n g  e r r o r  can be made n e g l i g i b l y  small f o r  t h e  c a s e  
of a s a t u r a t e d  d a t a  h a n d l i n g  system ( t a k i n g  d a t a  a t  a f i x e d  rate se t  hy t h e  
s l o w e s t  component of t h e  s y s t e m )  by t a k i n g  t h e  p a r t i c l e  d e n s i t y  equal  t o  t h e  
s e e d i n g  rate ( t h i s  assumes a v a l i d a t i o n  c i r c u i t  f o r  t h e  system).  Stevenson,  
Thompson, and Cra ig  [1984] used equal time i n t e r v a l  sarnpljng In a v e r y  h i g h l y  
seeded mixing l a y e r  as a h i a s - f r e e  test  case.  As p o i n t e d  o u t  hy Edwards and 
Jenson [1983] ,  however, very  h i g h  seeding  rates may open t h e  door t o  o t h e r  
t y p e s  of e r r o r s ,  f o r  example, by reducing t h e  a c t u a l  number of s t a t i s t i c a l l y  
independent  samples used t o  form the v e l o c i t y  s t a t i s t i c s .  Moreover, a very 
high-seed rate may be very  d i f f i c u l t  t o  achieve  i n  p r e c i s e l y  t h o s e  r e g i o n s  i n  
which t h e  b i a s  i s  expec ted  t o  be high. Often,  i n  f a c t ,  a corinter processor  i s  
chosen o v e r  a t r a c k e r  p r o c e s s o r  because oE i t s  a b i l i t y  t o  a c t  a t  very low 
s e e d i n g  rates. 

The b i a s  q u e s t i o n  is obviously q u i t e  complex, a n d  a consensus opin ion  on 
how t o  c o r r e c t  d a t a  is  s t i l l  lacking.  Some i s s u e s ,  such a s  non-uniform 
p a r t i c l e  s e e d i n g ,  of i n t e r e s t  p a r t i c u l a r l y  i n  a i r  €lows,  have not  y e t  been t h e  
s u b j e c t  of d e t a i l e d  s t u d i e s  (see Hoessel and Rod1 [1977] f o r  I n s t a n c e ) .  G i e l  
and B a r n e t t  (19791 conducted an  experiment f a v o r a b l e  t o  o b t a i n i n g  s t a t i s t i c a l  
b i a s ,  b u t  no c o n s i s t e n t  b i a s  was  evident--thus f u r t h e r  o b s c u r i n g  t h e  b i a s  
q u e s t i o n .  I n  t h e  c u r r e n t  s t u d y ,  we employed s imple  a r i t h m e t i c  averaging .  For 
many of t h e  boundary l a y e r s  measured, w e  monitored t h e  skewness with t h e  i d e a  
t h a t  a change of shape from t h e  c l a s s i c a l  d i s t r i b u t i o n  i n  t h e  boundary l a y e r  
might s i g n a ?  s i g n i f i c a n t  v e l o c i t y  b ias .  ?io S G C ~  d e v i a t t o n s  cjcre observed.  We 
n o t e  t h a t  both E c l a u g h l i n  and Tiedermar. [ ! 9 7 3 ]  ar.d Johnson, Modarress,  and 
Owen [1984] show t h a t  t h e  overes t imate  of t h e  mean v e l o c i t y  goes roughly 
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q u a d r a t i c a l l y  wi th  tu rbu lence  i n t e n s i t y ,  be ing  5% f o r  a l o c a l  t u r b u l e n c e  
i n t e n s i t y  n e a r  20%, and b e i n g  12X f o r  a l o c a l  t u r b u l e n c e  i n t e n s i t y  n e a r  35%. 
These number should be  borne  i n  mind n o t  on ly  when e v a l u a t i n g  t h e  d a t a  
p r e s e n t e d  h e r e ,  but a l s o  when e v a l u a t i n g  any measurements made i n  h i g h l y  
t u r b u l e n t  f lows.  The mean v e l o c i t y  h e r e  was taken  as 

* 

t h e  l o c a l  t u rbu lence  i n t e n s i t y  was taken  as 

and t h e  tu rbu lence  i n t e n s i t y  w a s  t aken  as i i ' / U e .  

Exper ience  has shown tha t  q u i t e  s a t i - s f a c t o r y  r e p e a t a b i l i t y  of the  mean 
v e l o c i t y  and tu rbu lence  i n t e n s i t y  can be gua ran teed  i n  boundary l a y e r  f lows  by 
u s i n g  1000 p a r t i c l e  coun t s  in r e g i o n s  i n  which t h e  l o c a l  t u rbu lence  i n t e n s i t y  
exceeds  5%. In  reg ions  of l o c a l  t u r b u l e n c e  i n t e n s i t y  of less than  5% b u t  more 
t h a n  2%, 500 p o i n t s  are used ,  whi le  200 p o i n t s  are used i n  r eg lons  of less 
than  2%. A t  each  chord p o s i t i o n ,  p r o f i l e s  were d e f i n e d  by s t a t i s t i c a l l y  
t r e a t i n g  t h e  d a t a  f o r  s i x  i n d i v i d u a l  exper iments .  S i x  experiments were chosen 
as  t h e  s ta t i s t ics  found from s i x  exper iments  showed less than 1% s c a t t e r  i n  
t h e  f r e e s t r e a m  data .  E r r o r  bands ,  p re sen ted  on the  LPIV d a t a  p l o t s ,  r e p r e s e n t  
95% conf idence  leve ls  as determined by a St t ident ' s  t tt'st. 

The p re l imina ry  data  a n a l y s i s  i s  automated on t he  VAX 11/782 compiitc*r. 
The e f f e c t  of t he  normal p r e s s u r e  g r a d i e n t  o n  t h e  borintlilry 1 a y e r  proF i I C+R is 
accounted  f o r  f i r s t .  De ta l l s  of t h e  t echn lque  a r e  }:iveri by Z ic rke  and Ikmtsch  
[1985] and b a s i c a l l y  follow t h e  approach ~ ~ g p ; t . ~ t e d  hy Pk*l l o r  I i n d  Wood 19711 
and B a l l ,  Reid,  and Schmidt I I9m]. Rrl c . f  1 y t h e  t r c h n i  qric ;wsiirncs t h a t  tlle 
p r o f i l e  may be r ep resen ted  as 

s o  that  t h e  edge v e l o c i t y  (Ue) can  be de te rmined  by e x t r a p o l a t i n g  t h e  o u t e r  
i n v i s c i d  f low ( u i n v )  t o  t h e  wal l  (where u = U m e a S  = 0)  i n  some reasonab le  
manner. The method i s  not  r i g o r o u s  i n  i t s  d e f i n i t i o n  of t h e  i n v i s c i d  region,  
and hence i n  t h e  manner of e x t r a p o l a t i o n .  Our own e x p e r i e n c e  wi th  the  22 
boundary l a y e r s  measured h e r e ,  however, i s  t h a t  t h e  edge v e l o c i t y  is q u i t e  
i n s e n s i t i v e  t o  any r easonab le  cho ice  of t h e  i n v i s c € d  r eg ion .  

It is  no t  obvious t h a t  t u r b u l e n c e  i n t e n s i t y  is t h e  on ly  r e l e v a n t  v n r i a h l e .  
For  example,  t h e  vali ies of t h e  h t g h e r  momcnts of tile vc~ loc i  r y  p r o h a h i  I f  t y  
d i s t r i b u t i o n  are n o  doilbt nl  s o  O F  irnportaIirc>. 

* 

L 
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V. PRESSURE SURFACE BOUNDARY LAYERS 

Boundary layer  measurements were made a t  11 chord l o c a t i o n s  on t h e  
p r e s s u r e  s u r f a c e  of t h e  c e n t e r  cascade b lade .  To h e l p  i n t e r p r e t  these v e l o c i t y  
p r o f i l e s ,  F igu re  5 shows t h e  measurement l o c a t i o n s  a long  wi th  t h e  pressure 
d i s t r i b u t i o n .  The combinat ion of con t inuous ly  changing p r e s s u r e  and moderate 
s u r f a c e  c u r v a t u r e  (0.002 < I 6/RcI < 0.02) s i g n a l s  a compl ica ted  non-equi l ibr ium 
f l o w  f i e l d .  A t  t h e  l e a d i n g  edge ,  f o r  example, t h e  l a r g e  i n c i d e n c e  a n g l e  ( 5  
d e g r e e s )  r e s u l t s  i n  a s t r o n g  a c c e l e r a t i o n  which promises  a r e g i o n  of l amina r  
flow. I n  t h e  r e g i o n  from 8% chord t o  62% chord ,  t h e  f low is s u b j e c t e d  t o  a 
m i l d l y  adve r se  g r a d i e n t  s o  t h a t  the o n s e t  of t r a n s i t i o n  might be expec ted  i n  
t h i s  r eg ion .  The subsequent  f a v o r a b l e  g r a d i e n t ,  however, makes t h e  e v e n t u a l  
comple te  t r a n s i t i o n  t o  t u r b u l e n c e  problemat ic .  

The measured p r e s s u r e  s u r f a c e  boundary layers are shown i n  F igure  6." The 
b lade- to-b lade  p r e s s u r e  g r a d i e n t  a f f e c t s  t h e  i n v i s c i d  r eg ion  o€ each p r o f i l e .  
Th i s  p r e s s u r e  g r a d i e n t  v a r i e s  from a s t r o n g ,  non- l inea r  g r a d i e n t  near  t h e  
l e a d i n g  edge ,  where t h e  s t r e a m l i n e s  have a l a r g e  c u r v a t u r e ,  t o  a nominal ly  
z e r o  g r a d i e n t  n e a r  t h e  t r a i l i n g  edge. As p r e v i o u s l y  no ted ,  eech p r o f i l e  w a s  
measured s i x  times and t h e  symbols i n  F igu re  5 r e p r e s e n t  v e l o c i t y  d a t a  
averaged  ove r  t h e  s i x  tests. The e r r o r  bands g i v e  95% conf idence  levels  as 
de termined  by t h e  S t u d e n t ' s  t test. These e r r o r  bands a r e  q u i t e  small., 
p a r t i c u l a r l y  i n  t h e  i n v i s c i d  reg ions .  The excep t ion  appea r s  a t  2.7% chord 
where t h e  boundary l a y e r  i s  so  small t h a t  t h e  LDV could only  nominal ly  
p e n e t r a t e  t h e  l a y e r ,  and co r re spond ing ly ,  t h e  r e s o l u t i o n  i s  poor. 

The boundary l a y e r s  were ana lyzed  u s i n g  methods d e s c r i b e d  by Z ie rke  and 
Deutsch [1985]. The i n f l u e n c e  of the  normal p r e s s u r e  g r a d i e n t  was f i r s t  
removed. The r e c o n s t r u c t e d  boundary l a y e r  d a t a  were then  compared wi th  a 
Falkner-Skan v e l o c i t y  p r o f i l e  ( s e e  Fa lkne r  and Skan [19311) a t  t h e  l o c a l  
streamwise p r e s s u r e  g r a d i e n t .  For  t h e  v e l o c i t y  p r o f i l e s  measured n e a r  t h e  
t r a i l i n g  edge ,  an a t t e m p t  t o  f i t  the r e s u l t s  t o  t h e  wall-wake equa t ion  of 
Coles  [1956] was a l s o  made. F i n a l l y ,  i n t e g r a l  pa rame te r s  were ob ta ined  from 
b o t h  a smoothed c u b i c  s p l i n e  f i t  of t h e  d a t a  and from the  Falkner-Skan 
s o l u t i o n s .  The v e l o c i t y  p r o f i l e s  a r e  r e p l o t t e d  non-dimensional ly  i n  F igure  7. 
I n  s p i t e  of t h e  i n f l u e n c e  of bo th  c u r v a t u r e  and changing pressure g r a d i e n t  on 
t h e  f low f i e l d ,  t h e  Falkner-Skan approximation a p p e a r s  t o  r easonab ly  r e p r e s e n t  
t h e  mean v e l o c i t y  p r o f i l e s  th rough about  57.2% chord.  A t  68.0% chord and 
beyond, t h e r e  i s  an i n c r e a s e d  t h i c k e n i n g  of t h e  measured p r o f i l e s  re la t ive  t o  
the Falkner-Skan c o r r e l a t i o n  which i n d i c a t e s  t r a n s i t i o n a l  boundary layers. 

Empi r i ca l  r e l a t i o n s h i p s  have been developed f o r  t h e  p r e d i c t i o n  of t h e  
beg inn ing  and end of t r a n s i t i o n ;  these r e l a t i o n s h i p s  i n c l u d e  t h e  e f f e c t s  of 
f r e e s t r e a m  t u r b u l e n c e  and s t reamwise p r e s s u r e  g r a d i e n t .  Using t h e  
r e l a t i o n s h i p s  of Abu-Ghannam and Shaw [1980], f o r  example, w e  p r e d i c t e d  t h e  
o n s e t  of t r a n s i t i o n  f o r  t h e  p re s su re  s u r f a c e  d a t a  us ing  t h e  measured 
p r e s s u r e  d i s t r i b u t i o n  and a f r e e s t r e a m  t u r b u l e n c e  i n t e n s i t y  (in t h e  b l ade  
pack)  of 1.5%. This  t u rbu lence  I n t e n s i t y  va lue  was determined from hot-wire  
measurements a t  t h e  edge of t h e  boundary l a y e r ,  c l o s e  t o  t h e  b l ade  l e a d i n g  
edge. Onset of t r a n s i t i o n  w a s  p r e d i c t e d  t o  be a t  a momentum t h i c k n e s s  

*Tabulated d a t a  w i l l  be s u p p l i e d  upon r e q u e s t  . 
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Reynolds numbers (Ree) of 342, and comparison w i t h  t h e  Keg fotlTld from t h e  
p r o f i l e s  p u t  t h i s  onse t  a t  47.8% chord. By o n s e t  h e r e ,  we  m r n n  t h e  First 
l o c a t i o n  a t  which t h e  in t e rml  t t e n c y ,  as measured wi th  a fl.iish-mounted f i l m  
p robe  f o r  example,  would be g r e a t e r  than  zero.  Because oE t h e  s t r o n g  
f a v o r a b l e  g r a d i e n t  nea r  t h e  t r a i l i n g  edge ,  t h e  scheme a l s o  p r e d i c t e d  t h a t  a 
f u l l y - t u r b u l e n t  boundary l a y e r  would n o t  deve lop  on t h e  p r e s s u r e  surface.  
There do no t  seem t o  be any e m p i r i c a l  p r e d i c t i o n  schemes which inclr ide t h e  
e f f e c t  of s u r f a c e  cu rva tu re .  While convex c u r v a t u r e  a p p a r e n t l y  has  no e f f e c t  
on t r a n s i t i o n ,  the concave c u r v a t u r e  of t h e  p r e s s u r e  s u r f a c e  can promote t h e  
g e n e r a t i o n  of GGrtler v o r t i c e s  ( s e e  Gb'rtler [1940] ) ,  which can cause  
t r a n s i t i o n  t o  occur  e a r l i e r .  0 

Subl imat ion  f low v i s u a l i z a t i o n  s t u d i e s  he lped  de termine  t h e  t r a n s i t i o n  
p o i n t  on the p r e s s u r e  s u r f a c e .  The average  of f i v e  f low v i s u a l i z a t i o n  tests 
p laced  t h e  t r a n s i t i o n  p o i n t  a t  64.2% f 3.9X chord wi th  95X conFidence. F igu re  
8 shows a p l o t  of mean ve loc- i ty ,  normal tzed  by the  edge v e l o c i t y ,  f o r  a f i x e d  
d i s t a n c e  (y = 0.508 mm) above t h e  p l a t e  and a va ry ing  chord l o c a t i o n .  A t  t h i s  
d i s t a n c e  above the s u r f  a c e ,  t h e  measurement volume is  abovc the  boundary l a y e r  
f o r  t h e  f i r s t  two chord l o c a t i o n s .  The d e c r e a s e  i n  mean v e l o c i t y  wi th  chord 
l o c a t i o n  over  t h e  f i r s t  h a l f  of t h e  b l ade  r e f l e c t s  t h e  Rrowth o f  t h e  boundary 
l a y e r  r e l a t i v e  t o  t h e  f i x e d  d i s t a n c e .  The r a p i d  rtse i n  mean v e l o c i t y  n e a r  
60% chord i n d i c a t e s  t he  onse t  of t r a n s i t i o n  ( s e e  f o r  example,  Klebanoff ,  
T ids t rom,  and Sargent  [1962]) .  Agreement with t h e  f low v i s r i a l i z a t l o n  s t u d i e s  
appea r s  t o  be q u i t e  good. However, t h e  s imple  e m p i r i c a l l y  based  c a l c r i l a t i o n s  
of Abu-Ghannam and Shaw [1980] p i ck  t o o  small a chord v a l u e  f o r  t h e  onse t  o f  
t r a n s i t i o n .  The f a c t  t h a t  t h e  mean v e l o c t t y  does not reach a c o n s t a n t  ( o r  
d e c r e a s i n g )  v a l u e  w i t h  i n c r e a s i n g  chord l o c a t i o n  t n d i c a t e s  t h a t  t h e  t r a n s i t i o n  
p r o c e s s  i s  no t  complete. 

I n t e g r a l  parameters  can a l s o  c h a r a c t e r i z e  t r a n s i t i o n a l .  boundary l a y e r s .  
P l o t s  of d i sp lacement  t h i c k n e s s  (S*), f i r s t  shape  f a c t o r  (H12), and Re0 are 
shown i n  F igu re  9. Also  shown are v a l u e s  f o r  t h e  s k i n  f r i c t i o p  c o e f f i c i e n t  
(Cf) .  Most of the i n t e g r a l  parameters  shown i n  Fjgrire 9 w e r e  ob ta ined  from 
t h e  smoothed cub ic  s p l i n e  approximation.  Because of t he  l a c k  OF nea r  w a l l  
measurements f o r  some of t h e  ex t remely  t h i n  l a y e r s ,  we f e l t  t h a t  t h e  v a l u e s  of 
momentum th i ckness  ob ta ined  from the  s p l i n e  f i t  were not  acriir ,r t t . ,  so t h a t  
some v a l u e s  of H i 2  and R e g  ( a s  shown i n  Figure  9 )  were c a l c r i l a t e d  From t h e  
a p p r o p r i a t e  Falkner-Skan appoximations.  
f l ow encoun te r s  t h e  f a v o r a b l e  p r e s s u r e  g r a d i e n t  nea r  t h e  t ra i  l € n g  edge. H12 
shows laminar - l ike  v a l u e s  u n t i l  j u s t  b e f o r e  t h e  68.OX chord l o c a t i o n ,  a t  which 
p o i n t  t h e  v a l u e s  drop i n t o  t h e  t u r b u l e n t  regime. The v a l u e s  o €  Cf are 
de termined  from the Falkner-Skan approximat ions .  A t  t h e  lcatl trig edge ,  the 
s k i n  f r i c t i o n  goes t o  i n f i n i t y .  In  t h e  t r a n s i t i o n  regime,  t h e  Cf v a l u e s ,  
a l though  known t o  i n c r e a s e ,  cannot  be  e a s i l y  e s t i m a t e d .  To i n d i c a t e  how l a r g e  
Cf might  become near  t h e  t r a i l i n g  edge ,  a va lue  based on t h e  L,ridwetg-TilLman 
e m p i r i c a l  expres s ion  ( s e e  Ludweig and Ti l lman [1949]) i s  g iven  f o r  t h e  97.9% 
chord l o c a t i o n .  Use of t h e  Ludweig-Tillman e x p r e s s i o n  h e r e  is  not  s t r i c t l y  
v a l i d ,  as t h e  boundary l aye r  p r o f i l e  is probably  not  f u l l y  t u r b u l e n t  a t  97.9% 
chord.  

Note t h e  l a r g e  d e c r e a s e  i n  6* as t he  

An attempt was made t o  f i t  t h e  boundary layer p r o f i l e  a t  97.9% chord t o  
t h e  wall-wake equa t ion ,  b u t  no l o g a r i t h m i c  r eg ion  w a s  ob ta ined .  P u r t e l l ,  
Klehanoff ,  and Buckley [1981] concluded t h a t  the l o g a r i t h m i c  r eg ion  seems t o  
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,e an  i n h e r e n t  c h a r a c t e r i s t i c  of t h e  t u r b u l e n t  boundary layer. That Cs, f o r  
fu l ly-developed  t u r b u l e n t  boundary l a y e r s ,  they found t h e  e x t e n t  of  t h e  
l o g a r i t h m i c  r e g i o n  t o  be roughly a c o n s t a n t  f r a c t i o n  of  t h e  boundary l a y e r  
t h i c k n e s s  as R e g  w a s  decreased .  M u r l i s ,  T s a i ,  and Bradshaw [1982] found 
s t r o n g  ev idence  f o r  t h e  v a l i d i t y  of t h e  l o g a r i t h m i c  law of t h e  wall ,  a t  z e r o  
p r e s s u r e  g r a d i e n t ,  f o r  R e g  v a l u e s  as  low a s  700, whi le  Smi ts ,  Matheson, and 
J o u b e r t  [ 19831 found a l o g a r i t h m i c  r e g i o n ,  f o r  f a v o r a b l e  p r e s s u r e  g r a d i e n t s ,  
a t  R e o  as low as 261. S ince  no l o g r i t h m i c  r e g i o n  was found f o r  t h e  boundary 
l a y e r  a t  97.9% chord,  i t  m u s t  be  concluded t h a t  e l t h e r  t h e  boundary l a y e r  w a s  
n o t  f u l l y  t u r b u l e n t  a t  a R e g  of 388, o r  ( l e s s  l i k e l y )  t h a t  t h e  l o g a r i t h m i c  
r e g i o n  w a s  so  small t h a t  i t  could not be d e t e c t e d .  

Turbulence i n t e n s i t y  data f o r  t h e  p r e s s u r e  s u r f a c e  boundary l a y e r  are 
shown i n  F igure  10. A s  t h e  Falkner-Skan approximation h a s  been shown t o  be 
r e a s o n a b l e  f o r  t h e  p r o f i l e s  t o  57.2% chord ,  t h e  l a r g e  t u r b u l e n c e  i n t e n s € t € e s  
n e a r  t h e  w a l l  are d i s t u r b i n g .  A t y p i c a l  p r o f i l e  of t h e  skewness v e r s u s  y/6*, 
which i s  shown f o r  t h e  5.9% chord l o c a t i o n  i n  F igure  1 1 ,  adds c o n s i d e r a b l y  t o  
t h e  problem i n  t h a t  t h i s  p r o f i l e  might reasonably  resemble t h e  shape of a 
skewness p r o f i l e  one might expec t  t o  f i n d  From measurements o f  a t u r b u l e n t  
boundary l a y e r .  

This  problem w a s  examined i n  some d e t a i l .  Using b o t h  c a l € b r a t e d  hot-wire 
probes  i n  t h e  boundary l a y e r  and u n c a l i b r a t e d  h o t  f i l m s  f lush-mounted  on t h e  
s u r f a c e ,  we determined t h a t  t h e  p r o f i l e s  n e a r  t h e  l e a d i n g  edge were indeed 
laminar .  T y p i c a l l y ,  a t  t h e  edge of t h e s e  l e a d i n g  edge boundary l a y e r s ,  t h e  
i n t e n s i t y  was found t o  be near 1.5%. The d i f f e r e n c e  between t h i s  v a l u e  and 
t h e  0.18% found i n  t h e  approach flow is  probably  due t o  t h e  i n t e r a c t i o n  of t h e  
f l o w  w i t h  t h e  b l a d e  pack. Having shown t h e  boundary l a y e r s  t o  be l a m i n a r ,  we 
n e x t  s u s p e c t e d  t h a t  t h e  i n t e n s i t y  measurements might be contamfnated by 
mean-veloci ty-gradient  broadening.  This  problem has been c o n s i d e r e d  
p r e v i o u s l y  by Edwards, Angus, French, and Dunning [1971] ,  G o l d s t e i n  and Adrian 
[1971] ,  and Kried [1974]. For s i m p l i c i t y  i n  t h e  c u r r e n t  s t u d y ,  t h e  laser  
i n t e n s i t y  was taken  t o  be c o n s t a n t  f o r  t h e  e n t i r e  measurement volume. I n  t h e  
p r e s e n t  case t h e n ,  e r r o r  estimates could be e a s i l y  made by assuming t h e  
Falkner-Skan approximate p r o f i l e s  o r  by u s i n g  t h e  smoothed c u b i c  s p l i n e  f i t .  
S i m i l i a r  r e s u l t s  are o b t a i n e d  f o r  e i t h e r  estimate. I n  F igure  12a, an e s t i m a t e  
of t h e  t u r b u l e n c e  i n t e n s i t y  caused by mean-veloci ty-gradient  broadening is 
shown against p e r c e n t  chord f o r  a measurement volume roughly a s  l a r g e  as t h e  
volume e s t i m a t e d  i n  S e c t i o n  I V .  As i t  seemed p l a u s i b l e  t h a t  t h e  a c t u a l  
measurement volume might be larger than  t h e  volume e s t i m a t e d  t h e o r e t i c a l l y ,  w e  
r e p e a t e d  t h e  c a l c u l a t i o n s  f o r  a measurement volume roughly twice t h a t  of t h e  
e s t i m a t e d  volume. These r e s u l t s  are shown i n  F igure  12b. F i g u r e s  12a and 12b 
show estimates f o r  a c o n s t a n t  y/6* of roughly 1.70; t h e  measurement p o l n t s  are 
a l s o  given.  It is clear from a comparison of t h e  t u r b u l e n c e  i n t e n s i t y  
c a l c u l a t e d  from t h e  v e l o c i t y - g r a d i e n t  broadening a g a i n s t  t h e  measured d a t a ,  
t h a t  g r a d i e n t  broadening a l o n e  cannot account  €o r  t h e  e n t i r e  i n t e n s i t y .  Tn 
a d d i r i o n ,  t h e  skewness when calc1rlatc.d from an assumption of veloci ty-grad!ent  
broadening  is  much smaller than t h a t  observed e x p e r i m e n t a l l y ,  

As a second approach t o  t h e  problem, we assumed t h a t  I n  ad t l i t€on  t o  t h e  
g r a d i e n t  broadening problem, a small  v i b r a t i o n  may have contaminated the 
v e l o c i t y  s i g n a l .  C a l c u l a t i o n s  are a g a i n  RtraiRhtfoward u s i n g  e i t h e r  t h e  
s p l i n e  f i t  or t h e  Falkner-Skan approximattons.  R e s u l t s  f o r  v i b r a t l o n  
a m p l i t u d e s  of 25.4 pm and 50.8 prn a r e  aga in  g i v e n  Ln Figure 12. With t h e  



-16- 

excep t ion  of t h e  p o i n t s  a t  5.9% chord ,  which appea r  t o  have been b i a s e d  by an  
i n a c c u r a t e  c a l c u l a t i o n  of 6* ( s e e  F igu re  9) ,  t h e  c a l c u l a t i o n s  agree reasonab ly  
w e l l  wi th  t h e  measurements f o r  a measurement volume of 66 pm and a v i b r a t i o n  
ampl i tude  of 50.8 pm. Comparison between t h e  measured and c a l c u l a t e d  
skewnesses are a l s o  much c l o s e r .  Some s i m p l e  measurements w i t h  an 
acce le romete r  i n d i c a t e d  t h a t  v i b r a t i o n  ampll t i ides  of t h i s  rnagnitiide were r iot  
unreasonable  t o  expec t ,  s o  t h a t  il combinat ion of v e l  oci  t y -g rad ien t  hroadoni ng 
wi th  a v i b r a t i o n  of t h e  measurement volume seems a l t k o l y  csii iuP f o r  thcb 
e l e v a t e d  tu rbu lence  l e v e l s .  As shown i n  Figtires 12a and 12h (and as can he 
shown f o r  t h e  s u c t t o n  surface t u r h u l e n t  p r o f i l e s ) ,  the> efft 'ct  becomes qut r e  
small  as t h e  boundary l a y e r  grows. I n  the p r e s e n t  s l t i i a t i o n ,  the  b i a s  can 
probably  be cons idered  n e g l i g i b l y  small f o r  chord  p o s i t  t o n s  l a r g e r  than about  
25%. 

Turbulence i n t e n s i t y  p r o f i l e s  a r e  shown f o r  t h e  t r a n s i t i o n i n g  hoiindary 
l a y e r s  on t h e  p r e s s u r e  s u r f a c e  i n  F igu re  10. The d a t a  show classical shape 
( s e e  Klebanof ,  Tidstrom, and Sargent  [19621) and a g r e e  r easonah ly  w e l l  wi th  
t h e  measurements of Wang, Simon, and Ruddhavarapu [1985] .  

V I .  SUCTION SURFACE BOUNDARY LAYERS 

t 

Suc t ion  s u r f a c e  boundary l a y e r s  were taken  a t  11 chordwise l o c a t i o n s  on 
t h e  c e n t e r  b lade .  F igu re  5 shows t h e s e  chordwise l o c a t i o n s  a s  w e l l  as the  
s t a t i c - p r e s s u r e  d i s t r i b u t i o n .  A very  l a r g e  a d v e r s e  p r e s s u r e  g r a d i e n t  ex i s t s  
n e a r  t h e  l e a d i n g  edge. This g r a d i e n t  g r a d u a l l y  becomes less s e v e r e  wi th  
downstream d i s t a n c e  and v a n i s h e s  e n t i r e l y  nea r  80% chord.  No p r e s s u r e  
g r a d i e n t  is ev iden t  t h e  l a s t  20% of t h e  chord which i n d i c a t e s  a p o s s i b l e  
s e p a r a t i o n  region-- that  i s ,  a r eg ion  which cannot  s u s t a i n  a streamwise 
p r e s s u r e  g r a d i e n t .  

The measured s u c t i o n  s u r f a c e  boundary layers  are p resen ted  i n  F igure  13. 
A s  w a s  t h e  case f o r  t h e  press t i re  s u r f a c e  boundary l a y e r s ,  t h e  i n v i s c i d  r e g i o n s  
show t h e  e f f e c t s  of t h e  normal p r e s s u r e  g r a d i e n t .  For t h e  uriction s u r f a c e ,  
however, ap/ay > 0 as opposed t o  the  pressure s u r f a c e  where ap/ay < 0. Once 
a g a i n ,  t h e  l a r g e  c u r v a t u r e  i n  t h e  s t r e a m l i n e s  n e a r  t he  l e a d i n g  edge r e s u l t s  i n  
a h i g h l y  curved i n v i s c i d  r eg ion .  The 95% conf idence  bands a r c  q u i t e  small f o r  
a l l  t h e  boundary l a y e r s  excep t  i n  two r eg ions .  F i r s t ,  t h e  t h i n  boundary l a y e r  
a t  2.6% chord has  a l a r g e  v e l o c i t y  g r a d i e n t  n e a r  t h e  s u r f a c e ;  because  of t h i s  
large g r a d i e n t ,  the  s e n s i t i v i t y  t o  probe placement i s  heiEhtened ,  and the  
measurements are less r e p e a t a b l e .  Second, as s u s p e c t e d ,  t h e  boundary layer  a t  
94.9% chord w a s  s e p a r a t e d ,  and t h e  u n s t e a d i n e s s  i n  t h e  s e p a r a t i o n  p rocess  
r e s u l t e d  i n  l a r g e r  e r r o r  bands. 

All of t h e  measured s u c t i o n  s u r f a c e  boundary l a y e r s  are t u r b u l e n t .  T h i s  
i m p l i e s  t h a t  t r a n s i t i o n  took p l a c e  b e f o r e  t h e  measurement s t a t i o n  a t  2.6% 
chord ,  which i s  not s u r p r i s i n g  c o n s i d e r i n g  t h e  ve ry  l a r g e  a d v e r s e  p r e s s u r e  
g r a d i e n t  near  t h e  l e a d i n g  edge. The s e p a r a t i o n  of a l amina r  boundary l a y e r  
under  a n  adve r se  p r e s s u r e  g r a d i e n t  r e s u l t s  i n  a f r e e  s h e a r  l a y e r ,  which i s  
u n s t a b l e .  The t r a n s i t i o n  t o  t u r b u l e n c e  t a k e s  p l a c e  very  r a p i d l y .  Once 
t u r b u l e n t  en t ra inment  i n c r e a s e s ,  t h e  s h e a r  l aye r  i s  e n l a r g e d  which r e s u l t s  i n  
a p r e s s u r e  recovery and a r a p i d  rea t tachment .  T h u s ,  t h e  separatt iori  "htihhle" 
can  be q u i t e  s h o r t  a n d  c l o s e  t o  t h e  l e a d i n g  edge. 



-17- 

Although t h e  t r a n s i t i o n  t a k e s  place very  c l o s e  t o  t h e  l e a d i n g  edge ,  t h e  
r ecove ry  p rocess  ex tends  some d i s t a n c e  downstream. This process  can he  s een  
from t h e  mean-veloci ty  p r o f i l e s  p l o t t e d  i n  d imens ion le s s  o u t e r  v a r i a b l e s .  
These p l o t s  are shown i n  F igu re  14 where t h e  normal p r e s s u r e  g r a d i e n t s  have 
been t aken  i n t o  account  a s  desc r ibed  p r e v i o u s l y  ( s e e  Z ie rke  and Deutsch 
[1985]).  The r ecove ry  p rocess  can be seen  t o  ex tend  through the  2.6% and 7.6% 
chord  l o c a t i o n s  by obse rv ing  t h e  shape of t h e  p r o f i l e s .  A s  w e  w i l l  show 
l a t e r ,  t h e  shape of t h e  v e l o c i t y  p r o f i l e s  r e s u l t s  i n  h i g h e r  v a l u e s  of H12 
d u r i n g  t h e  r ecove ry  p rocess .  The l o c a l  t u r b u l e n c e  i n t e n s i t y  p r o f i l e  a t  2.6% 
chord a l s o  i n d i c a t e s  recovery.  This t u r b u l e n t  boundary l a y e r  w a s  t h e  only  one 
measured i n  which t h e r e  w a s  a maximum v a l u e  of l o c a l  t u r b u l e n c e  i n t e n s i t y  away 
from t h e  s u r f a c e .  

The mean v e l o c i t y  d a t a  were f i t  t o  t h e  wall-wake equa t ion  of Coles 
[ 19561 , 

th rough a l eas t  s q u a r e s  t echn ique  desc r ibed  by Z ie rke  and Deutsch [1985]. For 
a g iven  boundary l a y e r  t h i c k n e s s ,  t h e  t echn ique  s i m u l t a n e o u s l y  c a l c u l a t e s  t h e  
v a l u e s  of u T  and II which y i e l d  t h e  b e s t  f i t  t o  t h e  d a t a .  F igu re  15 shows t h e  
v e l o c i t y  p r o f i l e s  i n  i n n e r  v a r i a b l e s .  The l o g a r i t h m i c  r e g i o n  reaches  a 
maximum and t h e  wake r eg ion  r eaches  a minimum a t  12.7% chord. This  seems t o  
be  a second i n d i c a t i o n  of complete  recovery  from t h e  l e a d i n g  edge s e p a r a t i o n  
"bubble." Moving f u r t h e r  downstream, Co les '  wake pa rame te r ,  II, (which 
c o n t r o l s  t h e  s i z e  of t h e  wake r eg ion )  and Re0 i n c r e a s e  r e s u l t i n g  i n  a 
r e d u c t i o n  i n  t h e  e x t e n t  of t h e  l o g a r i t h m i c  reg ion .  A s  s e p a r a t i o n  i s  reached ,  
t h e  l o g a r i t h m i c  r e g i o n  d i s a p p e a r s  and t h e  wall-wake e q u a t i o n  cannot  be f i t  t o  
t h e  d a t a .  This conc lus ion  was reached e a r l i e r  by Simpson, S t r i c k l a n d ,  and 
Barr [1977],  who found t h e  l a w  of t h e  w a l l  v a l i d  u n t i l  i n t e r m i t t e n t  s e p a r a t i o n  
( f lows  c o n t a i n i n g  i n s t a n t a n e o u s  flow r e v e r s a l s )  was reached.  

Although t h e  i n f l u e n c e  of s u r f a c e  c u r v a t u r e  cannot  be e x t r a c t e d  from t h e  
d a t a ,  one must s u s p e c t  t h a t  t h i s  i n f l u e n c e  i s  indeed p r e s e n t .  The convex 
c u r v a t u r e  on t h e  s u c t i o n  s u r f a c e  (0.01 < )6/RcI < 0.2) and t h e  concave 
c u r v a t u r e  on t h e  p r e s s u r e  s u r f a c e  (0.002 < 16RcI < 0.02) have o p p o s i t e  e f fec ts  
on t u r b u l e n t  boundary l a y e r s .  Ramapr€an and Shivaprasad  119771 show t h a r  
convex c u r v a t u r e  r educes  t h e  l o g a r i t h m i c  r e g i o n  and I n c r e a s e s  t h e  r e l a t i v e  
s t r e n g t h  of t h e  wake component. Except f o r  t h e  i n t t i a l  r e g i o n  of c u r v a t u r e ,  
convex c u r v a t u r e  i n c r e a s e s  t h e  r a t e  of growth of Reg and dec renses  Cf .  
Shivaprasad  and Ramaprian [1978] claim t h a t  t h e  e f f e c t s  of convex crirvati ire on 
t h e  behav io r  of t h e  t u r b u l e n t  boundary l a y e r  are even s t r o n g e r  than  t h e  
e f f e c t s  of concave c u r v a t u r e  a t  t h e  same v a l u e  of I 6 / R c I  . 
showed t h a t  convex c u r v a t u r e  reduces t u r b u l e n c e  i n t e n s i t y  and Reynolds s h e a r  
stress. Measurements by So and Mellor [1973],  G i l 1 i . s  and Johns ton  [1983) ,  and 
Gibsm, ~ e r r i o p o u l o s ,  and ~ l a e h o s  119841 agreed. Tf;ese r e s u l t s  f n d i c a t e  t h a t  
f o r  very  s t r o n g  cmvex c u r v a t u r e  e f f e c t s ,  r e g i o n s  can be f w n d  vhere 
t u r b u l e n c e  cannot  exist .  Bradshaw [1969] showed t h a t  t h e  behav io r  of t h e  
t u r b u l e n t  boundary l a y e r  is  very  s e n s i t i v e  t o  s t r e a m l i n e  c u r v a t u r e  as m i l d  as 
16/RcI = 0.003. 
c u r v a t u r e  and buoyancy tr\ estimate q u a n t i t a t l v e l y  the e f f e c t  o f  c c r v e t u r e  or! 
mixing l e n g t h  d i s t r i b u t i o n  i n  t h e  boundary l a y e r .  So [1975] v e r i f i e d  t h l s  
buoyancy ana logy  mathemat ica l ly .  Shivaprasad and Ramaprian [I9781 made 

T h e i r  measurements 

He used an  analogy between t h e  e f € e c t s  of s t r e a m l i n e  
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measurements which suppor t  t h e  buoyancy analogy of Bradshaw [I9691 f o r  m i l d  
convex c u r v a t u r e .  For concave c u r v a t u r e ,  they found t h e  bouynncy ana logy  
u s e f u l  on ly  f o r  va lues  of I ~ / R , I  n e a r  0.01. 

F i g u r e  16 i n c l u d e s  p l o t s  of 6*, H 1 2 ,  R e g ,  and Cf .  These parameters  were 
c a l c u l a t e d  from a smoothed c u b i c  s p l i n e  f i t  of t h e  d a t a ,  e x c e p t  f o r  C f ,  which 
was c a l c u l a t e d  from t h e  l eas t  s q u a r e s  f i t  of t h e  d a t a  t o  t h e  wall-wake 
equa t ion .  
e m p i r i c a l  equa t ion  of Ludweig and Ti l lman [1949]. The d isp lacement  t h i c k n e s s  
i n c r e a s e s  g r a d u a l l y  a t  f i r s t  and then  i n c r e a s e s  r a p i d l y  through s e p a r a t i o n .  
The p l o t  of Hi2 i n d i c a t e s  a t u r b u l e n t  boundary l a y e r  beg inn ing  n e a r  t h e  
l e a d i n g  edge. Recovery from t h e  l e a d i n g  edge s e p a r a t i o n  "bubble"  r e s u l t s  i n  
an  i n i t i a l  dec rease  of H12. S e p a r a t i o n  of t u r b u l e n t  boundary l a y e r s  i s  
u s u a l l y  approximated us ing  v a l u e s  of H i 2  n e a r  2.2 which cor responds  h e r e  t o  a 
s u c t i o n  s u r f a c e  l o c a t i o n  n e a r  60% chord. Sandborn and Kl ine  119611 proposed a 
r e l a t i o n  f o r  i n t e r m i t t e n t  s e p a r a t i o n ,  

Values of H i 2  and R e g  were a l s o  used t o  c a l c u l a t e  Cf from t h e  

which y i e l d s  66.9% chord ( co r re spond ing  t o  Hi2 = 2.70) as t h e  l o c a t i o n  of 
i n t e r m i t t e n t  s e p a r a t i o n  f o r  t h e  d a t a  p re sen ted  he re .  Values  of Cf appear  t o  
be  n e a r  ze ro  a t  t h e  l e a d i n g  edge which cor responds  t o  t h e  v a n i s h i n g  s k i n  
f r i c t i o n  a t  t h e  beginning  of t h e  l e a d i n g  edge s e p a r a t i o n  "bubble." Cf r e a c h e s  
a maximum a f t e r  t h e  boundary l a y e r  has  t o t a l l y  recovered  from t h e  l e a d i n g  edge 
s e p a r a t i o n  and then d e c r e a s e s  as t h e  t r a i l i n g  edge s e p a r a t i o n  of t h e  t u r b u l e n t  
boundary l a y e r  i s  reached.  Cf v a n i s h e s  n e a r  80% chord. 

Def in ing  s e p a r a t i o n  a s  t h e  e n t i r e  p rocess  of t h e  breakdown of boundary 
l a y e r  f low,  Simpson, Chew, and Shivaprasad  [1981] q u a n t i f i e d  t h e  v a r i o u s  
s t a g e s  of s e p a r a t i o n  w i t h  t h e  i n s t a n t a n e o u s  backflow n e a r  t h e  wall. I n c i p i e n t  
detachment (ID) occurs wi th  1% i n s t a n t a n e o u s  backflow; i n t e r m i t t e n t  t r a n s i t o r y  
detachment (ITD) occur s  w i t h  20% i n s t a n t a n e o u s  backflow; t r a n s i t o r y  detachment 
(TD) occur s  w i t h  50% i n s t a n t a n e o u s  backflow; and detachment  occur s  when t h e  
w a l l  s h e a r  stress becomes zero .  The percen t  backflow i s  e a s i l y  c a l c u l a t e d  as 
t h e  p o r t i o n  of the measured v e l o c i t y  d i s t r i b u t i o n  t h a t  i n c l u d e s  n e g a t i v e  
v e l o c i t i e s .  F igure  17 shows t h e  i n s t a n t a n e o u s  backflow measurements a t  t h e  
63.2%, 74.O%, 84.2%, and 94.9% chord l o c a t i o n s .  F igu re  18 shows t h e  maximum 
p e r c e n t  backflow as a f u n c t i o n  of p e r c e n t  chord. The s u b l i m a t i o n  f low 
v i s u a l i z a t i o n  tests showed s e p a r a t i o n  t o  occur  a t  65.6% i: 3.5% chord ,  and a 
comparison w i t h  the maximum i n s t a n t a n e o u s  backflow d a t a  of F igu re  18 shows 
t h a t  f low v i s u a l i z a t i o n  y i e l d s  a v a l u e  f o r  s e p a r a t i o n  which i s  only  s l i g h t l y  
downstream of i n c i p i e n t  detachment. Loca t ing  t u r b u l e n t  s e p a r a t i o n  by 
obse rv ing  when Hi2 n e a r s  2.2 a l s o  seems t o  i n d i c a t e  i n c i p i e n t  detachment. We 
might  n o t e  t h a t  a l though Simpson, Chew, and Shivprasad  [1981] s t a t e  t h a t  
detachment and t r a n s i t o r y  detachment need no t  be a t  t h e  same l o c a t t o n ,  our 
s k i n  f r i c t i o n  c a l c u l a t i o n s  show t h a t  t h e  chordwise l o c a t i o n s  of detachment and 
t r a n s i t o r y  detachment are q u i t e  c l o s e  t o  one ano the r .  

R e s t r i c t i o n s  i n  app ly ing  t h e  wall-wake e q u a t i o n  i n  t h e  v i c i n i t y  of 
s e p a r a t i o n  r e s u l t  from t h e  v e l o c i t y  s c a l e ,  u T ,  approaching  zero. A van i sh ing  
u T  l e a d s  t o  a vanish ing  l o g a r i t h m i c  r eg ion ,  which wou3.d n o t  cauae concern i f  
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t h e  s e p a r a t e d  f low p r o f i l e s  would fol low t h e  l a w  of t h e  wake. I Jnfor tuna tc ly ,  
e x p e r i m e n t a l  d a t a  prove o t h e r w i s e  (see Simpson, Chew, and Shivaprasad [I9811 
f o r  example).  P e r r y  and S c h o f i e l d  [1973] developed a s i m l l n t l t y  d e f e c t  law 
based on t h e  maximum s h e a r  stress r a t h e r  than  t h e  wal l  shear  s L r e s s .  The 
d e f e c t  l a w  w a s  o r i g i n a l l y  developed f o r  a t t a c h e d  boundary l a y e r s  under 
moderate  t o  s t r o n g  a d v e r s e  p r e s s u r e  g r a d i e n t s  where T ~ ~ ~ ~ / T ~  > 1.5. T h e  d e f e c t  
l a w  i s  

ue - u 1/ 2 
= 1.0 - 0.4 6) - 0.6 s i n  (z) 

US 

where 

and 

B = 2.86 6* (2) . 
Urn i s  a v e l o c i t y  scale based on t h e  maximum s h e a r  stress (IJm = j z )  and L 
i s  t h e  d i s t a n c e  from t h e  w a l l  t o  TmaX. The v e l o c i t y  s c a l e  Us I s  found using 
t h e  methodology t h a t  C l a u s e r  [ 1 9 5 4 ]  used t o  de te rmine  uT.  
e q u a t i o n  is  used n e a r  t h e  w a l l ,  

A ha]€-power 

- U = 0.47 (g2 ($y + 1.0 - - US 

U e  U e  
. 

P e r r y  and S c h o f i e l d  [I9731 suggested u s i n g  t h e  d e f e c t  law f o r  t h e  outer 90% of 
t h e  boundary l a y e r  w i t h  t h e  half-power e q u a t i o n  formj ng t h e  innermost  p o r t  ion 
of t h a t  d e f e c t  l a w .  They recommended t h e  l a w  of t h e  w a l l  as an i n n e r  w a l l  
matching c o n d i t l o n .  S c h o f i e l d  [1983] extended t h e  model t o  de tached  f lows by 
s u g g e s t i n g  t h a t  t h e  s i m i l a r i t y  would hold provided t h a t  t h e  o r i g i n  OF t h e  
normal c o o r d i n a t e  h a s  been moved f r o m  t h e  wal l  t o  t h e  l o c a t i o n  a t  which 
u = 0. 

The s u c t i o n  s u r f a c e  boundary l a y e r s  are p l o t t e d  rising t h e  similar1 t y  
r e l a t i o n  of P e r r y  and S c h o f i e l d  [1973] i n  F igure  19. In the o u t e r  90% of t h e  
boundary l a y e r ,  t h e  s i m i l a r i t y  r e l a t i o n  c o l l a p s e s  t h e  d a t a  q u l t e  w e l l  € o r  
chord l o c a t i o n s  upstream of t h e  s e p a r a t e d  reg ion .  A s  t h e  amount of 
i n s t a n t a n e o u s  hackflnw i n c r e a s e s ,  however, t h e  d a t a  d e v i a t e s  more and more 
from t h e  s i m i l a r i t y  r e l a t i o n .  This d e v i a t i o n  i s  i n  seeming c o n t r a s t  t o  t h e  
c o n c l u s i o n s  made by S c h o f i e l d  [1983]. A c l o s e  examinat ton  of h i s  d e f e c t  
p l o t s ,  however, shows s i m i l a r  t rends  i n  h i s  ana lyzed  d a t a  and t h e  d a t a  shown 
i n  F igure  19. 
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c 

No o u t e r  region s i m i l a r i t y  seems t o  e x l s t  downstream of diAtachment. Many 
r e s e a r c h e r s  have at tempted a l a w  of t he  wake c o r r e l a t i o n  withot i t  suc'cess ( s e e  
Simpson, Chew, and Shivaprasad  [ 1 9 S l l  f o r  example).  For n tu r1)u len t  borindary 
l a y e r  s u b j e c t e d  t o  a streamwise p r e s s u r e  g r a d i e n t ,  Mel lor  a n d  (:ibson 11969) 
sug  e s t e d  r e p l a c i n g  the s h e a r  v e l o c i t y  wi th  a p r e s s u r e  v e l o c i t y ,  

( 6  / p ) (dp /dx) ,  as t h e  v e l o c i t y  scale. However, S c h o f i e l d  [ I 9 H 1 ]  has shown 
t h i s  s c a l i n g  t o  be  inadequate .  Using t h e  v e l o c i t y  sca le  cor re spond ing  t o  t h e  
maximum s h e a r  stress as sugges t ed  by S c h o F i e l d  [1983] h a s  been shown t o  R i v e  
poor  s i m i l a r i t y  in F i g u r e  19. 
assuming t h e  t h e  o u t e r  r e g i o n  v e l o c i t y  p r o f i l e s  behave l i k e  a two-dimensional 
mixing l a y e r .  Their s i m i l a r i t y  v a r i a b l e s  were no t  found t o  g i v e  o u t e r  r eg ion  
s i m i l a r i t y  wi th  the d a t a  measured he re .  

B 

Mehta and Goradia  [I9841 had some success by 

S i m i l a r i t y  i n  t h e  backflow r e g i o n  seems t o  show more promise. Simpson, 
Chew, and Shavaprasad [1981] found good backflow s i m i l a r i t y  by normal iz ing  t h e  
v e l o c i t y  by t h e  maximum backflow v e l o c i t y ,  and t h e  d i s t a n c e  from t h e  w a l l  by 
t h e  d i s t a n c e  t o  the maximum backflow v e l o c i t y .  S c h o f i e l d  [ 19831 Found that- 
t h i s  backflow s i m i l a r i t y  could  be  improved by us ing  t h c  t o t a l  backf low 
t h i c k n e s s  as t h e  l eng th  scale. F igu re  20 shows this backflow s i m f l a r i t y  f o r  
t h e  d a t a  a t  94.9% chord. Desp i t e  t h e  s ca t t e r ,  t h e  hackflow d a t a  seems r o  
c o l l a p s e  q u i t e  w e l l  w i t h  t h e  d a t a  measured by Simpson, S t r i c k l a n d ,  and Barr 
[1977] and Simpson, Chew, and Shivaprasad  119811. The o n l y  excep t ions  are t h e  
two d a t a  p o i n t s  closest t o  t h e  wall--data f o r  which t h r  95% conFidence bands 
are  larger than  the magnitude of t h e  mean v e l o c i t y .  

The tu rbu lence  i n t e n s i t y  on t h e  s u c t i o n  s u r f a c e  i s  shown f o r  a l l  e l even  
chord p o s i t i o n s  i n  F igu re  21. Recovery from t h e  l e a d i n g  edge s e p a r a t i o n  i s  
appa ren t  from the peaks i n  t u r b u l e n c e  i n t e n s i t y  t h a t  occur  away from t h e  
s u r f a c e  f o r  t h e  2.6% and 7.6% chord l o c a t i o n s .  These peaks a l s o  occur  i n  t h e  
s e p a r a t i o n  r e g i o n  from 63.2% chord through 94.9% chord. This  shape r e f l e c t s  
t h e  movement i n  the l o c a t i o n  of t h e  max€mum mean-shear ra te  outward from t h e  
near-wal l  reg ion .  

V I I .  WAKES 

Near-wake measurements were made a t  105.4% chord and 109.6% chord us ing  
t h e  LDV technique .  Five-hole  probes were used t o  measure the  f a r  wakr.  a t  
152.6% chord. Figure 22 shows t h e  d a t a  p o i n t s  and t h e i r  95Z c.onFidencca bands 
f o r  a l l  t h r e e  wake p r o f i l e s .  The two near-wake p r o f f l e s ,  which are qu i t e  
s i m i l a r ,  are v e r y  asymmetric because  of t h e  large d i f f e r e n c e  i n  t r a i l i n g  edge 
boundary l a y e r  t h i c k n e s s e s  on t h e  two s u r f a c e s  of the  b lade .  The s e p a r a t i o n  
of  t h e  s u c t i o n  s u r f a c e  boundary l a y e r  l e a d s  t o  n e g a t i v e  mean v e l o c i t i e s  a t  t h e  
c e n t e r  of the nea r  wake. Other  r e s e a r c h e r s  have a l s o  meastired n e g a t i v e  mean 
v e l o c i t i e s  i n  near  wakes. Wadcock [1980] ,  u s i n g  a f l y i n g  ho t  wire ,  measured 
n e g a t i v e  mean v e l o c i t i e s  i n  t h e  nea r  wake of an a i r f o i l .  Rracien, Whipkey, 
Jones,  and L i l l e y  [I9831 used a LDV t o  measure n e g a t i v e  mean v e l o c l t e s  i n  t h e  
near wake of an a i r f o i l  w i t h  c o n f l u e n t  boundary layers .+ 

+Confluent boundary l a y e r s  deve lop  on a n  a i r € o i l  w i th  l e a d i n g  edge s l a t s  or 
t r a i l i n g  edge f l a p s  which causes  t h e  boundary layers  From t h e  v a r i o u s  
s u r f a c e s  t o  i n t e r a c t .  
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Wakes become s i m i l a r  on ly  at d i s t a n c e s  f a r  downstream of 
Gaussian d i s t r i b u t i o n  can he used t o  c o r r e l a t e  t h e s e  far-wake 
Lakshminarayana and Davino [1979] suggested t h e  c o r r e l a t i o n  

t h e i r  source .  A 
data .  

-0.693 TI u, - u 
U e  - UCL 

= e  

where 0 i s  t h e  normalized d i s t a n c e  a c r o s s  t h e  wake. The s u c t i o n  and p r e s s u r e  
s i d e s  of t h e  wake use d i f f e r e n t  length  s c a l e s ,  L, and TAP. 
d i s t a n c e s  on t h e  s u c t i o n  and p r e s s u r e  s i d e s  of t h e  wake c e n t e r l i n e  from t h e  
p o i n t  of minimum v e l o c i t y  t o  a poin t  where t h e  v e l o c i t y  d e f e c t  i s  
(Ue - u c ~ ) / 2 .  
s i m i l a r i t y  away from t h e  wake edge f o r  both i n l e t  niidc vRne wakes and s t a t o r  
b l a d e  wakes. This  s i m i l a r i t y  was cor robora ted  by Hobbs, Wagner, Dannenhoffer,  
and Dring 119821 f o r  d i s t a n c e s  g r e a t e r  than  30% axja l  chord downstream of t h e  
t r a i l i n g  edge of t h e i r  compressor cascade b lades .  Figrire 23  shows t h a t  our  
wake d a t a  has  Gaussian s i m i l a r i t y  i n  t h e  f a r  wake. Howevcr, the two near-wake 
p r o f i l e s  e x h i b i t  no s i m i l a r i t y .  

I,, and LP are  t h e  

The far-wake d a t a  of Iwkshminarayana and Davino [19801 showed 

I n t e g r a l  parameters  can be c a l c u l a t e d  from t h e  wake vel o r i t y  p r o f i l e s .  
Using t h e  l o c a t i o n  of t h e  wake c e n t e r l i n e  and d isp lacement  t h i c k n e s s e s  on 
e i t h e r  s i d e  of  t h e  c e n t e r l i n e ,  t h e  d isp lacement  s u r f a c e  can he drawn a s  seen 
i n  F igure  24. The c u r v a t u r e  of the d isp lacement  s u r f a c e  i n  t h e  near-wake 
r e g i o n  can be e x p l a i n e d  by t h e  p r e s s u r e  d i f f e r e n c e  of  t h e  t w o  blade s u r f a c e s .  
The l o c a t i o n  of t h e  d isp lacement  s u r f a c e  i n  t h e  far-wake reg ion  can be p a r t l y  
e x p l a i n e d  by t h e  l a r g e  amount of s e p a r a t i o n  on t h e  s u c t i o n  s u r f a c e  of t h e  
n e i g h b o r i n g  b lades .  However, t h e  major e x p l a n a t i o n  f o r  t h i s  c u r v a t u r e  of t h e  
d isp lacement  s u r f a c e  i n  t h e  far-wake r e g i o n  is t h e  confinment of t h e  f a r  wakes 
between t h e  two t a i l b o a r d s  (see Figure 2) .  The e f f e c t s  of t h e  t a i l b o a r d s  must 
be taken  i n t o  account  when c o n s i d e r i n g  t h i s  d i sp lacement  s u r f a c e  €or wake 
modeling. 

Turbulence i n t e n s i t y  p r o f i l e s  a r e  p r e s e n t e d  f o r  t h e  two near wakes i n  
F i g u r e  25. As w i t h  t h e  t u r b u l e n c e  i n t e n s i t y  p r o f i l e s  i n  t h e  separating 

I boundary l a y e r s ,  t h e  t u r b u l e n c e  i n t e n s i t y  peaks a r e  d i s p l n c c d  oritward, 
e s s e n t i a l l y  t r a c k i n g  t h e  r e g i o n s  of l a r g e  mean-vel o c i  t y  g r a d i e n t s .  T h e s e  
d a t a ,  a l t h o u g h  more d e t a i l e d ,  a r e  q u i t e  s i m i l a r  t o  t h e  d a t a  of Hah and 
Lakshminarayana [1982] f o r  t h e  near  wake of an i s o l a t e d  a t r f o f  1 .  

VIIT.. DISCUSSION AND CONCLUSIONS 

Viscous c a l c u l a t i o n s  f o r  turbomachinery a p p l i c a t i o n s  have been 
handicapped by a l a c k  of s u f f i c i e n t l y  d e t a i l e d  and p r e c i s e  d a t a  a g a i n s t  which 
t h e s e  c a l c u l a t i o n  schemes can be compared. I n  o r d e r  t o  h e l p  overcome t h i s  
problem, we have p r e s e n t e d  measurements of t h e  boundary l a y e r s  and wakes about  
a double  c i r c u l a r  arc,  compressor blade i n  cascade.  A two-dimensional, 
p e r i o d i c  cascade  f low has  been developed wi thout  t h e  use  o f  cont inuous  s i d e  
w a l l  s u c t i o n .  This  f a c i l i t y  has allowed t h e s e  measurements t o  be made with a 
n o n - i n t r u s i v e  LDV system. 
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Desp i t e  t h e  f a c t s  t h a t  t h e  measured f l o w  f i e l d  w a s  very  complex and t h a t  
on ly  a one-component LDV sys tem w a s  u sed ,  t h e  measurements p re sen ted  h e r e  have 
l e d  t o  an i n i t i a l  phys i ca l  unde r s t and ing  of the  cascade  f low f i e l d .  Regions 
of laminar  f low,  t r a n s i t i o n ,  recovery  from a l e a d i n g  edge s e p a r a t i o n  "buhble ,"  
non-equ i l ib r ium t u r b u l e n t  f low,  s e p a r a t e d  f low,  and near-wake f l o w  have a1 1 
been i n v e s t i g a t e d .  P r e d i c t j o n  of a f low f i e l d  t h a t  inc l r ides  811 of t h e s e  f l o w  
r e g i o n s  w i l l  be a severe  tes t  f o r  i3lly v i scous  computa t iona l  rechniqiie.  

D e s p i t e  t h e  varying streamwise p r e s s u r e  g r a d i e n t ,  t h e  laminar  ve loc i  t y  
p r o f i l e s  n e a r  t h e  l ead ing  edge on t h e  p r e s s u r e  s u r f a c e  show reasonab le  
agreement wi th  Falkner-Skan v e l o c i t y  p r o f i l e s  (computed a t  the  same streamwise 
p r e s s u r e  g r a d i e n t ) .  T r a n s i t i o n  was i d e n t i f i - e d  through a d e p a r t u r e  of t h e  
measured p r o f i l e  shape from t h e  Falkner-Skan p r o f i l e  shape ,  or  through t h e  
boundary l a y e r  shape f a c t o r s .  Subl imat ion  f low v i s u a l i z a t j o n  tests ag ree  w e l l  
w i t h  t h e  p o s i t i o n  of t h e  t r a n s i t i o n  r e g i o n ,  bu t  e m p i r i c a l  r e l a t i o n s h i p s  
p r e d i c t  onse t  of t r a n s i t i o n  somewhat e a r l y .  T r a n s i t i o n  on the  p r e s s u r e  
s u r f a c e  w a s  incomplete .  

A problem w a s  encountered f o r  t h e  LDV measurements €n t h e  (>xtrernely t h i n  
l amina r  boundary layers on the p r e s s u r e  surf ace .  Large turhii l  ence  1 ntt.nsi t i e s  
were i n d i c a t e d .  This problem was t r a c e d  t o  a combinat ton of 
mean-veloci ty-gradient  broadening  and measurement volume v i b r a t  ton.  
Turbulence i n t e n s i t y  p r o f i l e s  i n  t h e  t r a n s i t i o n a l  and t u r b u l e n t  boundary 
1 a y e r s  were n o t  a f f e c t e d  . 

The l e a d i n g  edge s e p a r a t i o n  "bubble" on t h e  s u c t i o n  s u r f a c e  was too  small 
t o  be measured. Boundary l a y e r s  measured downstream of t h i s  "bubble" are 
f u l l y  t u r b u l e n t  and t h e  recovery  p rocess  a f t e r  r ea t t achmen t  ex tends  downstream 
a d i s t a n c e  of n e a r l y  10% chord. The recovery  p rocess  can he i d e n t i f i e d  by t h e  
v e l o c i t y  p r o f i l e  shapes ( i n c l u d i n g  shape f a c t o r s ) .  

The non-equl ibr ium t u r b u l e n t  boundary l a y e r s  downstream of t h e  s e p a r a t i o n  
"bubble"  f o l l o w  the  wall-wake equa t ion  of Coles [ 1956 ]  u n t i l  detachment of t he  
boundary l a y e r  is reached. These boundary l a y e r s  a l s o  show good s i m i l a r i t y  
u s i n g  t h e  d e f e c t  law of P e r r y  and Schofie1.d 119731 tip t o  the  loca t io ' l  where 
i n s t a n t a n e o u s  backflow is  p r e s e n t .  S i m i l a r i t y  hecomes worse as  t he  amount of 
i n s t a n t a n e o u s  backflow is i n c r e a s e d .  No o u t e r  r eg ion  s i m l  l a r i t y  seems t o  
e x i s t  downstream of detachment .  Tn t h c  hackflow r e g i o n ,  however, t h e  d a t a  
measured h e r e  seem t o  fo l low t h e  hackflow s j m i l a r i t y  shown hy o t h e r  
r e s e a r c h e r s .  Backflow s i m i l a r i t y  is f o u n d  hy us lnR t h e  maxj mum backf 1 ow 
v e l o c i t y  as t h e  v e l o c i t y  scale and t h e  t o t a l  hackflow t h i c k n e s s  as the  l e n g t h  
scale . 

The near-wake v e l o c i t y  p r o f i l e s  are asymmetric and i n c l u d e  n e p t i v e  mean 
v e l o c i t i e s  a t  t h e  wake c e n t e r .  These p r o f i l e s  do no t  show t h e  Gaussian 
s i m i l a r i t y  shown i n  the far-wake p r o f i l e  measured w i t h  a f ive -ho le  probe. 
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X. APPENDIX 1 

Equa t ions  f o r  t h e  Double C i r c u l a r  Arc Blades 

The e q u a t i o n s  f o r  t h e  p re s su re  s u r f a c e ,  s u c t i o n  s u r f a c e ,  and camber l ine  
of t h e  double  c i r c u l a r  arc b lades  used i n  t h e  c u r r e n t  s t u d y  can be w r i t t e n  as 

2 2 2 
xp + [yp + 219.71 = 246.8 

2 2 2 
xs + [ys + 149.51 = 189.1 

and 

2 2 2 
xc + [yc + 179.41 = 212.8 

A l l  of t h e  dimensions are i n  millimeters. 
used  h e r e  is  l o c a t e d  on t h e  chord l i n e  of midchord. The x-coord ina te  is 
p a r a l l e l  t o  the chord ,  wh i l e  the y-coord ina te  i s  normal t o  t h e  chord. 

The o r i g i n  of t h e  c o o r d i n a t e  s y s t e m  
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XI. A P P E N D I X  2 

Nome nc l .a ture  

AR 

B 

C 

C 

c f 

cP 

D 

H12 

i 

I D  

ITD 

L 

Lp, Ls  

LDV 

M 

n 

N 

P 

PT 

r 

a s p e c t  r a t i o  

i n t e g r a l  l a y e r  t h i c k n e s s  i n  t h e  P e r r y  and Schof i e ld  [ 1 9 7 3 ]  t h e o r y  

b lade  chord l e n g t h  

l a w  of t h e  w a l l  c o n s t a n t  (=  5.0) 

s k i n  f r i c t i o n  c o e f f i c i e n t  = -rW/(p Ue2/2) 

s t a t i c  p r e s s u r e  c o e f f i c i e n t  = ( p  - p l ) / ( p  ~12/2) 

d i f f u s i o n  f a c t o r  

f i r s t  shape f a c t o r  = 6 * / 8  

i nc idence  a n g l e  = 61 - ~1 

i n  c i p i  e n  t de t a chme n t 

i n t e r m i t  t e n t  t r a n s i  t o  ry de tachme n t  

d i s t a n c e  from t h e  s u r f a c e  t o  t h e  l o c a t i o n  of T~~ 

p r e s s u r e  and s u c t i o n  s u r f a c e  l e n g t h  scales from t h e  p o i n t  of 
m i n i m u m  v e l o c i t y  t o  a p o i n t  where t h e  v e l o c i t y  d e f e c t  i s  
(Ue - U C L ) / ~  

laser Doppler ve loc ime te r  

Mach number 

d a t a  po in t  index 

number of d a t a  p o i n t s  

s t a t i c  p r e s s u r e  

t o t a l  o r  s t a g n a t i o n  p r e s s u r e  

r a d i u s  

r a d i u s  of  c u r v a t u r e  

b lade  chord Reynolds number = cV1/v 

momentum t h i c k n e s s  Reynolds numher = BUe/v 

b lade  spac lng  
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Nomenclature (Cont ' d )  

sFV 

TD 

U 

U '  

I1 + 

Y+ 

6* 

6 BF 

6D 

E 

n 

l o c a t i o n  of s e p a r a t i o n  from flow v i s u a l i z a t i o n  tes ts  

t r a n s i t o r y  detachment 

streamwise v e l o c i t y  

r o o t  mean squa re  va lue  of t he  t t i rhu lcn t  v e l o c i t y  f l u c t u a t i o n  

d imens ion le s s  v e l o c i t y  i n  t h e  i n n e r  horindary Znyer = u / u ,  

s h e a r  o r  f r i c t i o n  v e l o c i t y  = J - r w / p  

maximum backflow v e l o c i t y  

v e l o c i t y  a t  t h e  houndary l a y e r  o r  wake edge 

v e l o c i t y  s c a l e  based on t h e  maximum s h e a r  stress = 4 . a  

v e l o c i t y  scale f o r  t h e  P e r r y  and Schof i e ld  [1973]  d e f e c t  law 

v e l o c i t y  

Co les '  u n i v e r s a l  wake func t ion  = 2 s i n z (  ) = 1 - c o s (  ) 

streamwise c o o r d i n a t e ;  b lade  c o o r d i n a t e  (see Appendlx) 

c o o r d i n a t e  normal t o  the blade s u r f a c e  o r  a c r o s s  t h e  wake; or  
blade  c o o r d i n a t e  (see Append€x) 

d imens ion le s s  coord ina te  normal t o  the  blade s u r f a c e  i n  t h e  
i n n e r  boundary l a y e r  = yuT/v 

flow ang le  measured from t h e  a x i a l  d i r e c t i o n  

s t a g g e r  a n g l e  

boundary l a y e r  t h i ckness  (where u = 0.99 Ue) 

m 

disp lacement  t h i c k n e s s  = f (1  - k) dy 
0 

depth  of backflow 

d e v i a t i o n  arrgle = $2 - ~2 

f l u i d  t u r n i n g  o r  d e f l e c t i o n  a n g l e  = 8 1  - 02 

normalized d i s t a n c e  across thc wake 
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Nomenclature (Cont ' d )  

00 

U U momentum t h i c k n e s s  = u, ( 1  - G) dy 
0 

K von Karman's mixing l e n g t h  parameter (= 0.41) ;  b l a d e  metal angle  

V 

n Coles ' wake parameter 

P 

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

maximum s h e a r  stress Tmax 

'IW w a l l  o r  s u r f a c e  s h e a r  stress 

Q camber ang le  = ~1 - ~2 

w 

kinemat ic  v i s c o s i t y  (0.150 cm2/scc f o r  a i  r )  

f l u i d  d e n s i t y  (1 .205 kg/m3 f o r  a i r )  

t o t a l - p r e s s u r e  l o s s  coefficient = (pT1 - pT2) / (p  ~ 1 2 / 2 >  

S u b s c r i p t s  

C camber l i n e  

CL at the wake centcr l - lne  

i nv i n v i s c i d  

LE l ead ing  edge 

m mean f l o w  

meas me as u r e d 

I1 d a t a  p o i n t  index  

P pres su re  s u r f  ace 

S s u c t i o n  s u r f a c e  

TE t r a i l i n g  edge 

X a x i a l  d i r e c t i o n  

0 t a n g e n t i a l  d i r e c t  t o n  
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.I ~ numenciature (Cont  ' d  j 

1 i n l e t  (upstream five-hole probe meastireinent s t a t i o n )  

2 out l e t  (downstream f i v e - h o l e  probe measurement s ta t ion  ) 

Superscript 

- average over the blade  passage 
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UPPER CHANNEL SUCTl ON 

UPPER FALSE BLADE 

LOWER CHANNEL 

VAR ii BLE 
DIFFUSER 

SUCTl ON 

Figure  2. Cascade T e s t  S e c t i o n  w i t h  Flow Controls 
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BlADE GEOMETRY 

C = 228.6 mm a =  2.14 K1 = 53' 

S = 106.8 mm A = 1.61 ' K2 = -12' 

= 9.14 p m  Y = 20.5 + = 6 5  0 
' L E = ' T E  

MEASURED FLOW CONDITIONS 

0 - 
Rec = 500,000 Vx = 17.55 m l s e c  om = 39.9 

- 
j3, = 4 O  

- 
0 = 54O 

- - 
V2 = 17.59 m I sec 6~ = 16' 
- - V1 = 33.11 mlsec Vm = 22.88 mlsec w = 0.151 

(a), = 0.463 
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"2 4.. 

o2 4fD 
"X 

Figure 4 .  Blade Geometry and Flow Cond it ions  
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Figure 12. Pressure Surface Turbulence Intensities at y / 6 *  - 1.70, Both 
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PERCENT CHORD 

Figure 18. Maximum Percent Backflow on the Suction Surface (ID - Incipient 
Detachment; ITD - Intermittent Trai i s i to ry  Eetachment; TD - 
Transitory Detachment; SFv - Separation Point From Flow 
Visualization) 



-52 - 

s U 

CHORD 



-53 -  

1.2 

1.0 

0.8 

0.6 

0.4 

"'"BF 0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 
1 1 1 1 1 J 

0 0.2 0.4 0.6 0.8 1.0 1.2 
-1.0 

Y ' ~  BF 

F i g u r e  20. Backflow S i m i l a r i t y  of t h e  Recons t ruc ted  Boundary Laycr 
a t  94.9% Chord on t h e  S u c t i o n  S u r l a c e  ( T h e  S o l i d  Line 
R e p r e s e n t s  t h e  Backflow S i m i l a r i t y  O F  Data Measured by  
Simpson, S t r i c k l a n d ,  and Barr [ 1 9 7 7 ]  and Simpson, Chew 
and Shivaprasad  [1981])  
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