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1.0  SUMMARY 

c 

9 

* 

.e  

The o b j e c t i v e s  of t h e  Core Compressor E x i t  Stage Study Program were 
( 1 )  t o  deve lop  improved a i r f o i l  shapes  f o r  reducing endwall  l o s s e s  by a goa l  
of  15% compared t o  c u r r e n t  technology l e v e l s  and ( 2 )  t o  de te rmine  whether 
s ing le - s t age  t es t  r e s u l t s  can be used t o  p r e d i c t  m u l t i s t a g e  compressor per- 
formance. The General E l e c t r i c  Low Speed Research Compressor was t h e  pr in-  
c i p a l  t o o l  used i n  t h i s  program. 
and s i n g l e - s t a g e  c o n f i g u r a t i o n s .  

T e s t s  were conducted i n  bo th  m u l t i s t a g e  

A i r f o i l  shapes  and v e c t o r  diagrams were developed which gave an improve- 
ment i n  compressor performance r e l a t i v e  t o  t h e  b a s e l i n e  Rotor A /S ta to r  A 
b l ad ing .  The fo l lowing  tes t  r e s u l t s  were ob ta ined .  A l l  d a t a  are g i v e n  
r e l a t i v e  t o  t h e  b a s e l i n e  performance. 

a Rotor B used a i r f o i l  s e c t i o n s  i n  t h e  t i p  r e g i o n  t h a t  unloaded t h e  
l ead ing  edge and loaded t h e  t r a i l i n g  edge r e l a t i v e  t o  t h e  b a s e l i n e  
Rotor A. Running wi th  S t a t o r  A, Rotor B showed a 0 .24  po in t  improve- 
ment i n  e f f i c i e n c y  a t  t h e  des ign  p o i n t .  

a S t a t o r  B used a v e c t o r  diagram t h a t  incorpora ted  h i g h  s t a t o r  e x i t  
s w i r l  ang le s  and hence lower a x i a l  v e l o c i t i e s  i n  t h e  endwall r eg ions  
r e l a t i v e  t o  t h e  b a s e l i n e .  This r e q u i r e d  b lade  s e c t i o n s  which w e r e  
tw i s t ed  c losed  l o c a l l y  i n  t h e  endwall r e g i o n s .  Running wi th  Rotor 
A ,  S t a t o r  B showed a s i g n i f i c a n t  improvement i n  t h e  pressure-flow 
c h a r a c t e r i s t i c  nea r  s t a l l  and a 0.41 po in t  improvement i n  des ign  
poin t  e f f i c i e n c y .  

Rotor B running with S t a t o r  B showed t h e  same s i g n i f i c a n t  improve- 
ment i n  t h e  pressure-flow c h a r a c t e r i s t i c  near s t a l l  and a 0.30- 
poin t  improvement i n  des ign  poin t  e f f i c i e n c y .  The range of t h e  
high e f f i c i e n c y  r e g i o n  f i r s t  ob ta ined  wi th  Rotor A/Sta tor  B has  a l s o  
been ma i n  t a ined  . 

a Rotor C used a v e c t o r  diagram t h a t  had a hub-strong t o t a l  p r e s s u r e  
p r o f i l e  and used a i r f o i l  s e c t i o n s  i n  t h e  t i p  r e g i o n  des igned  t o  com- 
pensa te  f o r  t h e  e f f e c t s  of  secondary flow and t i p  leakage .  
wi th  S t a t o r  B ,  Rotor C produced a 0.48 po in t  improvement i n  e f f i -  
c iency  a t  t h e  des ign  p o i n t .  

Running 

0 S t a t o r  C embodied a i r f o i l  s e c t i o n s  n e a r  t h e  endwalls t h a t  had 
reduced t r a i l i n g  edge loading  and inc reased  l ead ing  edge loading  
r e l a t i v e  t o  t h e  b a s e l i n e .  There w a s  a s l i g h t  l o s s  i n  des ign  po in t  
e f f i c i e n c y  and a 0.30 po in t  l o s s  i n  peak e f f i c i e n c y  f o r  S t a t o r  C 
running wi th  Rotor A. 



Meeting t h e  goa l  of  achiev ing  a 15% r e d u c t i o n  i n  endwall l o s s  w a s  o n l y  
p a r t i a l l y  s u c c e s s f u l .  The most improvement i n  e f f i c i e n c y  obta ined  was 0.48 
p o i n t  which amounts t o  about  a 10% r e d u c t i o n  i n  endwall  l o s s e s ,  assuming t h e  
endwall  l o s s  i s  one-half of  t h e  t o t a l  l o s s .  

The use  of s ing le-s tage  t e s t  r e s u l t s  t o  e v a l u a t e  m u l t i s t a g e  compressor 
performance meets wi th  some d i f f i c u l t y .  S i g n i f i c a n t  d i f f e r e n c e s  were found 
i n  pressure-f low c h a r a c t e r i s t i c s  when s ingle-s tage  r e s u l t s  were compared t o  
m u l t i s t a g e  r e s u l t s .  The downstream s t a g e s  p u l l i n g  on t h e  f i r s t  s t a g e  appears  
t o  have a s t a b i l i z i n g  e f f e c t  on t h e  f i r s t  s t a g e .  I n  a d d i t i o n ,  because t h e  in- 
l e t  gu ide  vanes do not  load-up l i k e  s t a t o r s  do when a compressor i s  t h r o t t l e d ,  
t h e  i n l e t  c o n d i t i o n s  t o  a s i n g l e  s t a g e  are d i f f e r e n t  from those  t o  an embedded 
s t a g e  d u r i n g  t h r o t t l i n g  of  t h e  compressor. 

2 



2 .0  INTRODUCTION 

d 

Pre l imina ry  des ign  s t u d i e s  of  advanced tu rbofan  co re  compressors (Refer- 
ence 1 )  have i n d i c a t e d  t h a t  such compressors must  have ve ry  h igh  e f f i c i e n -  
c i e s ,  a s  w e l l  a s  t h e  advantages o f  compactness, l i g h t  weight ,  and low c o s t ,  
i n  o r d e r  f o r  advanced o v e r a l l  e n g i n e l a i r c r a f t  systems t o  have an imprwed 
economic payoff .  Assessments o f  l o s s  mechanisms, such -as those  of Reference 
2 ,  sugges t  t h a t  approximately h a l f  o f  t h e  t o t a l  l o s s  i n  t h e  rear s t a g e s  of  a 
m u l t i s t a g e  compressor i s  a s s o c i a t e d  wi th  t h e  endwall boundary l a y e r s .  Since 
on ly  a r e l a t i v e l y  small  amount of  p a s t  r e s e a r c h  has  been ded ica t ed  t o  t h e  
problem of  f ind ing  improved a i r f o i l  shapes f o r  o p e r a t i o n  i n  t h e  endwall bound- 
a r y  l a y e r  r eg ions  of  m u l t i s t a g e  compressors,  i t  is  b e l i e v e d  t h a t  s u b s t a n t i a l  
improvements i n  t h a t  a r e a  a r e  l i k e l y .  Accordingly, a g o a l  of  a 15% r e d u c t i o n  
i n  t h e  endwall boundary l a y e r  l o s s e s  o f  r e a r  s t a g e s ,  compared t o  c u r r e n t  tech- 
nology l e v e l s ,  h a s  been s e t .  
w a s  d i r e c t e d  a t  achiev ing  t h i s  g o a l .  Blading concepts  t h a t  o f f e r  promise of  
reducing  endwall  l o s s e s  have been eva lua ted  i n  a m u l t i s t a g e  environment. 
This  r e p o r t  summarizes the  r e s u l t s  ob ta ined  i n  t h e  program and t h e n  addres ses  
t h r e e  major i s s u e s .  F i r s t ,  do some novel t y p e s  of  a i r f o i l  s e c t i o n s  o r  b l ade  
s e t t i n g  procedures g i v e  lower l o s s e s  than  o t h e r s ?  Second, do some types  of 
v e c t o r  diagrams g i v e  lower endwall l o s s e s  than  o t h e r s ?  Thi rd ,  how does t h e  
performance of  a g iven  s t a g e  t e s t e d  i n  t h e  m u l t i s t a g e  environment compare 
wi th  t h e  performance of t h e  same s t a g e  t e s t e d  as an  i s o l a t e d  s t a g e  o r  as a 
f r o n t  s t a g e  ? 

The Core Compressor E x i t  S tage  Study Program 
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3.0 PROGRAM DESCRIPTION AND OVERALL RESULTS 

The Core Compressor E x i t  Stage Study Program had t h e  primary o b j e c t i v e  
o f  deve loping  rear s t a g e  b l ade  des igns  t h a t  have improved e f f i c i e n c y  by 
v i r t u e  of  having lower l o s s e s  i n  t h e i r  endwall  boundary l a y e r  r eg ions .  The 
program w a s  conducted i n  t h e  fol lowing manner: F i r s t ,  an advanced technology,  
high-speed co re  compressor w a s  s e l e c t e d  as a r e p r e s e n t a t i v e  compressor f o r  
modeling purposes .  Next, a low-speed aerodynamic s c a l e  model of  one of t h e  
rear s t a g e s  o f  t h e  high-speed compressor was designed as  a b a s e l i n e  s t a g e  and 
t e s t e d  i n  t h e  General E l e c t r i c  Low Speed Research Compressor. Candidate  
b l a d i n g s ,  which had t h e  p o t e n t i a l  of reducing  endwall  l o s s  and hence improving 
performance, were a l s o  designed and t e s t e d .  
b l ad ing  des igns  were eva lua ted  and compared. Performance improvements were 
documented. 

Then performances of  t h e  v a r i o u s  

I n  t h i s  s e c t i o n ,  t h e  t e c h n i c a l  approach used t o  des ign  and e v a l u a t e  the 
b a s e l i n e  and cand ida te  b l a d i n g s  t o  ach ieve  t h e  g o a l s  of t h e  program i s  d i s -  
cussed and t h e  o v e r a l l  performance r e s u l t s  are presented .  

3 . 1  LOW SPEED MODELING AND TESTING CONCEPT 

The low speed modeling and t e s t i n g  concept i s  based on aerodynamic s i m i -  
l a r i t y .  Fundamental f l u i d  dynamic p r i n c i p l e s  and reasoning  a re  used t o  o b t a i n  
normalized a i r f o i l  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s ,  v e c t o r  diagrams, r e a c t i o n s ,  
a spec t  r a t i o s ,  s o l i d i t i e s ,  and Reynolds numbers f o r  t h e  low speed b l ad ing  t h a t  
are t h e  same as those  f o r  t h e  high-speed compressor.  This  low speed model 
i s  then  t e s t e d  i n  General  E l e c t r i c ' s  Low Speed Research Compressor (LSRC) 
f a c i l i t y  where t h e  p r i n c i p a l  advantages o f  l a r g e  s i z e  ( 1 . 5  m d i ame te r )  and low 
t i p  speed (60 m/sec> enable  v e r y  d e t a i l e d  d a t a  t o  be obta ined  and p r e c i s e  
i d e n t i f i c a t i o n  of aerodynamic l o s s e s  t o  be made wi thout  r i s k  of  instrumenta-  
t i o n  blockage e f f e c t s .  I t  i s  v e r y  d i f f i c u l t  t o  de te rmine  t h e s e  l o s s e s  i n  a 
h igh  speed co re  compressor where b l ade  h e i g h t s  o f  t h e  rear s t a g e s  may be  q u i t e  
small .  Wi.th t h e  r o t o r  chord l eng ths  o f  about 9 cm t h a t  r e s u l t  from use  of a 
r a d i u s  r a t i o  of  0.85 and an  a spec t  r a t i o  of  1 . 2 ,  t h e  b l ade  chord Reynolds 
number i s  about 360,000. This i s  approximately h a l f  t h a t  e x i s t i n g  i n  high- 
speed compressors o p e r a t i n g  a t  subsonic  a l t i t u d e  c r u i s e  c o n d i t i o n s  and i s  
c l o s e  enough t o  provide  a proper  s imula t ion .  

The d e t a i l s  o f  t h e  low-speed modeling concept are presented  i n  Volume 
I (Reference 3 ) .  

3.2 LOW SPEED RESEARCH COMPRESSOR 

"tie General  E l e c t r i c  Low Speed Research Compressor (LSKC) f a c i l i t y  was 
used fo r  t h i s  t e s t  program. The LSKC c o n f i g u r a t i o n ,  shown schemat i ca l ly  i n  
F igure  1,  cons i s t ed  of four  i d e n t i c a l  compressor s t a g e s  having a cons t an t  
ca s ing  d iameter  of 1 .524  m (60 i n . )  and a r a d i u s  r a t i o  of 0.85. 
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A photograph o f  t he  LSRC i s  shown i n  F igure  2 .  A d e t a i l e d  c r o s s  s e c t i o n  of 
one s t a g e  i s  shown i n  F igure  3.  The a i r f o i l s  a r e  11.43 cm ( 4 . 5  i n . )  i n  span 
and approximately 9 cm (3 .5  i n . )  i n  chord - l a r g e  enough t h a t  b l ade  edge and 
s u r f a c e  con tbur s  can be c l o s e l y  c o n t r o l l e d  dur ing  manufacture.  
vane c o n t r u c t i o n  r e s u l t e d  i n  h y d r a u l i c a l l y  smooth s u r f a c e s  a t  t h e  Reynolds 
numbers necessa ry  t o  s imula t e  high-speed compressor performance. Single-stage 
c o n f i g u r a t i o n s  were a l s o  t e s t e d .  

The b l ade  and 

The nominal r o t o r  t ip-clearance-to-blade-height was 1.36% and t h e  s t a t o r  
sea l -c learance- to-b lade-he ight  was 0.78%. 
t r ea tmen t  was a p p l i e d  over  t h e  t i p  of  on ly  t h e  f i r s t  r o t o r  t o  a s s u r e  t h a t  
S tage  1 would no t  be  t h e  s t a l l  l i m i t i n g  b l a d i n g .  

C i rcumfe ren t i a l  groove cas ing  

A d e t a i l e d  d e s c r i p t i o n  of t h e  LSRC f a c i l i t y ,  t h e  i n s t r u m e n t a t i o n ,  and 
t h e  d a t a  r e d u c t i o n / a n a l y s i s  methods i s  presented  i n  Volume I1 (Reference  4 )  
Sec t ions  4 . 1 ,  4 . 3 ,  and 4 . 5 ,  r e s p e c t i v e l y .  

3.3 TEST STAGES 

The b a s e l i n e  Stage A was a low speed model of Stage 7 of t h e  10-s tage ,  
23 : l  p r e s s u r e  r a t i o ,  AMAC s tudy  compressor whose p re l imina ry  des ign  s tudy  
w a s  conducted under Cont rac t  NAS3-19444 (Reference 1). The low speed model- 
i ng  was accomplished by modifying t h e  camber l i n e  of t h e  low speed a i r f o i l  
s e c t i o n s  so t h a t  t h e  d imens ionless  s u c t i o n  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  
of t h e  low speed s e c t i o n s  were s i m i l a r  t o  those  of Stage 7 of t h e  AMAC com- 
p r e s s o r .  
c i r c u l a r  a r c  meanlines and c i r c u l a r  a r c  t h i c k n e s s  d i s t r i b u t i o n s .  The base- 
l i n e  S t a t o r  A c o n s i s t e d  of a i r f o i l  s e c t i o n s  having a 65 - se r i e s  t h i c k n e s s  
d i s t r i b u t i o n  on modified c i r c l e  a r c  meanl ines .  An I G V  was designed t o  g i v e  
t h e  r e q u i r e d  p r e s w i r l  t o  t h e  f l u i d  e n t e r i n g  t h e  f i r s t  r o t o r  i n  o r d e r  t o  
achieve  a m u l t i s t a g e  environment i n  as few s t a g e s  as p r a c t i c a l .  Standard 
General E l e c t r i c  I G V  des ign  p r a c t i c e s  were employed. The d e t a i l s  o f  t h e  
b a s e l i n e  S tage  A des ign  and t h e  I G V  des ign  a r e  presented  i n  t h e  Design Report 
(Reference  3 ) .  

The b a s e l i n e  Rotor A c o n s i s t e d  of a i r f o i l  s e c t i o n s  having modified 

Rotor B was designed t o  t h e  same set  of  v e c t o r  diagrams as Rotor A, bu t  
used a type of meanline i n  t h e  t i p  r e g i o n  t h a t  unloaded t h e  l e a d i n g  edge and 
loaded t h e  t r a i l i n g  edge r e l a t i v e  t o  Rotor A. Low-speed tes t  r e s u l t s  had 
ind ica t ed  t h a t  v e r y  smal l  r o t o r  wakes a r e  p re sen t  i n  t h e  t i p  r e g i o n  of r o t o r s  
s i m i l a r  i n  d e s i g n  t o  Rotor A. This r e g i o n  should t h e r e f o r e  be a b l e  t o  t a k e  
h ighe r  t r a i l i n g  edge load ing  without undue r i s k  of s e p a r a t i o n .  The modifica- 
t i o n  t o  t h e  t i p  r e g i o n  was blended i n t o  t h e  p i t c h l i n e  so t h a t  Rotor A and 
Rotor B were i d e n t i c a l  from t h e  p i t c h l i n e  t o  t h e  hub. A photograph of  Rotor B 
and a comparison of Rotor A and Rotor B t i p  s e c t i o n s  a r e  shown i n  F igure  4 .  
The d e t a i l s  o f  t h e  des ign  a r e  presented  i n  Volume I (Reference  31 ,  and addi- 
t i o n a l  r e s u l t s  a r e  presented  i n  Volumes 111 and I V  (References 5 and 6 ) .  

S t a t o r  B embodied b l ade  s e c t i o n s  tw i s t ed  c losed  l o c a l l y  i n  t h e  endwall 
r eg ions  s i m i l a r  t o  those  used i n  a h i g h l y  loaded NASA s i n g l e  s t a g e  t h a t  had 
r a t h e r  good performance f o r  i t s  load ing  l e v e l .  D i f f e r e n t  v e c t o r  diagrams 
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were c a l c u l a t e d  t o  account  f o r  t h e  h igh  v a l u e s  of  s w i r l  angle  near  t h e  end- 
w a l l s .  The appearance of  S t a t o r  B i s  q u i t e  d i f f e r e n t  from t h a t  o f  S t a t o r  A 
because of  t h e  t w i s t  g r a d i e n t s  and because t h e  vane w a s  s tacked a t  30 per- 
c e n t  chord from t h e  l ead ing  edge i n  o r d e r  t o  reduce  t h e  l ead ing  edge l e a n  
a n g l e .  Photographs o f  S t a t o r  B are shown i n  F igu re  5 .  The d e t a i l s  o f  t he  
des ign  are presented  i n  Volume I (Reference 3 ) .  

Rotor C was designed t o  produce a r a d i a l l y  nonconstant  d i s t r i b u t i o n  

This produces a h i g h e r  
of  t o t a l  p r e s s u r e  of t 2 4 %  of s t a g e  e x i t  p i t c h l i n e  dynamic head,  as  com- 
pared t o  t h e  ig% d i s t r i b u t i o n  of  Rotors  A and B .  
a x i a l  v e l o c i t y  i n  t h e  hub r e g i o n  r e l a t i v e  t o  Rotor A .  The a i r f o i l  shape i n  
t h e  Rotor C t i p  r e g i o n  was designed t o  compensate f o r  t h e  e f f e c t s  o f  secondary 
flow and t i p  leakage by producng a smoother s u c t i o n  s u r f a c e  v e l o c i t y  d i s t r i b u -  
t i o n  when t h e s e  e f f e c t s  were p r e s e n t .  A comparison of  t he  Rotor B and C a i r -  
f o i l  t i p  s e c t i o n s  i s  shown i n  F igure  6 .  The des ign  d e t a i l s  f o r  Rotor C are 
presented  i n  Volume V (Reference 7 ) .  

S t a t o r  C embodied a i r f o i l  s e c t i o n s  nea r  t h e  endwalls  t h a t  had reduced 
t r a i l i n g  edge loading  and inc reased  l ead ing  edge loading  r e l a t i v e  t o  S t a t o r  
A .  A photograph o f  S t a t o r  C and a comparison of t h e  S t a t o r  A and S t a t o r  C 
a i r f o i l  s e c t i o n s  a re  presented  i n  F igure  7 .  The a i r f o i l s  were des igned  t o  
t h e  same v e c t o r  diagram as  S t a t o r  A. The des ign  d e t a i l s  are presented  i n  
Volume I (Reference 3 ) .  

3 . 4  TEST PLAN 

The o v e r a l l  t e s t  program was d iv ided  i n t o  fou r  p a r t s  as o u t l i n e d  i n  
Table 1. The f i r s t  p a r t  involved e x t e n s i v e  t e s t i n g  of  t he  b a s e l i n e  b l ad ing ,  
S tage  A, which c o n s i s t e d  o f  Rotor A/Sta tor  A i n  bo th  four-s tage and s ing le -  
s t a g e  c o n f i g u r a t i o n s .  The tes t  r e s u l t s  can be found i n  Volume I1 (Reference 
4 )  of t h i s  series.  The second p a r t  involved a series of  s h o r t  sc reening  
tes ts  t o  s e l e c t  t h e  b e s t  r o t o r  des ign  and t h e  b e s t  s t a t o r  des ign  based on 
tes t s  i n  four -s tage  c o n f i g u r a t i o n s .  These t e s t  r e s u l t s  can  be found i n  
Volume 111 (Reference  5 ) .  The t h i r d  p a r t  involved e x t e n s i v e  t e s t i n g  of t h e  
b e s t  r o t o r  and b e s t  s t a t o r  des igns  which c o n s i s t e d  of  Rotor B /S ta to r  B i n  
both  four -s tage  and s ing le - s t age  compressor c o n f i g u r a t i o n s .  
r e s u l t s  can  be found i n  Volume I V  (Reference 6 ) .  The f i n a l  p a r t  o f  t h e  t e s t  
program c o n s i s t e d  of  e x t e n s i v e  t e s t i n g  of t h e  Rotor C des ign  i n  a four -s tage  
c o n f i g u r a t i o n  wi th  S t a t o r  B ;  t h e s e  t e s t  r e s u l t s  can  be found i n  Volume V 
(Reference 7 ) .  

These t e s t  

Eight  types  of  d a t a  were taken  a t  v a r i o u s  t i m e s  du r ing  t h e  t es t  program: 
s t a l l  de t e rmina t ion  d a t a ,  preview d a t a ,  s tandard  d a t a ,  ca s ing  t rea tment  d a t a ,  
Reynolds number d a t a ,  b l ade  s u r f a c e  p r e s s u r e  d a t a ,  b l ade  element d a t a ,  and 
d e t a i l e d  w a l l  boundary l a y e r  d a t a .  
d a t a  i s  presented  below. 

A d e s c r i p t i o n  of each of  t hese  types  o f  

S t a l l  de t e rmina t ion  d a t a  y i e l d  t h e  s t a l l i n g  t h r o t t l e  s e t t i n g  by observ ing  
t h e  sudden dec rease  i n  t h e  s t a t i c  p r e s s u r e  r i s e  a c r o s s  the  compressor a t  s t a l l  
and l i s t e n i n g  f o r  t h e  onse t  of  r o t a t i n g  s t a l l .  Preview d a t a  provide  s t a g e  
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c h a r a c t e r i s t i c s  and e f f i c i e n c y  measurements based on c a s i n g  s t a t i c  p r e s s u r e  
r i s e ,  measured a i r f l o w ,  and measured t o r q u e .  Standard d a t a  provide  compressor 
performance based on mass-averaged t o t a l  p r e s s u r e  r ise  from Rotor 1 i n l e t  t o  
S t a t o r  4 e x i t ,  measured a i r f l o w ,  and measured torque .  Casing t r ea tmen t  d a t a  
provide  a means of  a s s u r i n g  t h a t  t he  f i r s t  s t a g e  w a s  no t  t h e  s t a l l  l i m i t i n g  
s t a g e .  Reynolds number d a t a  a r e  used t o  e s t a b l i s h  performance t r e n d s  v e r s u s  
Reynolds number as an a i d  i n  e x t r a p o l a t i n g  t h e  t es t  d a t a  t o  t h e  somewhat 
h ighe r  Reynolds number l e v e l s  of  eng ines .  
v i d e  a means of de te rmining  r eg ions  of  favorable  l ead ing  edge loading  ( i n c i -  
dence ) ,  r a t e s  o f  d i f f u s i o n ,  and r eg ions  of  separa ted  flow on t h e  a i r f o i l .  
Blade element d a t a  g i v e  b l ade  element performance and s t a g e  v e c t o r  diagram 
q u a n t i t i e s  based on t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  and flow angle  measured 
i n  a ma t r ix  of c i r c u m f e r e n t i a l  and r a d i a l  l o c a t i o n s .  S u f f i c i e n t  d a t a  a r e  
obta ined  t o  d e f i n e  t h e  wake. Measurements a r e  t aken  a t  t h e  r o t o r  i n l e t ,  
r o t o r  e x i t ,  and s t a t o r  e x i t  of t h e  t es t  s t a g e .  De ta i l ed  w a l l  boundary l a y e r  
d a t a  c o n s i s t  o f  t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  and flow a n g l e  measurements 
a s  c l o s e  as 1% of b l ade  h e i g h t  t o  e i t h e r  endwall. Eva lua t ion  and comparison 
of a l l  t h e s e  d a t a  from t h e  v a r i o u s  c o n f i g u r a t i o n s  have provided a means of  
a s s e s s i n g  t h e  e f f e c t i v e n e s s  of  t he  p a r t i c u l a r  des ign  approaches employed f o r  
reducing l o s s e s  i n  t h e  endwall  r eg ion .  

Blade s u r f a c e  p r e s s u r e  d a t a  pro- 

3 . 5  OVERALL PERFORMANCE RESULTS 

Overa l l  performance comparisons f o r  t he  v a r i o u s  b l ad ing  c o n f i g u r a t i o n s  
t e s t e d  i n  t h e  Core Compressor E x i t  Stage Study Program a r e  presented  i n  t h i s  
s e c t i o n  and t a b u l a t e d  i n  Table 2 .  The o v e r a l l  performance was determined from 
preview d a t a  and s t anda rd  d a t a .  
s u r e  c o e f f i c i e n t ,  work c o e f f i c i e n t ,  and torque  e f f i c i e n c y  p l o t t e d  as a func- 
t i o n  of flow c o e f f i c i e n t .  The t e s t s  were conducted a t  an average r o t o r  t i p -  
c learance- to-b lade-he ight  r a t i o  of 1.36% and a n  average s t a t o r  sea l -c learance-  
to-blade-height r a t i o  of 0.78%. A s  
d i scussed  p r e v i o u s l y ,  c a s i n g  t r ea tmen t  was app l i ed  over t h e  t i p  o f  t h e  f i r s t  
r o t o r  on ly  t o  a s s u r e  t h a t  S tage  1 would not  be t h e  s t a l l  l i m i t i n g  b l ad ing .  

Test  d a t a  a r e  presented  a s  graphs  of  pres- 

The tes t  Reynolds number w a s  3.6 x lo5.  

3 . 5 . 1  Base l ine  Rotor A/Sta tor  A 

The o v e r a l l  performance of t h e  four -s tage  Rotor A /S ta to r  A c o n f i g u r a t i o n  
i s  presented  i n  F igu re  8 and t a b u l a t e d  i n  Table 2 .  
c o e f f i c i e n t  of  0.556 h a s  been achieved a t  t h e  des ign  i n t e n t  flow c o e f f i c i e n t  
of  0.407.  A t  t h e  des ign  p r e s s u r e  r i s e ,  t h e  measured e f f i c i e n c y  o f  0.900 was 
equal  t o  t h e  d e s i g n  t a r g e t .  
f i c i e n t  of  0 .388 ,  and peak p r e s s u r e  r i s e  occurs  a t  a flow c o e f f i c i e n t  of  
0.364.  A t  v a l u e s  of  flow c o e f f i c i e n t  less  than  0 .364 ,  t h e  p r e s s u r e  flow char- 
a c t e r i s t i c  r o l l s  over  and f l a t t e n s  o u t  u n t i l  a c r i s p  r o t a t i n g  s t a l l  occur s .  
Add i t iona l  performance d e t a i l s  are presented  i n  Volume I1 (Reference  4 ) .  

The des ign  i n t e n t  p r e s s u r e  

Peak e f f i c i e n c y  of 0.9045 occur s  a t  a flow coef- 
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3.5 .2  Rotor B/Sta tor  A 

The performance of Rotor B y  which has  a t i p  s e c t i o n  t h a t  unloads t h e  
l e a d i n g  edge and loads  t h e  t r a i l i n g  edge r e l a t i v e  t o  Rotor A ,  i s  compared t o  
t h e  performance of t h e  b a s e l i n e  Rotor A i n  F igure  9 and i n  Table 2 .  Rotor B 
and Rotor A a r e  both  running wi th  S t a t o r  A .  The important f e a t u r e  of t h i s  
Performance comparison is  t h e  0 . 2 4  po in t  improvement i n  e f f i c i e n c y  ob ta ined  
a t  t h e  des ign  po in t  and a t  h i g h e r  flows with Rotor B .  Addi t iona l  performance 
r e s u l t s  a r e  presented  i n  Volume 111 (Reference 5 ) .  

3 .5 .3  Rotor A/S ta to r  B _ _  ~ 

The performance of S t a t o r  B ,  which embodies t w i s t  g r a d i e n t s  i n  t h e  end- 
w a l l  r e g i o n s ,  i s  compared t o  t h e  performance of t h e  b a s e l i n e  S t a t o r  A i n  Fig- 
u r e  10 and Table 2 .  S t a t o r  B and S t a t o r  A a r e  both  running with Rotor A .  
Two important f e a t u r e s  of  t h i s  performance comparison are (1) a n  improvement 
i n  e f f i c i e n c y  a t  every  flow t e s t e d  us ing  S t a t o r  B wi th  a 0 . 4 1  p o i n t  improve- 
ment ob ta ined  a t  t h e  des ign  po in t  and ( 2 )  a s i g n i f i c a n t  improvement i n  t h e  
pressure-flow c h a r a c t e r i s t i c  ob ta ined  nea r  s t a l l  u s ing  S t a t o r  B.  The 3 . 2 %  
improvement i n  peak p r e s s u r e  c o e f f i c i e n t  and t h e  5.4% improvement i n  flow 
range from t h e  des ign  po in t  t o  t h e  peak p r e s s u r e  r ise poin t  r e s u l t ,  i n  p a r t ,  
from more f avorab le  a i r f o i l  p r e s s u r e  d i s t r i b u t i o n s ,  e s p e c i a l l y  nea r  t h e  hub. 

Cons ide ra t ion  of  s t a g e  matching was reviewed. During t h e  des ign  of 
S t a t o r  B y  r e p o r t e d  i n  Reference 3 ,  a s t a g e  matching a n a l y s i s  was conducted t o  
s e e  i f  a new r o t o r  might be needed t o  match t h e  S t a t o r  B v e c t o r  diagrams. 
However, upon comparing t h e  r o t o r  i n l e t  r e l a t i v e  a i r  ang le s  t h a t  would be pro- 
duced by S t a t o r  B w i th  t h e  Rotor A des ign  a i r  ang le s  (Reference 3 ,  Figure  l o ) ,  
i t  was concluded t h a t  Rotor A was w e l l  matched wi th  S t a t o r  B .  D i f f e rences  i n  
a i r  ang le s  were n e g l i g i b l e  except  i n  t h e  endwalls where, nea r  t h e  c a s i n g ,  t h e  
Rotor A r e l a t i v e  a i r  ang le s  were less than  those  r equ i r ed  f o r  S t a t o r  B ,  vary- 
i n g  from zero  deg rees  less a t  10% immersion t o  3" less a t  zero  p e r c e n t  i m m e r -  
s i o n .  The d i f f e r e n c e s  a t  t h e  hub were less than  1 .5" .  New r o t o r  b l ad ing  
could n o t  be  j u s t i f i e d  f o r  t h e s e  s m a l l  l o c a l i z e d  d i f f e r e n c e s  i n  r o t o r  a i r  
ang le s  seen  nea r  t h e  endwal l s .  
1.ated t o  b e  10% t o  15% h i g h e r .  

Rotor endwall  d i f f u s i o n  f a c t o r s  were ca lcu-  

The 6% i n c r e a s e  i n  s t a l l i n g  flow c o e f f i c i e n t  f o r  S t a t o r  B i s  not thought 
t o  be too  s i g n i f i c a n t ,  e s p e c i a l l y  i n  view of t h e  5.4% improvement i n  flow 
range  from des ign  t o  peak p r e s s u r e  r i s e ,  s i n c e  r e a r  s t a g e s  of  t h i s  type  o f t e n  
do not o p e r a t e  beyond t h e  peak p r e s s u r e  r i s e  po in t  i n  a high-speed compressor. 
Also ,  t h e r e  i s  a v e r y  s l i g h t  i n c r e a s e  i n  pumping f o r  t h e  Rotor A /S ta to r  B 
c o n f i g u r a t i o n .  Addi t iona l  performance r e s u l t s  can  be found i n  Volume I11 
(Reference 5 ) .  

3 .5 .4  Rotor B /S ta to r  B 

Since t h e  Rotor B des ign  and t h e  S t a t o r  B des ign  both  showed a pe r fo r -  
mance improvement when compared wi th  t h e  b a s e l i n e ,  a four -s tage  c o n f i g u r a t i o n  
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c o n s i s t i n g  of Rotor B /S ta to r  B was t e s t e d .  
t i o n  i s  compared t o  t h e  performance o f  t h e  b a s e l i n e  Rotor A /S ta to r  A configu- 
r a t i o n  i n  F igu re  11 and Table 2 .  The performance of t h e  Rotor B /S ta to r  B 
c o n f i g u r a t i o n  g e n e r a l l y  fo l lows  t h a t  o f  t h e  Rotor A /S ta to r  B c o n f i g u r a t i o n  but  
wi th  s l i g h t l y  h i g h e r  e f f i c i e n c i e s  a t  f low r a t e s  l a r g e r  t han  des ign  flow and 
s l i g h t l y  lower e f f i c i e n c i e s  a t  flow r a t e s  smaller than  d e s i g n .  When compared 
wi th  t h e  b a s e l i n e ,  Rotor B /S ta to r  B shows ( 1 )  a 0.30 po in t  improvement a t  t he  
des ign  po in t  and ( 2 )  a s i g n i f i c a n t  improvement i n  t h e  pressure- f low cha rac t e r -  
i s t i c s  nea r  s t a l l .  Apparently t h e  e f f i c i e n c y  g a i n s  achieved i n d i v i d u a l l y  by 
Rotor B (0.24 p o i n t )  and S t a t o r  B (0 .41  p o i n t )  are n o t  a d d i t i v e .  P o s s i b l y  t h e  
h i g h e r  t r a i l i n g  edge load ing  i n h e r e n t  i n  t h e  Rotor B t i p  s e c t i o n  causes  more 
l o s s  when run  i n  t h e  h ighe r  r o t o r  endwall  l oad ing  environment of t h e  S t a t o r  B- 
t ype  v e c t o r  diagrams than  when run  w i t h  t h e  more conven t iona l  S t a t o r  A-type 
v e c t o r  diagrams. The 2.8% improvement i n  peak p r e s s u r e  c o e f f i c i e n t  and t h e  
5.4% improvement i n  f low range  from t h e  des ign  p o i n t  t o  t h e  peak p r e s s u r e  p o i n t  
r e s u l t  from a more f a v o r a b l e  p r e s s u r e  d i s t r i b u t i o n  on t h e  s t a t o r ,  e s p e c i a l l y  
nea r  t h e  hub. The 5.4% improvement i n  f low range  from d e s i g n  t o  peak p r e s s u r e  
rise ob ta ined  w i t h  t h e  Rotor A /S ta to r  B c o n f i g u r a t i o n  h a s  been main ta ined .  
Rotor B /S ta to r  B w a s  s e l e c t e d  as t h e  "Best Stage" because ,  i n  a d d i t i o n  t o  t h e  
improvements shown a t  low speed ,  a n  added e f f i c i e n c y  improvement might be  ex- 
pec ted  a t  h i g h e r  Mach numbers due t o  t h e  r e d u c t i o n  i n  peak s u c t i o n  s u r f a c e  
v e l o c i t y  on t h e  t i p  s e c t i o n .  Comprehensive test  d a t a  are p resen ted  i n  Volume 
I V  (Reference 6 ) .  

The performance of t h i s  conf igura-  

3.5.5 Rotor C /S ta to r  B 

The o v e r a l l  performance of Rotor C i s  compared wi th  t h a t  o f  Rotor B i n  
F igu re  1 2  and Table 2 .  
c a l ,  bu t  Rotor C s t a l l s  a t  2% lower a i r f l o w .  This could  be because t h e  f i r s t  
r o t o r  t i p  i s  governing and t h e  Rotor C t i p  i s  more c l o s e d .  A 0.18 p o i n t  
improvement i n  e f f i c i e n c y  is apparent  w i th  Rotor C r e l a t i v e  t o  Rotor B a t  
flow c o e f f i c i e n t s  l a r g e r  t han  t h e  des ign  p o i n t .  
a 0.48 p o i n t  improvement i n  e f f i c i e n c y  was ob ta ined  wi th  Rotor C /S ta to r  B . )  
A s m a l l  improvement i n  o v e r a l l  peak e f f i c i e n c y  and a n  i n c r e a s e  i n  t h e  range  of 
t h e  h igh  e f f i c i e n c y  r e g i o n  i s  ob ta ined  w i t h  Rotor C.  An a d d i t i o n a l  0.14 p o i n t  
i n  e f f i c i e n c y  should  b e  c r e d i t e d  t o  Rotor C compared t o  Rotor B t o  ad jus tment  
f o r  t i p  c l e a r a n c e .  
c learance- to-b lade-he ight  of 1.53% compared t o  1.43% f o r  Rotor B.  Comprehen- 
s ive  test  d a t a  are p resen ted  i n  Volume V (Reference 7 ) .  

The pressure- f low c h a r a c t e r i s t i c s  are n e a r l y  i d e n t i -  

(Note: R e l a t i v e  t o  S tage  A, 

Rotor C a c t u a l l y  r a n  w i t h  a s l i g h t l y  l a r g e r  r o t o r  tip- 

3.5.6 Rotor A /S ta to r  C 

The performance of  S t a t o r  C ,  which h a s  reduced t r a i l i n g  edge load ing  and 
i n c r e a s e d  l e a d i n g  edge load ing  nea r  t h e  endwal l s ,  i s  compared t o  t h a t  of S t a t o r  
A i n  F igu re  1 3  and Table  2 .  
A .  
l o s s  i n  e f f i c i e n c y  f o r  S t a t o r  C a t  t h e  d e s i g n  p o i n t  i s  w i t h i n  exper imenta l  
accuracy .  S t a t o r  C shows no obvious advantages  over S t a t o r s  A o r  B. 
d a t a  are p resen ted  i n  Volume I11 (Reference 5 ) .  

S t a t o r  C and S t a t o r  A are bo th  running  w i t h  Rotor 
There i s  a 0.3 p o i n t  l o s s  i n  peak e f f i c i e n c y  u s i n g  S t a t o r  C .  The s l i g h t  

The test  
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4 .0  EFFECT OF BLADE SHAPE 

In  t h i s  s e c t i o n ,  t h e  e f f e c t  of b l a d e  p r o f i l e  shape on compressor pe r fo r -  
mance i s  examined. Three d i f f e r e n t  a i r f o i l  p r o f i l e  shapes ,  Rotor B t i p ,  Rotor 
C T ip ,  and S t a t o r  C hub and t i p  desc r ibed  i n  S e c t i o n  3 .3 ,  were t e s t e d .  Gener- 
a l l y  speaking ,  t h e  a i r f o i l  p r o f i l e s  were modified i n  t h e  endwall r e g i o n  r e l a -  
t i v e  t o  t h e  Stage A b a s e l i n e ,  and t h e s e  mod i f i ca t ions  w e r e  f a i r e d  t o  t h e  
o r i g i n a l  b a s e l i n e  shape i n  t h e  midstream p o r t i o n  of t h e  annulus (30% t o  70% 
immersion) . 

4.1  OVERALL PERFORMANCE 

Rotor B and Rotor C bo th  produced modest improvements i n  compressor 
e f f i c i e n c y ,  a s  shown i n  F igu res  9 and 1 2 ,  with r e l a t i v e l y  l i t t l e  d i f f e r e n c e  
i n  the  shape of t h e  pressure- f low c h a r a c t e r i s t i c .  I n  both c a s e s ,  modifica- 
t i o n s  t o  t h e  r o t o r  t i p  s e c t i o n  were made. For Rotor B,  i n  which t h e  l ead ing  
edge was unloaded and t h e  t r a i l i n g  edge was loaded r e l a t i v e  t o  t h e  b a s e l i n e ,  
a s  shown i n  F igu re  4 ,  t h e r e  was a back-to-back tes t  us ing  t h e  same S t a t o r  A 
and t h e  same v e c t o r  diagram type .  Consequently, t h e  performance improvement 
of 0.24  po in t  i n  e f f i c i e n c y  a t  t h e  des ign  poin t  could  be a t t r i b u t e d  t o  the  
a i r f o i l  p r o f i l e  m o d i f i c a t i o n .  
0 . 3 9 ,  t h e  e f f i c i e n c y  with Rotor B i s  lower than  t h a t  w i th  Rotor A .  For Rotor 
C y  i n  which both  a m o d i f i c a t i o n  t o  t h e  a i r f o i l  p r o f i l e  ( a s  shown i n  F igu re  6 )  
and a v e c t o r  diagram change were made, t h e  cause of t h e  performance improve- 
ment of  0.18 po in t  i n  e f f i c i e n c y  r e l a t i v e  t o  Rotor B a t  des ign  po in t  was not  
c l e a r .  

A t  lower flow c o e f f i c i e n t s  between 0 . 3 7  and 

Although t h e  0 .41  po in t  improvement i n  o p e r a t i n g  l i n e  e f f i c i e n c y  and 
t h e  s u b s t a n t i a l  improvement i n  pressure-flow c h a r a c t e r i s t i c s  nea r  s t a l l  u s ing  
S t a t o r  B i s  c l a s s i f i e d  as r e s u l t i n g  from a v e c t o r  diagram change, an  i n t e r e s t -  
ing  comparison i s  shown i n  F igu re  14. 
p l o t t e d  f o r  S tage  1 of  t h e  four -s tage  c o n f i g u r a t i o n  and f o r  t h e  average of 
S tages  2 ,  3 ,  and 4 of  t h e  four -s tage  c o n f i g u r a t i o n  c o n s i s t i n g  of Rotor A/ 
S t a t o r  A and Rotor A /S ta to r  B .  Since both  c o n f i g u r a t i o n s  a r e  o p e r a t i n g  with 
t h e  same Stage  A type  i n l e t  gu ide  vane ,  t h e  f i r s t  r o t o r  sees t h e  same A-type 
v e c t o r  diagram c o n d i t i o n s  a t  t h e  i n l e t  i n  both  c a s e s ,  and t h e  f i r s t  s t a t o r  
of e i t h e r  t ype  sees Stage  A-type i n l e t  c o n d i t i o n s .  The S t a t o r  B end-bends 
permit a h ighe r  p r e s s u r e  c o e f f i c i e n t  t o  be obta ined  near  s t a l l .  I n  Stage 1, 
S t a t o r  B runs  wi th  low inc idence  ang le s  and low loadings  i n  t h e  endwal l s ,  and 
t h e  s t r e n g t h e n i n g  seen  i n  t h e  S tage  1 c h a r a c t e r i s t i c  i s  thus  due t o  t h e s e  
f a c t o r s  and not  due t o  t h e  change i n  v e c t o r  diagram. In  t h e  r e a r  s t a g e s ,  
however, t h e  r e p e a t i n g  s t a g e  environment i s  e s t a b l i s h e d ,  and t h e  r e a r  s t a g e s  
a r e  not  unloaded i n  t h e  endwal l s .  The d a t a  i n  F igure  14 show a s i g n i f i c a n t  
improvement i n  t h e  pressure-flow c h a r a c t e r i s t i c  near s t a l l  f o r  t h e  r e a r  b lock  
average .  Consequently , a l though some of t h e  performance improvement obta ined  
us ing  S t a t o r  B could be due t o  t h e  use of t h e  Stage A-type i n l e t  gu ide  vane 
with S t a t o r  B,  a l a r g e r  p a r t  appears  t o  r e s u l t  from t h e  v e c t o r  diagram change. 

The pressure- f low c h a r a c t e r i s t i c s  a r e  
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The b lad ing  mod i f i ca t ions  f o r  S t a t o r  C y  which produced an increased  lead- 
ing  edge load ing  and a reduced t r a i l i n g  edge load ing ,  r e s u l t e d  i n  a modest 
e f f i c i e n c y  p e n a l t y  of -0.05 p o i n t  a t  t h e  des ign  p o i n t  and -0.30 p o i n t  a t  peak 
e f f i c i e n c y  compared t o  S t a t o r  A when bo th  were run  wi th  Rotor A .  

In  o r d e r  t o  unders tand  t h e  reasons  f o r  t h e  performance changes o b t a i n e d ,  
t h e  d e t a i l s  of t h e  flow f i e l d  were examined more c l o s e l y  as d i scussed  i n  the  
next s e c t  i o n .  . 

!D 

4.2 BLADE ELEMENT PERFORMANCE 

V a r i a t i o n s  of loss  c o e f f i c i e n t s ,  d e v i a t i o n  a n g l e s ,  D-fac tors ,  inc idence  
a n g l e s ,  and t o t a l  p r e s s u r e s  were p l o t t e d  f o r  a l l  c o n f i g u r a t i o n s  t e s t e d .  These 
a r e  shown a t  d e s i g n  t h r o t t l e  s e t t i n g  i n  F igures  15 through 19 and i n  the  
Appendix F igu res  A 1  through A5. 
r eg ions  t o  see what e f f e c t  d i f f e r e n t  b l ade  shapes had on l o s s  c o e f f i c i e n t s ,  
e t c .  

A t t e n t i o n  was paid t o  t r e n d s  i n  t h e  endwall 

The r a d i a l  v a r i a t i o n  of  r o t o r  and s t a t o r  l o s s  c o e f f i c i e n t  a r e  shown i n  
F igure  15. It i s  c l e a r  from t h e  f i g u r e  t h a t  r o t o r  l o s s  c o e f f i c i e n t s  f o r  a l l  
t h r e e  c o n f i g u r a t i o n s  a r e  n e a r l y  t h e  same. Apparently t h e  changes i n  loss 
c o e f f i c i e n t  r e s u l t i n g  from t h e  changes i n  b l ade  shape were not  l a r g e  enough 
t o  be measured. On t h e  o t h e r  hand, t h e  s t a t o r  l o s s e s  a r e  l a r g e r  i n  t h e  
endwall r eg ions  f o r  t h e  Rotor A/Sta tor  A c o n f i g u r a t i o n  t h a n  f o r  t h e  o t h e r s .  
I n  f a c t  t h e  hub r e g i o n  of S t a t o r  A c l e a r l y  h a s  h ighe r  l o s s e s  than  those  of 
S t a t o r  B.  However, t h i s  most l i k e l y  r e s u l t s  from a v e c t o r  diagram change 
t h a t  w i l l  be d i scussed  i n  Sec t ion  5 .2 .  Note t h a t  t h e  S t a t o r  B l o s s  c o e f f i -  
c i e n t  i s  lower wi th  Rotor C than  with Rotor B y  so maybe t h e  h i g h e r  e f f i c i e n c y  
of  Rotor C i s  due more t o  v e c t o r  diagrams than t o  t h e  d i f f e r e n t  r o t o r  t i p  
a i r f o i l  shape. 

The d e v i a t i o n  a n g l e s ,  d i f f u s i o n  f a c t o r s  , and inc idence  ang le s  presented  
i n  F igu res  16 through 18 show t h a t  Rotor C i s  o p e r a t i n g  wi th  s l i g h t l y  h i g h e r  
d e v i a t i o n  ang le s  and d i f f u s i o n  f a c t o r s  i n  the  t i p  r e g i o n  and s l i g h t l y  h i g h e r  
i nc idence  ang le s  i n  t h e  midspan r eg ion .  But t h e r e  are no c l e a r  i n d i c a t i o n s  
of t h e  causes  f o r  improved performance i n  the  r o t o r s .  I n  F igu re  18, t h e  lower 
inc idence  ang le s  of  S t a t o r  B running wi th  Rotor C may e x p l a i n  p a r t  o f  t h e  
performance improvement f o r  t h a t  c o n f i g u r a t i o n .  

The r a d i a l  v a r i a t i o n  of normalized t o t a l  p r e s s u r e  a t  t h e  compressor d i s -  
charge i s  shown i n  F igure  19 f o r  t h e  v a r i o u s . b l a d i n g  types  t h a t  ma in ta in  a 
cons t an t  t o t a l  p r e s s u r e .  Rotor C w i l l  be  t r e a t e d  l a t e r .  A s  expec ted ,  t h e r e  
i s  no meaningful d i f f e r e n c e  i n  t h e  p r e s s u r e  p r o f i l e s  due t o  t h e  b l ade  shapes 
t e s t e d .  

S ince  t h e  g a i n s  i n  e f f i c i e n c y  were modest, being from 0 .1  t o  0.4 p o i n t ,  
i t  i s  not  s u r p r i s i n g  t h a t  any e f f e c t  o f  changes i n  b l ade  shape on t h e  r a d i a l  
v a r i a t i o n  of t h e s e  b l ade  element parameters w a s  l o s t  i n  t h e  d a t a  s c a t t e r .  
Consequently,  one could  n o t  i d e n t i f y  t h e  p r e c i s e  causes  f o r  t h e  performance 
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improvement. The d e t a i l e d  comparisons a r e  presented  f o r  completeness i n  the  
Appendix, F igures  A 1  through A5. 

4 . 3  BLADE AND VANE SURFACE STATIC PRESSURE 

Comparisons of measured 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 s  on t h e  a i r f o i l  
s u r f a c e s  f o r  t h e  v a r i o u s  d i f f e r e n t  b l ad ing  shapes show t h a t  i n  each c a s e  t h e  
in tended  p r e s s u r e  d i s t r i b u t i o n  w a s  e i t h e r  achieved o r  n e a r l y  achieved .  I n  
t h i s  s e c t i o n  only  those  comparisons near  t h e  endwalls w i l l  be made, s i n c e  
t h i s  i s  where t h e  b l ad ing  mod i f i ca t ions  are  most appa ren t .  

I n  F igure  20, a comparison of r o t o r  s u r f a c e  s t a t i c  p r e s s u r e s  i s  made f o r  
Rotors A and B a t  5% immersion. Both r o t o r s  are running with S t a t o r  A .  "he 
des ign  i n t e n t  of  unloading t h e  l e a d i n g  edge r e g i o n  and loading  t h e  t r a i l i n g  
edge r eg ion  r e l a t i v e  t o  Rotor A has  been achieved .  Although Rotor B appears  
t o  be running a t  s l i g h t l y  lower inc idence  a n g l e s ,  t h e r e  i s  no c l e a r  i n d i c a t i o n  
of t h e  cause  of t h e  performance improvement achieved by Rotor B.  The p r e s s u r e  
d i s t r i b u t i o n s  f o r  Rotor A and B near t h e  hub, shown i n  F igure  2 1 ,  a r e  t h e  
same. This  i s  an expected r e s u l t  s i n c e  both  r o t o r s  have t h e  same hub a i r f o i l  
s e c t i o n .  

The p r e s s u r e  d i s t r i b u t i o n  i n  t h e  t i p  r e g i o n  of R o t o r  C y  shown i n  compari- 
son wi th  t h a t  o f  Rotor B i n  F igu re  2 2 ,  e x h i b i t s  some of t h e  "smoothing" on t h e  
s u c t i o n  s u r f a c e  t h a t  was in tended  by t h e  s p e c i a l  a i r f o i l  s e c t i o n s ,  p a r t i c u -  
l a r l y  r i g h t  a t  t h e  l e a d i n g  edge. The d a t a  show t h a t  t h e  forward t h i r d  of t h e  
b l ade  has  more load ing  and t h e  a f t  p o r t i o n  has  l ess  loading  than  Rotor B ,  bu t  
t h e r e  i s  no ev idence  t o  i n d i c a t e  flow s e p a r a t i o n  o r  o t h e r  d e t r i m e n t a l  condi- 
t i o n s  f o r  e i t h e r  a i r f o i l .  

The p r e s s u r e  d i s t r i b u t i o n s  obta ined  i n  t h e  endwalls f o r  S t a t o r  C are 
compared with those  f o r  S t a t o r  A i n  F igures  23  and 24.  C l e a r l y ,  S t a t o r  C h a s  
a l a r g e r  a i r f o i l  l oad ing  nea r  t h e  l e a d i n g  edge and a sma l l e r  l oad ing  nea r  
t h e  t r a i l i n g  edge, a s  was in tended .  However t h e r e  i s  no i n d i c a t i o n  of an 
i n c r e a s e  i n  flow s e p a r a t i o n  i n  S t a t o r  C t h a t  would e x p l a i n  i t s  poorer e f f i -  
c i ency .  

In  summary, t h e  e f f e c t s  of  changes i n  b l ade  shape on s u r f a c 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 s  a r e  r e a d i l y  apparent  i n  t h e  d a t a ,  a l though t h e r e  i s  no 
c l e a r  i n d i c a t i o n  i n  t h e s e  d a t a  of t h e  causes  f o r  improved o r  reduced e f f i -  
c i ency  of  t h e  v a r i o u s  d e s i g n s .  
des igns  are small ,  and t h e  c o r r e l a t i o n  between t h e s e  changes and t h e  changes 
i n  s u r f a c 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  are not  s t r a i g h t f o r w a r d  f o r  t h i s  
b l ad ing .  

The changes i n  e f f i c i e n c y  f o r  t h e  v a r i o u s  
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5.0 EFFECT OF VECTOR DIAGRAM TYPE 

, 

I n  t h i s  s e c t i o n ,  t h e  e f f e c t  of v e c t o r  diagram type  on compressor pe r fo r -  
The Rotor A/ mance i s  examined. 

S t a t o r  A t ype ,  desc r ibed  i n  Reference 3 ,  had a r a d i a l  v a r i a t i o n  of t o t a l  
p r e s s u r e  which w a s  somewhat higher-than-average near  t h e  hub and somewhat 
lower-than-average near  t h e  t i p  producing a +_9% r a d i a l  v a r i a t i o n  i n  s t a g e  
ex i t  dynamic head .  
Reference 3 ,  incorpora ted  h i g h e r  s t a t o r  e x i t  s w i r l  ang le s  and lower axial  
v e l o c i t i e s  i n  t h e  endwall  r eg ions  and h i g h e r  ax ia l  v e l o c i t i e s  i n  t h e  p i t c h - l i n e  
r eg ion  r e l a t i v e  t o  t h e  Stage A type .  
through t h e  endwall  r eg ion .  
Reference 7 ,  produced a s i g n i f i c a n t l y  h i g h e r  t o t a l  p r e s s u r e  from p i t c h l i n e -  
to-hub and lower t o t a l  p r e s s u r e s  from p i t c h l i n e - t o - t i p  than  t h e  Rotor A t ype ,  
bu t  wi th  the  same o v e r a l l  average .  The r a d i a l l y  nonconstant  d i s t r i b u t i o n  of  
t o t a l  p r e s s u r e  f o r  Rotor C was designed t o  be +24% of s t a g e  e x i t  dynamic 
head compared t o  k9% f o r  S tages  A and B.  
increased  t h e  dynamic head e n t e r i n g  a l l  b l ade  rows and helped reduce  loading  
i n  the  hub r eg ion .  Rotor C was t e s t e d  wi th  S t a t o r  €3. 

Three types  o f  v e c t o r  diagrams were t e s t e d .  

The S t a t o r  B type  of v e c t o r  diagram, a l s o  desc r ibed  i n  

This  reduced t h e  amount of  flow pass ing  
The Rotor C v e c t o r  diagram t y p e ,  descr ibed  i n  

The h i g h e r  hub t o t a l  p re s su re  

5 .1  OVERALL PERFORMANCE 

The S t a t o r  B-type v e c t o r  diagram produced a s i g n i f i c a n t  improvement i n  
t h e  pressure-f low c h a r a c t e r i s t i c  near  s t a l l  and a modest improvement i n  
e f f i c i e n c y  a c r o s s  t h e  whole flow range compared t o  t h e  S t a t o r  A type  as 
desc r ibed  i n  Sec t ion  3 .5 .3 ,  F igu re  10. Although t h e  Rotor C-type of v e c t o r  
diagram and t h e  s e v e r a l  changes i n  b l ade  shape produced s i m i l a r  modest 
improvements i n  e f f i c i e n c y  as  shown i n  F igures  9 through 1 2 ,  o n l y  t h e  S t a t o r  
B-type v e c t o r  diagrams produced t h i s  s u b s t a n t i a l  improvement i n  t h e  pressure-  
flow c h a r a c t e r i s t i c .  Evidence presented  i n  t h e  fol lowing s e c t i o n s  i n d i c a t e s  
t h a t  t h i s  improvement r e s u l t e d  from reduced s e p a r a t i o n  and h e a l t h i e r  f low i n  
t h e  hub r eg ion .  

The Rotor C-type v e c t o r  diagram a l s o  produced a modest improvement i n  
compressor e f f i c i e n c y  compared t o  the  B-type as d i scussed  i n  Sec t ion  3 .5 .5 ,  
F igure  12 .  However, t h e  reason  f o r  t h i s  improvement was no t  so r e a d i l y  
apparent .  

5 .2  BLADE ELEMENT PERFORMANCE 

The r a d i a l  v a r i a t i o n  of normalized t o t a l  p re s su re  inc lud ing  cas ing  and 
hub s t a t i c  p r e s s u r e  a t  t h e  compressor d i scha rge  f o r  v a r i o u s  t h r o t t l e  s e t t i n g s  
i s  presented  i n  F igu re  25 f o r  t h e  t h r e e  d i f f e r e n t  t ypes  o f  v e c t o r  diagrams 
t e s t e d .  The p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e  A-type and t h e  B-type are v e r y  
s imilar  f o r  t h e  des ign  po in t  t h r o t t l e  and t h e  peak e f f i c i e n c y  t h r o t t l e .  How- 
eve r  a t  t h e  peak p res su re  r i s e  t h r o t t l e ,  t h e  hub r e g i o n  beg ins  t o  c o l l a p s e  f o r  
t h e  A-type v e c t o r  diagram whi le  t h e  hub remains s t r o n g e r  f o r  t h e  B-type. For 
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t h e  C-type v e c t o r  diagram, t h e  s t rengthened  hub p r o f i l e  i s  e v i d e n t  a t  a l l  
t h r o t t l e s  shown. Rotor C was no t  t e s t e d  wi th  an A-type s t a t o r ,  consequent ly  
t h e  e f f e c t  o f  t h e  s t r o n g  hub wi th  a more convent ional  r a d i a l  d i s t r i b u t i o n  
of  s w i r l  i s  no t  known. 

P r e s e n t a t i o n s  of  r a d i a l  p r e s s u r e  v a r i a t i o n s  f o r  t h e  A- and B-type v e c t o r  
diagrams a t  Stage 2 a r e  shown i n  F igure  26. The d i f f e r e n c e  between t h e  t o t a l  
p r e s s u r e s  a t  t h e  s t a t o r  i n l e t  and e x i t  p lanes  r e p r e s e n t s  t h e  loss .  The rela- 
t i v e l y  h i g h e r  l o s s e s  a t  b o t h  endwall  reg ions  i s  seen i n  t h e  f i g u r e .  However, 
t h e  s i g n i f i c a n t  i n c r e a s e  i n  l o s s  from 50% immersion t o  t h e  hub f o r  t h e  A-type 
v e c t o r  diagram near  s t a l l  i s  c l e a r l y  ev ident  i n  F i g u r e  26b. I t  should b e  noted 
t h a t  t h e  d a t a  i n  F igure  26b i s  f o r  a t h r o t t l e  s e t t i n g  somewhat more c l o s e d  
than  t h a t  i n  F igure  26d s i n c e  Stage A could be t h r o t t l e d  t o  lower flows than  
Rotor B/Sta tor  B .  This does no t  change t h e  main message t h a t  S t a t o r  A hub 
flow becomes worse than  S t a t o r  B hub flow n e a r  s t a l l .  

Comparisons o f  t h e  r a d i a l  p r e s s u r e  v a r i a t i o n s  f o r  t h e  B- and C-type 
v e c t o r  diagrams a r e  shown i n  F igure  27. The s i g n i f i c a n t  hub s t r o n g  t i l t  i n  
p r e s s u r e  d i s t r i b u t i o n  i s  apparent  a l though no change i n  t h e  l o s s  c o e f f i c i e n t s  
i n  t h e  hub r e g i o n  i s  obta ined  a s  a r e s u l t .  A d e c r e a s e  i n  s t a t o r  inc idence  
angle  was observed,  and t h i s  may be r e s p o n s i b l e  f o r  t h e  small  e f f i c i e n c y  
improvement obta ined  wi th  Rotor C / S t a t o r  B .  

The r a d i a l  v a r i a t i o n  of s t a t o r  loss c o e f f i c i e n t  i n  Figure 15 a l s o  shows 
t h e  A-type v e c t o r  diagram t o  have more l o s s  than t h e  B-type i n  t h e  s t a to r  hub 
reg ion .  

The l o s s  c o e f f i c i e n t ,  d i f f u s i o n  f a c t o r s  and d e v i a t i o n s  a n g l e s  w e r e  p lo t -  
t ed  a s  f u n c t i o n s  o f  inc idence  angle  f o r  a l l  of t h e  types  o f  v e c t o r  diagrams 
t e s t e d .  P a r t i c u l a r  a t t e n t i o n  was paid t o  examining t r e n d s  i n  t h e  endwall  
r e g i o n s  t o  see what e f f e c t  d i f f e r e n t  types  o f  v e c t o r  diagrams had on l o s s  
c o e f f i c i e n t s ,  e t c .  The most r e v e a l i n g  of t h e s e  t r e n d s  i s  shown i n  F igure  28 
where l o s s  c o e f f i c i e n t  i s  p l o t t e d  a s  a f u n c t i o n  of inc idence  angle .  It is  
seen i n  t h i s  f i g u r e  t h a t  S t a t o r  A i s  o p e r a t i n g  a t  much l a r g e r  v a l u e s  o f  
inc idence  a n g l e s  and l o s s  c o e f f i c i e n t s  n e a r  t h e  hub t h a n  t h e  o t h e r  s t a t o r s  
a r e ,  e s p e c i a l l y  near  s t a l l .  F igures  15 through 18 have a l r e a d y  shown t h a t  a t  
t h e  d e s i g n  p o i n t ,  S tage  3 r a d i a l  p r o f i l e s  of i n c i d e n c e  a n g l e  and d i f f u s i o n  
f a c t o r  were not  g r e a t l y  d i f f e r e n t  between Stages  A and B y  i n d i c a t i n g  t h a t  t h e  
s t a g e s  a r e  e q u a l l y  w e l l  matched, but hub l o s s  c o e f f i c i e n t s  a r e  h i g h e r  i n  
S t a t o r  A.  

However, except  f o r  t h i s  r e s u l t ,  t h e  d e t a i l e d  comparisons o f  t h i s  type 
d id  n o t  r e v e a l  n o t i c e a b l e  t r e n d s  o r  d i f f e r e n c e s  t h a t  would a l l o w  one t o  
i d e n t i f y  t h e  causes  o f  t h e  performance improvement. The g a i n s  i n  e f f i c i e n c y  
were s m a l l ,  be ing  on t h e  o r d e r  of 0 . 1  t o  0.4 p o i n t ,  and any e f f e c t  t h i s  had 
i n  t h e  r a d i a l  v a r i a t i o n  of l o s s  c o e f f i c i e n t ,  d i f f u s i o n  f a c t o r ,  o r  d e v i a t i o n  
angle  was l o s t  i n  t h e  d a t a  s c a t t e r .  
f o r  completeness i n  t h e  Appendix, F igures  A 1  through A5. 

These d e t a i l e d  comparisons a r e  presented 
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5.3 BLADE,AND VANE SURFACE STATIC PRESSURE 

Comparisons of  s t a t i c  p r e s s u r e  measurements on vane s u r f a c e s  a t  the  end- 
wa l l s  f o r  t h e  S t a t o r  B and Stage A-type v e c t o r  diagrams a r e  presented  i n  
F igures  29 and 3 0 .  It i s  e a s i l y  seen  i n  F igure  29 t h a t  t h e  S t a t o r  B hub i s  
o p e r a t i n g  with l e s s  l e a d i n g  edge loading  and more f avorab le  inc idence  angle  
than  t h e  S t a t o r  A hub. I n  a d d i t i o n ,  from 70% chord t o  t h e  t r a i l i n g  edge, 
S t a t o r  B is  o p e r a t i n g  wi th  s u b s t a n t i a l l y  less evidence  of flow 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  than  S t a t o r  A .  This  h e l p s  t o  show where t h e  improvement 
i n  performance occurred  us ing  t h e  B-type v e c t o r  diagram. 

I n t e r e s t i n g l y ,  t h e  comparison of s u r f a c e  p r e s s u r e s  a t  t h e  t i p  i n  F igure  
30 show no s i g n i f i c a n t  d i f f e r e n c e  wi th  a change i n  v e c t o r  diagram type .  This  
i s  f u r t h e r  ev idence  t h a t  i t  i s  t h e  change i n  t h e  hub r e g i o n  which produces 
t h e  performance improvement. 

Comparisons of  t h e  s t a t i c  p r e s s u r e  measurements on b l ade  s u r f a c e s  a t  t h e  
hub f o r  t h e  Rotor C-type v e c t o r  diagram a r e  presented  i n  F igu re  3 1 .  Rotor C 
has a b i t  more load ing  nea r  t h e  l ead ing  edge than  Rotor B ,  bu t  o the rwise  t h e  
d i s t r i b u t i o n s  a r e  n e a r l y  t h e  same. The s t a t o r  p r e s s u r e  d i s t r i b u t i o n s  were 
a l s o  t h e  same. Consequently,  t h e  cause of any performance improvement i s  no t  
ev ident  i n  t h e  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s .  

Complete s e t s  of  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  are g iven  i n  t h e  Data 
Reports (References  4 through 7) f o r  a l l  immersions and t h r o t t l e s  t e s t e d .  
The r e a d e r  i s  r e f e r r e d  t o  t h e s e  r e p o r t s  f o r  a d d i t i o n a l  r e s u l t s .  
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6.0 SINGLE-STAGE VERSUS MULTISTAGE TEST RESULTS 

In t h i s  s e c t i o n ,  t h e  q u e s t i o n  of how t h e  performance of a g iven  s t a g e ,  
tes ted i n  t h e  m u l t i s t a g e  environment, compares wi th  t h e  performance of t h e  
same s t a g e  t e s t e d  a s  an i s o l a t e d  s i n g l e  s t a g e  o r  a s  a f r o n t  s t a g e  i s  addressed .  
To provide  answers t o  t h i s  q u e s t i o n ,  t es t s  were conducted i n  both  m u l t i s t a g e  
and s ing le -bu i ldups  us ing  Rotor A/Sta tor  A and Rotor B /S ta to r  B b l a d i n g .  
d e t a i l e d  r e s u l t s  of  t h e  t e s t  are found i n  References 4 and 6 ,  and t h e  main 
r e s u l t s  a r e  summarized h e r e .  

The 

6 . 1  OVERALL PERFORMANCE 

Overa l l  performance comparisons of  t h e  s i n g l e - s t a g e  and m u l t i s t a g e  con- 
f i g u r a t i o n s  a r e  presented  i n  F igu re  32 and Table 2 f o r  t h e  Rotor A /S ta to r  A 
and Rotor B / S t a t o r  B b l a d i n g .  For both b l ad ing  d e s i g n s ,  t h e  s i n g l e - s t a g e  con- 
f i g u r a t i o n  pumps more flow than  t h e  four -s tage  ave rage ,  and t h e  s i n g l e - s t a g e  
c o n f i g u r a t i o n  achieves  a h ighe r  peak p r e s s u r e  c o e f f i c i e n t ,  as seen  i n  F igu re  
32a and b and Table 2 .  However, t h e  peak e f f i c i e n c y  of t h e  s i n g l e - s t a g e  con- 
f i g u r a t i o n  i s  lower t h a n  t h a t  o f  t he  four -s tage  c o n f i g u r a t i o n .  

It i s  s u p r i s i n g  t h a t  t h e  s ing le - s t age  e f f i c i e n c y  should be a s  much as 
two p o i n t s  lower than  t h e  four -s tage  e f f i c i e n c y .  A s  d i scussed  i n  Volume I V  
(Reference 61,  much o f  t h i s  d i f f e r e n c e  is  probably due t o  i n a c c u r a c i e s  i n  
measurement/evaluation of t h e  t a r e  torque  of t h e  four -s tage  c o n f i g u r a t i o n  
r e l a t i v e  t o  t h a t  o f  t h e  s i n g l e - s t a g e  c o n f i g u r a t i o n .  This does no t  a f f e c t  
t h e  r e l a t i v e  e f f i c i e n c y  comparisons of  a l l  four -s tage  c o n f i g u r a t i o n s  no r  
does i t  a f f e c t  t h e  r e l a t i v e  e f f i c i e n c y  comparisons o f  t h e  s ing le - s t age  con- 
f i g u r a t  i o n s .  

The i n d i v i d u a l  c h a r a c t e r i s t i c s  of t h e  s ing le - s t age  and four -s tage  con- 
f i g u r a t i o n s  are compared i n  F igu re  33a and b.  
i s  n o t  q u i t e  so s t e e p  a s  t h e  f i r s t  s t a g e  c h a r a c t e r i s t i c  of  t h e  four -s tage  
c o n f i g u r a t i o n .  Compared t o  t h e  S tage  3 c h a r a c t e r i s t i c  of  t h e  four -s tage  con- 
f i g u r a t i o n ,  t h e  s i n g l e - s t a g e  c h a r a c t e r i s t i c  h a s  about t h e  same s l o p e  but  i s  
o p e r a t i n g  a t  about 2.5% h i g h e r  flow and about 4% h i g h e r  p r e s s u r e  c o e f f i c i e n t s .  
The s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  occur  a t  lower flow c o e f f i -  
c i e n t s .  Both t h e  s i n g l e  s t a g e  and t h e  f i r s t  s t a g e  of t h e  m u l t i s t a g e  configu- 
r a t i o n  achieve  h i g h e r  peak p r e s s u r e s  than  those  of t he  o t h e r  s t a g e s .  
d i f f e r e n c e  i s  probably due i n  l a r g e  measure t o  b e t t e r  i n l e t  c o n d i t i o n s  a t  t h e  
f i r s t  r o t o r  i n l e t .  During t h r o t t l i n g ,  t h e  f i r s t  r o t o r  i n l e t  i s  not  sub jec t ed  
t o  t h e  th ickened  wakes, i nc reased  d e v i a t i o n  a n g l e s ,  and sepa ra t ed  flow t h a t  
t h e  downstream s t a g e s  f e e l .  
achieved by t h e  f i r s t  s t a g e  of t h e  four -s tage  c o n f i g u r a t i o n  compared t o  t h e  
s ing le - s t age  c o n f i g u r a t i o n .  This could  r e s u l t  from t h e  c a s i n g  t r ea tmen t  o r  
from t h e  s t a b i l i z i n g  i n f l u e n c e  of t he  downstream s t a g e s  p u l l i n g  on t h e  f i r s t  
s t a g e  of a m u l t i s t a g e  c o n f i g u r a t i o n .  

The s i n g l e - s t a g e  c h a r a c t e r i s t i c  

This  

Perhaps even more s t r i k i n g  i s  t h e  h i g h e r  p r e s s u r e  
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6.2 BLADE ELEMENT PERFORMANCE 

. 
0 

The d e t a i l e d  d a t a  repor ted  i n  Volumes I1 and I V  (References 4 and 6 ,  
r e s p e c t i v e l y )  were examined t o  determine whether t h e  s i n g l e - s t a g e  configura-  
t i o n  had d i f f e r e n t  de>tai led b l a d e  element performance than t h e  m u l t i s t a g e  
confip,uruL i o n .  ICxaiiipI ('s 0 1  I I \ ( *  <*01Iipi1ri so i is  iii;itItt art- s l i o w i i  i i t  l<igut-t*fl '14 
through 36 and i n  t h e  Appendix, F igures  A6 through A10. The d a t a  shown i n  
F igure  34 a r e  r e p r e s e n t a t i v e .  A t  t h e  d e s i g n  p o i n t ,  t h e r e  i s  l i t t l e  i f  any 
d i f f e r e n c e  i n  t h e  r o t o r  l o s s  c o e f f i c i e n t  when t h e  d a t a  f o r  t h e  four-s tage 
c o n f i g u r a t i o n ' s  f i r s t  s t a g e  i s  compared with t h a t  f o r  t h e  s i n g l e - s t a g e  
c o n f i g u r a t i o n  and t h e  four-s tage c o n f i g u r a t i o n ' s  t h i r d  s t a g e .  Only l o c a l l y  
a t  t h e  r o t o r  hub i s  t h e r e  a sugges t ion  t h a t  t h e  s ing le-s tage  c o n f i g u r a t i o n  
h a s  s l i g h t l y  h i g h e r  l o s s e s .  The r e s u l t s  f o r  t h e  s t a t o r  are s i m i l a r .  

A s  t h e  t h r o t t l e  i s  c l o s e d  from t h e  des ign  poin t  toward s t a l l ,  i t  i s  c l e a r  
from t h e  d a t a  i n  F igure  35 t h a t  t h e  t h i r d  s t a g e  of t h e  four-s tage configura-  
t i o n  i s  running a t  much h igher  incidence angles  t h a n  t h e  s ing le-s tage  o r  t h e  
f i r s t  s t  age conf i g u r a t  ion.  

A comparison of  t h e  r a d i a l  v a r i a t i o n  of normalized t o t a l  p r e s s u r e  a t  t h e  
compressor d i s c h a r g e  i s  presented i n  F igure  36 f o r  t h e  s ing le-s tage  and t h e  
four-s tage c o n f i g u r a t i o n s .  P r e s s u r e s  f o r  t h e  four-s tage c o n f i g u r a t i o n  have 
been d i v i d e d  by fou r  i n  o r d e r  t o  make comparisons with t h e  s ing le-s tage  re- 
s u l t s .  A t  bo th  t h r o t t l e s  p r e s e n t e d ,  t h e  s i n g l e - s t a g e  d a t a  e x h i b i t s  a r e d u c t i o n  
i n  t o t a l  p r e s s u r e  r i se  a t  bo th  t h e  t i p  r e g i o n  (0%-20% immersion) and t h e  
hub r e g i o n  (20%-100% immersion) compared t o  t h e  m u l t i s t a g e  r e s u l t s .  A t  t h e  
peak p r e s s u r e  r i s e  t h r o t t l e ,  t h e  h igher  p r e s s u r e  r ise  achieved by t h e  s i n g l e -  
s t a g e  c o n f i g u r a t i o n  i s  ev ident  i n  t h e  f i g u r e .  

6 . 3  BLADE AND VANE SURFACE STATIC PRESSURE 

A comparison of b lade  s u r f a c e  s t a t i c  p r e s s u r e s  f o r  t h e  four-s tage and 
s i n g l e - s t a g e  c o n f i g u r a t i o n s  i s  presented i n  F igure  37 f o r  Rotor A/Stator  A f o r  
t h e  d e s i g n  p o i n t  t h r o t t l e  and t h e  peak p r e s s u r e  r ise t h r o t t l e .  For t h e s e  
comparisons, t h e  z e r o  l e v e l  of s t a t i c  p r e s s u r e  w a s  t aken  as t h e  maximum s t a t i c  
p r e s s u r e  measured on t h e  p r e s s u r e  s u r f a c e ,  and t h e  d i f f e r e n c e ,  AP, between 
t h i s  z e r o  l e v e l  and p r e s s u r e s  a t  o t h e r  l o c a t i o n s  on t h e  a i r f o i l  w a s  p l o t t e d .  
The d a t a  taken  near  t h e  hub of t h e  r o t o r  f o r  t h e  s ing le-s tage  c o n f i g u r a t i o n  
(F igures  37d, e ,  f >  show evidence of  flow s e p a r a t i o n  i n  t h e  change i n  s l o p e  
and i n  t h e  f l a t t e n i n g  of t h e  suc t ion-sur face  p r e s s u r e  d i s t r i b u t i o n .  This  
begins  a t  about 80% chord i n  F igure  37c,  70% chord i n  F igures  37d and e ,  and 
50% chord i n  F igure  37 f .  Nei ther  of  t h e  o t h e r  two c o n f i g u r a t i o n s  e x h i b i t s  
such a pronounced e f f e c t .  Apparent ly ,  t h e  downstream s t a g e s  i n  t h e  m u l t i s t a g e  
c o n f i g u r a t i o n s  have a s t a b i l i z i n g  e f f e c t  on t h e  f i r s t  r o t o r  hub. 

A t  t h e  r o t o r  t i p  ( F i g u r e s  37a and b )  t h e  loading  f o r  both t h e  s i n g l e -  
s t a g e  c o n f i g u r a t i o n  and t h e  four-s tage c o n f i g u r a t i o n  wi th  t h e  f i r s t  s t a g e  
a s  t h e  t e s t  s t a g e  i s  h i g h e r  t h a n  t h a t  of  t h e  embedded s t a g e .  
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A comparison of t h e  vane s u r f a c e  s t a t i c  p re s su res  f o r  t he  m u l t i s t a g e  and 
s ing le - s t age  c o n f i g u r a t i o n s  i s  presented  i n  F igure  38 .  The d a t a  i n d i c a t e  t h a t  
t h e  s t a t o r  i s  o p e r a t i n g  about t h e  same f o r  a l l  c o n f i g u r a t i o n s  a t  t h e  des ign  
p o i n t .  However, a t  t h e  peak p res su re  t h r o t t l e ,  t h e  s t a t o r  of bo th  t h e  s i n g l e -  
s t a g e  and f i r s t - s t a g e  c o n f i g u r a t i o n s  i s  running with not i ceab ly  l e s s  flow 
s e p a r a t i o n  i n  t h e  hub ( i n n e r  d iameter  r e g i o n ) .  



7.0 EFFECTS OF T I P  CLEARANCE, CASING 
TREATMENT AND REYNOLDS NUMBER 

7 . 1  EFFECT OF ROTOR T I P  CLEARANCE 

Overa l l  performance of t he  Rotor B /S ta to r  B four -s tage  c o n f i g u r a t i o n  was 
obta ined  a t  an increased  t ip-clearance-to-blade-height r a t  i o  of 2.80%. The 
r e s u l t s  a r e  presented  i n  F igure  39 and Table 2 .  Peak e f f i c i e n c y  i s  0.8898, 
peak p r e s s u r e  c o e f f i c i e n t  i s  0.572, and s t a l l i n g  flow c o e f f i c i e n t  i s  0.372. 
The i n c r e a s e  i n  t i p  c l e a r a n c e  c o s t s  1.49 p o i n t s  i n  peak e f f i c i e n c y ,  10.8% l o s s  
i n  s t a l l i n g  flow c o e f f i c i e n t ,  and 9.7% l o s s  i n  peak p r e s s u r e  r ise re la t ive  t o  
the  nominal c l e a r a n c e .  

Comparisons showing t h e  e f f e c t s  o f  increased  r o t o r  t i p  c l e a r a n c e  on b l ade  
element performance a r e  presented  i n  F igure  40. Inc reas ing  t h e  c l e a r a n c e  from 
1.4% tip-clearance-to-blade-height r a t i o  t o  2.8% produces i n c r e a s e s  i n  s t a t o r  
inc idence  a n g l e s ,  r o t o r  d i f f u s i o n  f a c t o r s ,  and r o t o r  l o s s  c o e f f i c i e n t s  from 0% 
t o  a s  much a s  20% immersion. S t a t o r  inc idence  ang le s  a r e  inc reased  by s e v e r a l  
degrees  and r o t o r  l o s s  c o e f f i c i e n t s  a r e  n e a r l y  1.8 t i m e s  l a r g e r  when t i p  
c l e a r a n c e s  a r e  doubled .  

A comparison showing t h e  e f f e c t s  o f  increased  r o t o r  t i p  c l e a r a n c e  on t h e  
s t a t i c  p r e s s u r e  o r t h e  b l ade  s u r f a c e  i s  presented  i n  F igure  41. There i s  a 
s u b s t a n t i a l  dec rease  i n  b l ade  loading  over  t he  f i r s t  40% of chord ,  a rearward 
s h i f t  of peak s u c t i o n  s u r f a c e  v e l o c i t y ,  and a reduced p r e s s u r e  on t h e  p r e s s u r e  
s u r f a c e  r e l a t i v e  t o  t h e  nominal c l e a r a n c e  c a s e .  The unloading of t h e  t i p  
r e g i o n  when t h e  compressor i s  t h r o t t l e d  t o  lower flow c o e f f i c i e n t s  i s  a l s o  
shown i n  t h e  f i g u r e .  Addi t iona l  comparisons a r e  shown i n  the  Appendix, Fig- 
u re s  A l l  and A12. 

7 . 2  EFFECTS OF CASING TREATMENT 

0 

.* 

c 

Tests i n  which preview d a t a  were taken  were conducted u s i n g  Stage  A 
b l ad ing  f o r  t h r e e  d i f f e r e n t  c a s i n g  t r ea tmen t  window geometries i n  o r d e r  t o  a i d  
i n  de te rmining  t h e  s t a l l - l i m i t i n g  s t a g e  and t o  s e l e c t  t h e  cas ing  geometry t o  
be used throughout t h e  t e s t  s e r i e s .  The r e s u l t s  a r e  shown i n  F igu re  42. 

Although four  i d e n t i c a l  s t a g e s  were t e s t e d  , t h e  r e p e a t i n g  s t a g e  environ- 
ment was no t  e s t a b l i s h e d  u n t i l  Stage 2 o r  Stage 3 .  It i s  t h u s  v e r y  d e s i r a b l e  
t h a t  Stage 1 not  be  t h e  s t a l l - l i m i t i n g  b l ad ing .  I n  o r d e r  t o  make t h i s  a s ses s -  
ment, c i r c u m f e r e n t i a l  groove cas ing  t r ea tmen t  was app l i ed  over t h e  Stage 1 
r o t o r  t i p  e x c l u s i v e l y .  The 8.2% improvement i n  s t a l l  margin,  shown i n  F igure  
42 f o r  t h i s  c o n f i g u r a t i o n ,  i n d i c a t e s  t h a t  t h e  f i r s t - s t a g e  r o t o r  w a s  indeed 
s t a l l - l i m i t i n g  wi thout  c a s i n g  t r e a t m e n t .  This s t a l l  margin improvement w a s  
ob ta ined  with no measurable change i n  the  r e s t  o f  t h e  p r e s s u r e  flow cha rac t e r -  
i s t i c  o r  i n  t h e  e f f i c i e n c y  cu rve .  C i rcumfe ren t i a l  groove c a s i n g  t r ea tmen t  was 
then  app l i ed  over a l l  four  r o t o r  t i p s .  The s l i g h t  a d d i t i o n a l  improvement in 
s t a l l  margin shown i n  F igure  42 i n d i c a t e s  t h a t  Stage 1 i s  probably no longe r  
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s t a l l - l i m i t i n g  when cas ing  t r ea tmen t  i s  used. However, t h e r e  was a l o s s  i n  
e f f i c i e n c y  and a s l i g h t  l o s s  i n  p r e s s u r e  r ise wi th  t rea tment  over  a l l  four 
r o t o r  t i p s .  Based on t h e s e  t e s t  r e s u l t s ,  i t  was decided t o  conduct a l l  four- 
s t a g e  t e s t s  i n  t h e  program wi th  c i r c u m f e r e n t i a l  groove cas ing  t r ea tmen t  over 
Rotor 1 t i p  o n l y  and smooth windows over  t h e  rest of  t h e  r o t o r s .  

7 .3  EFFECTS OF INCREASED T I P  CLEARANCE AND CASING TREATMENT 

Overa l l  performance was obta ined  with bo th  increased  t i p  c l e a r a n c e  and 
cas ing  t r ea tmen t  of a l l  four  s t a g e s .  The r e s u l t s ,  p resented  i n  F igu re  4 3  and 
Table 2 ,  show a peak e f f i c i e n c y  of 0.8915, a peak p res su re  c o e f f i c i e n t  of  
0.563, and a s t a l l i n g  flow c o e f f i c i e n t  o f  0.3708. This g i v e s  a l o s s  of  1 .32  
p o i n t s  i n  peak e f f i c i e n c y ,  a l o s s  of  10.7% i n  s t a l l i n g  flow c o e f f i c i e n t ,  and a 
l o s s  of  11.1% i n  peak p r e s s u r e  r i s e  r e l a t i v e  t o  the  nominal Rotor B /S ta to r  B 
c o n f i g u r a t i o n .  Apparently,  ca s ing  t rea tment  a t  open c l e a r a n c e s  gave a s m a l l  
performance improvement a t  t he  des ign  poin t  bu t  h u r t  performance near  s t a l l .  

Comparisons showing t h e  e f f e c t s  o f  i nc reased  r o t o r  t i p  c l e a r a n c e  and 
c a s i n g  t r ea tmen t  on v e c t o r  diagram q u a n t i t i e s  a r e  shown i n  F igu re  44. The 
a d d i t i o n  of c a s i n g  t r ea tmen t  a t  increased  c l e a r a n c e  produces a s i g n i f i c a n t  
i n c r e a s e  of  13" i n  a b s o l u t e  a i r  angle  and s t a t o r  inc idence  ang le  r e l a t i v e  
t o  t h e  nominal c l e a r a n c e  c a s e .  Near the  t i p ,  the flow i s  n e a r l y  t a n g e n t i a l  
with a i r  ang le s  o f  about 83" .  I n c r e a s e s  i n  D-factor and l o s s  c o e f f i c i e n t  
were a l s o  observed. Gene ra l ly ,  t h e  e f f e c t s  a r e  observed from 0% t o  20% 
immersion. 

The a d d i t i o n  of c a s i n g  t r ea tmen t  a t  increased  t i p  c l e a r a n c e  does no t  
s i g n i f i c a n t l y  a l t e r  t h e  b l ade  s u r f a c 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 s  shown i n  
F igure  41 .  

7.4 EFFECTS OF REYNOLDS NUMBER 

The e s s e n t i a l l y  incompress ib le  flow i n  t h e  t e s t  compressor allows s t a g e  
performance t o  be presented  a s  s t a g e  c h a r a c t e r i s t i c s  t h a t  a r e  independent o f  
speed, a l though t h e r e  a r e  smal l  v a r i a t i o n s  i n  performance due t o  Reynolds 
number. 
view d a t a  p o i n t s  w a s  t aken  a t  seven d i f f e r e n t  r o t a t i v e  speeds  cover ing  a 
range of Reynolds numbers from 0.94 x lo5  t o  4.00 x 105. 
sen ted  i n  F igu res  45 and 4 6  serve as  an  a i d  i n  e x t r a p o l a t i n g  t h e  t e s t  d a t a  t o  
t h e  somewhat h ighe r  Reynolds number l e v e l s  employed i n  eng ines .  

I n  o r d e r  t o  de te rmine  t h e s e  performance v a r i a t i o n s ,  a s e r i e s  o f  pre- 

The r e s u l t s  pre- 

The program was n o t  s t r u c t u r e d  t o  provide  comparisons of  t h e  r e l a t i v e  
s e n s i t i v i t y  of  t h e  v a r i o u s  s t a g e s  t o  t i p  c l e a r a n c e ,  ca s ing  t r e a t m e n t ,  o r  
Reynolds number. 
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8.0 CONCLUSIONS 

c 

* 

1 

e. 

c 

A i r f o i l  shapes and v e c t o r  diagrams were developed which gave improvements 
i n  compressor performance r e l a t i v e  t o  t h e  b a s e l i n e  Rotor A/Stator  A des ign .  
Rotor R used a i r f o i l  s e c t i o n s  i n  t h e  t i p  r e g i o n  t h a t  unloaded t h e  lead ing  edge 
and loaded t h e  t r a i l i n g  edge r e l a t i v e  t o  t h e  b a s e l i n e  Rotor A. Rotor C used 
a v e c t o r  diagram t h a t  had a hub-strong t o t a l  p r e s s u r e  p r o f i l e  and used a i r f o i l  
s e c t i o n s  i n  t h e  t i p  r e g i o n  designed t o  compensate f o r  t h e  e f f e c t s  o f  secondary 
flow and t i p  leakage .  S t a t o r  B used a v e c t o r  diagram t h a t  incorpora ted  h i g h  
s t a t o r  e x i t  s w i r l  a n g l e s  ( lower a x i a l  v e l o c i t i e s )  i n  t h e  endwall  r e g i o n s  rela- 
t i v e  t o  t h e  b a s e l i n e .  This  r e q u i r e d  b lade  s e c t i o n s  t w i s t e d  c l o s e d  l o c a l l y  i n  
t h e  endwall  r e g i o n s .  
had reduced t r a i l i n g  edge loading and increased  l e a d i n g  edge loading  re la t ive  
t o  t h e  b a s e l i n e .  
g iven  r e l a t i v e  t o  t h e  b a s e l i n e  preformance).  

S t a t o r  C used a i r f o i l  s e c t i o n s  n e a r  t h e  endwalls t h a t  

The p r i n c i p a l  t e s t  r e s u l t s  are  l i s t e d  below ( a l l  d a t a  are 

Rotor B running wi th  S t a t o r  A showed a 0.24 p o i n t  improvement i n  
e f f i c i e n c y  a t  t h e  d e s i g n  p o i n t .  

Rotor C running with S t a t o r  B produced a 0.48 p o i n t  improvement 
i n  e f f i c i e n c y  a t  t h e  d e s i g n  p o i n t .  

S t a t o r  €3 running with Rotor A gave a s i g n i f i c a n t  improvement i n  t h e  
pressure  f l o w  c h a r a c t e r i s t i c  near s t a l l  and a 0.41 poin t  improve- 
ment i n  e f € i c i e n c y  a t  t h e  d e s i g n  p o i n t .  

Rotor B running with S t a t o r  B showed t h e  same s i g n i f i c a n t  improve- 
ment i n  pressure-f low c h a r a c t e r i s t i c  near  s t a l l  and a 0.30 p o i n t  
improvement i n  e f f i c i e n c y  a t  t h e  d e s i g n  p o i n t .  

S t a t o r  C running wi th  Rotor A gave a s l i g h t  loss i n  e f f i c i e n c y  a t  
t h e  d e s i g n  poin t  and a 0.30 poin t  loss  i n  e f f i c i e n c y  a t  peak 
e f f i c i e n c y .  

Achieving t h e  g o a l  of a 15% r e d u c t i o n  i n  endwall  l o s s  was o n l y  p a r t i a l l y  
s u c c e s s f u l .  The most improvement i n  e f f i c i e n c y  obta ined  w a s  0.48 p o i n t  which 
amounts t o  about a 10% r e d u c t i o n  i n  endwall  l o s s ,  assuming t h e  endwall  l o s s  i s  
one-half of  t h e  t o t a l  l o s s .  

From a d e s i g n e r ' s  s t a n d p o i n t ,  t h e  use  of  a B-type v e c t o r  diagram, which 
incorpora ted  h igh  s t a t o r  e x i t  s w i r l s  and requi red  a i r f o i l  s e c t i o n s  twis ted  
c losed  l o c a l l y  i n  t h e  endwall  r e g i o n s ,  appears  t o  have t h e  h i g h e s t  o v e r a l l  
performance p o t e n t i a l .  
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9.0  LIST OF SYMBOLS AND ACRONYMS 

Def i n i t  ion Symbols 

A 

Alpha 

AMAC 

Beta 

C 

C 

cu 

cz 

CAFD 

ACAM 

CASC 

Fc 

h 

I D  

IGV 

LSRC 

OD 

P 

PS 

pS1 

pT1 

QU 

Annulus area of t h e  compressor 

Absolute  a i r  ang le  

Advanced m u l t i s t a g e  axial  flow compressor 

R e l a t i v e  a i r  angle  

S t a t o r  shroud seal  c l ea rance  

Absolute v e l o c i t y  

Absolute  t a n g e n t i a l  v e l o c i t y  

Axial v e l o c i t y  

C i rcumfe ren t i a l  average f l o w  de t e rmina t ion  

Change i n  Camber 

Cascade a n a l y s i s  by s t r eaml ine  cu rva tu re  

Compress ib i l i t y  c o r r e c t  i on  f a c t o r  

Annulus h e i g h t  

I n s i d e  d i ame te r  

I n l e t  gu ide  vane 

Low speed reseach  compressor 

Outs ide  d i ame te r  

Pres  s u r  e 

Blade s u r f a c e  s t a t i c  p r e s s u r e  E Psurface  - (PB+P,ef) 

Upstream s t a t i c  p re s su re  

To ta l  P r e s s u r e  

2 
Normalizing q u a n t i t y  = 112 Pre f  U t  
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Symbols 

R 

R e  

T 

U t  

V 

W 

wu 
E 

n 

P 

P 

4 

J, 

J,' 

- 
w 

De f i n  i t ion  

Radius 

Reynolds number 

Measured to rque  c o r r e c t e d  f o r  windagelbear ing f r i c t i o n  

Wheel speed a t  t i p  

A i r  v e l o c i t y  

R e l a t i v e  v e l o c i t y  

R e l a t i v e  t a n g e n t i a l  v e l o c i t y  

Rotor t i p  c l e a r a n c e  

Torque e €  f i c  ienc  y 

Dens i t  y 

Average d e n s i t y  a c r o s s  annulus  

Flow c o e f f i c i e n t  

Work c o e f f i c i e n t  

P res su re  c o e f f i c i e n t  

Loss c o e f f i c i e n t  

Sub s c r i p t  

B Barometer 

C Casing 

H Hub 

r e f  Reference 

S S t a t i c  p r o p e r t i e s  

T To ta l  p r o p e r t i e s  

t T ip  
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Symbols 

1 Ups t r  eam c o n d i t i o n s  

2 Downstream c o n d i t i o n s  

8 1* I n l e t  meta l  ang le  

8 2* Exi t  metal angle  

De f i n i t  ion  
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Figure 2. Photograph of the Low Speed Research Compressor. 
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Table 1. Overall Test Plan Outline for Complete Program. 

A .  4 -S tage  C o n f i g u r a t i o n  w i t h  Rotor  R and S t a t o r  A 

1 .  Prev iew Data  15 d a t a  p o i n t s  
2 .  S t a l l  D e t e r m i n a t i o n  As A p p r o p r i a t e  
3.  S t a n d a r d  Data  4 d a t a  p o i n t s  
4 .  Blade S u r f a c e  P r e s s u r e  D a t a  4 d a t a  p o i n t s  

B. 4 -S tage  C o n f i g u r a t i o n  w i t h  S t a t o r  B and R o t o r  A 

(Same Data  a s  1 I . A . )  

C.  &-Stage  C o n f i g u r a t i o n  w i t h  S t a t o r  C and R o t o r  A 

(Same Data  a s  1 I . A . )  

D .  4 -Stage  C o n f i g u r a t i o n  w i t h  Rotor  B and S t a t o r  B 

(Same Data  a s  1 I . A . )  

t 

I 

* -  

t 

I .  T e s t s  Us ing  S t a g e  A Blading  ( R e p o r t e d  i n  Ref .  1 )  

A .  Shakedown T e s t  5 d a t a  p o i n t s  

B .  4 -Stage  C o n f i g u r a t i o n  ( T h i r d  S t a g e  a s  T e s t  S t a g e )  

1 .  P r e v i e w  Data  
2 .  S t a l l  D e t e r m i n a t i o n  
3 .  C a s i n g  Trea tment  DaLa 
4 .  Reynolds  Number Data  
5 .  S t a n d a r d  Data  
6 .  Blade  Element  Data  
7 .  Blade  S u r f a c e  P r e s s u r e  Data  
8 .  D e t a i l e d  Wall  Boundary Layer  Data  

C .  I -S tage  C o n f i g u r a t i o n  

1 .  Preview Data  
2 .  S t a l l  D e t e r m i n a t i o n  
3. S t a n d a r d  Data  
4 .  Blade Element  Data  
5 .  Blade  S u r f a c e  P r e s s u r e  D a t a  
6 .  D e t a i l e d  Wall  Boundary Layer  Data  

4-Stage  C o n f i g u r a t i o n  ( F i r s t  S t a g e  a s  T e s t  S t a g e )  

1. Blade  Element  Data  
2 .  Blade S u r f a c e  P r e s s u r e  Data  
3. D e t a i l e d  Wall  Boundary Layer  Data  

D .  

15 d a t a  p o i n t s  
A s  A p p r o p r i a t e  
15 d a t a  p o i n t s  
30 d a t a  p o i n t s  

4 d a t a  p o i n t s  
4 d a t a  p o i n t s  
2 d a t a  p o i n t s  
2 d a t a  p o i n t s  

15 d a t a  p o i n t s  
A s  A p p r o p r i a t e  

4 d a t a  p o i n t s  
4 d a t a  p o i n t s  
4 d a t a  p o i n t s  
2 d a t a  p o i n t s  

4 d a t a  p o i n t s  
4 d a t a  p o i n t s  
2 d a t a  p o i n t s  

111. T e s t s  Using R o t o r  B and S t a t o r  B D e s i g n s  

A .  4 -S tage  C o n f i g u r a t i o n ,  T h i r d  S t a g e  a s  T e s t  S t a g e  

1 .  Same D a t a  a s  I . B . ,  Except  D e l e t e  1.8.3. and 4 .  
2 .  R o t o r  T i p  C l e a r a n c e  D a t a ,  C a s i n g  T r e a t m e n t  4 S t a g e s  
3. R o t o r  T i p  C l e a r a n c e  D a t a ,  C a s i n g  T r e a t m e n t  S t a g e  1 

B .  1 -S tage  C o n f i g u r a t i o n  

1 .  Same Data  a s  I . C . ,  Except  Delete I.C.4. 
( R o t o r  T i p  C l e a r a n c e  D a t a )  

IV. T e s t s  Using R o t o r  C / S t a t o r  B D e s i g n s  

A .  4 -S tage  C o n f i g u r a t i o n ,  T h i r d  S t a g e  a s  T e s t  S t a g e  

1. Same D a t a  a s  I . B . ,  E x c e p t  Delete I.B.3. and 4 .  
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13 .O APPENDIX 

Graphs of deviation angle, total loss coefficient, and diffusion factor 

plotted as a function of incidence angle are presented for the various con- 

figurations in which detailed data were obtained. 
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