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1.0 SUMMARY 

The Core Compressor E x i t  Stage Study Program h a s  t h e  primary o b j e c t i v e  
of  developing rear s t a g e  b l a d e  d e s i g n s  t h a t  have improved e f f i c i e n c y  by v i r -  
t u e  o f  having lower l o s s e s  i n  t h e i r  endwall boundary l a y e r  r e g i o n s .  Blading 
concep t s  t h a t  o f f e r  promise o f  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  d e s c r i b e s  t h e  test d a t a  and t h e  per- 
formance r e s u l t s  ob ta ined  from the  Screening Tests o f  Rotor B, S t a t o r  B and 
S t a t o r  C - t h e  t h r e e  rear s t a g e  b l a d i n g  des igns  developed t o  have improved 
e f f i c i e n c y .  Rotor B uses a meanline i n  t h e  t i p  r e g i o n  t h a t  unloads the  lead-  
ing edge and l o a d s  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. 
S t a t o r  B embodies t w i s t  g r a d i e n t s  i n  t h e  endwall r e g i o n s  r e l a t i v e  t o  t h e  
b a s e l i n e  S t a t o r  A. S t a t o r  C u ses  a i r f o i l  s e c t i o n s  t h a t  have reduced t r a i l -  
i n g  edge load ing  near  t h e  endwalls  r e l a t i v e  t o  S t a t o r  A. The d e t a i l s  o f  
t h e s e  d e s i g n s  a r e  p re sen ted  i n  Volume I o f  t h i s  r e p o r t  (Reference I). 
t e s t i n g  was conducted i n  t h e  General E l e c t r i c  Low Speed Research Compressor. 
The t e s t  r e s u l t s  f o r  t h e  b a s e l i n e  b l a d i n g  are d e s c r i b e d  i n  Volume I1 
(Reference 2 ) .  The Screening Test r e s u l t s  are  summarized below. 

A l l  

e Rotor B t e s t e d  with S t a t o r  A showed a 0.3 p o i n t  improvement i n  
e f f i c i e n c y  a t  the  d e s i g n  p o i n t  r e l a t i v e  t o  the  b a s e l i n e .  

e S t a t o r  B t e s t e d  with Rotor A showed a 0.4 t o  0 .5  p o i n t  improvement 
i n  e f f i c i e n c y  a t  the d e s i g n  po in t  and a s i g n i f i c a n t  improvement i n  
the  pressure-f low c h a r a c t e r i s t i c  near  s t a l l  r e l a t i v e  t o  t h e  base-  
l i n e .  

0 S t a t o r  C t e s t e d  wi th  Rotor A showed a s l i g h t  l o s s  i n  e f f i c i e n c y  a t  
t he  d e s i g n  po in t  r e l a t i v e  t o  t h e  b a s e l i n e .  

0 Rotor B t e s t e d  with S t a t o r  B showed a 0 . 3  t o  0.4 p o i n t  improvement 
i n  e f f i c i e n c y  a t  t he  d e s i g n  p o i n t  and 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  r e l a t i v e  t o  t h e  base- 
l i n e .  



2.0 INTRODUCTION 

Recent p re l imina ry  d e s i g n  s t u d i e s  o f  advanced tu rbofan  c o r e  compressors 
(Reference 3) have i n d i c a t e d  t h a t  such compressors mus t  have v e r y  h i g h  e f f i -  
c i e n c i e s ,  as w e l l  as 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 improved 
economic payoff .  Loss mechanism assessments ,  such as t h a t  o f  Reference 4 ,  
sugges t  t h a t  approximately h a l f  of t h e  t o t a l  l o s s  i n  a m u l t i s t a g e  compressor 
rear s t a g e  is a s s o c i a t e d  w i t h  the endwall boundary l a y e r s .  Since on ly  a rela- 
t i v e l y  small amount o f  p a s t  r e s e a r c h  has  been d e d i c a t e d  t o  the  problem o f  
f i n d i n g  improved a i r f o i l  shapes f o r  o p e r a t i o n  i n  m u l t i s t a g e  compressor end- 
w a l l  boundary l a y e r s ,  i t  i s  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  
area are l i k e l y .  Accordingly,  a goa l  of  a 15 pe rcen t  r e d u c t i o n  i n  rear s t a g e  
endwall  boundary l a y e r  l o s s e s ,  compared t o  c u r r e n t  technology l e v e l s ,  has 
been set .  The Core Compressor E x i t  Stage Study Program i s  d i r e c t e d  a t  
ach iev ing  t h i s  g o a l .  Blading concep t s  t h a t  o f f e r  promise of  reducing end- 
wal l  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.  The Screening 
Test d a t a  and performance r e s u l t s  f o r  this b l a d i n g  are presented i n  t h i s  
r e p o r t .  

2 



3.0 TEST APPARATUS AND PROCEDURE 

3.1 LOW SPEED RESEARCH COMPRESSOR TEST FACILITY 

The General E l e c t r i c  Low Speed Research Compressor (LSRC) f a c i l i t y ,  
desc r ibed  i n  more d e t a i l  i n  Volume XI (Reference 21, was used f o r  t h i s  test 
program. The LSRC c o n f i g u r a t i o n ,  show. s c h e m a t i c a l l y  i n  F igu re  1, was a 
fou r - s t age  compressor having a c o n s t a n t  c a s i n g  diameter  of  1 .524 m (60  i n )  
and a r a d i u s  r a t i o  of 0.85. 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  of  t he  
0.85 r a d i u s  r a t i o  LSRC t e s t  v e h i c l e  i s  shown i n  Figure 2. 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 a d e  edge and s u r f a c e  con tour s  can  be  c l o s e l y  c o n t r o l l e d  du r ing  
manufacture .  The b l a d e s  and vanes a re  c o n s t r u c t e d  o f  i nexpens ive  p l a s t i c  
mater ia ls  a n d . a r e  molded i n  high p r e s s u r e  d i e s  so t h a t  o u t s t a n d i n g  un i fo rmi ty  
i s  ach ieved .  The b l a d e s  a r e  h y d r a u l i c a l l y  smooth a t  the test  Reynolds number 
based on t i p  speed and b l ade  chord of  360,000. 
magnitude a r e  h igh  enough t o  be above the c r i t i c a l  v a l u e  f o r  compressor 
s t a g e s  and t h e r e f o r e ,  can provide a r easonab le  s i m u l a t i o n  of  t h e  performance 
of high-speed compressors.  

Reynolds numbers o f  t h i s  

The average r o t o r  t i p  c learance-to-blade-height  was 1.36 pe rcen t  and 
t h e  average s t a t o r  s e a l  c learance-to-blade-height  was 0.78 p e r c e n t .  Circum- 
f e r e n t i a l  groove c a s i n g  t reatment  was app l i ed  over  t he  t i p  o f  o n l y  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  Stage 1 would not  be the s t a l l  l i m i t i n g  b l ad ing .  

3 . 2  TEST STAGES 

Three a l t e r n a t e  r e a r  s t a g e  b l a d i n g  d e s i g n s ,  Rotor B, S t a t o r  By and S t a t o r  
C y  were t e s t e d  i n  t h e  p r e s e n t  Screening Phase of  t h e  t es t  program. These 
des igns  a r e  d e s c r i b e d  i n  d e t a i l  i n  t he  Design Report (Reference 1 )  and a r e  
summarized i n  the  fo l lowing .  

Rotor B was designed t o  t h e  same s e t  o f  v e c t o r  d i a g r a m s  as Rotor A but 
u s e s  a type o f  meanline i n  the  t i p  r e g i o n  t h a t  unloads the 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. Previous t e s t  r e s u l t s  had in -  
d i c a t e d  t h a t  v e r y  sma l l  r o t o r  wakes are  p r e s e n t  i n  t h e  t i p  r e g i o n  o f  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. ' h i s  r e g i o n ,  t h e r e f o r e ,  should 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  o f  s e p a r a t i o n .  The modif ica-  
t i o n  t o  t h e  t i p  r e g i o n  of  Rotor B was blended i n t o  the  p i t c h l i n e  so t h a t  Rotor 
A and Rotor B a r e  i d e n t i c a l  from the  p i t c h l i n e  t o  the  hub. A photograph o f  
Rotor B and a comparison o f  t he  Rotor A and B a i r f o i l  s e c t i o n s  a t  t h e  t i p  a r e  
given i n  Figure 3. 

S t a t o r  B embodies b l a d e  s e c t i o n s  t w i s t e d  c losed  l o c a l l y  i n  t h e  endwall  
r e g i o n s  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  (Reference 5 ) .  D i f f e r e n t  v e c t o r  
diagrams were c a l c u l a t e d  t o  account f o r  t h e  high v a l u e s  o f  s w i r l  a n g l e  near  

3 
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Figure  3 .  Photograph of Rotor B and Comparison of Rotor ;i ; ~ ~ i d  
B T i p  Sec t ions .  
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t h e  endwa 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 twist g r a d i e n t s  were inco rpora t ed  and because the vane was 
s t acked  a t  30 pe rcen t  chord from t h e  l e a d i n g  edge i n  o r d e r  t o  reduce the  lead-  
ing  edge l e a n  ang le .  

S t a t o r  C embodies a i r f o i l  s e c t i o n s  nea r  t he  endwalls  t h a t  have reduced 
t r a i l i n g  edge load ing  and inc reased  l ead ing  edge l o a d i n g  r e l a t i v e  t o  S t a t o r  
A .  The a i r f o i l s  were designed t o  the  same v e c t o r  diagrams as S t a t o r  A. A 
photograph o f  S t a t o r  C and a comparison of  S t a t o r  A and C a i r f o i l  s e c t i o n s  
are shown i n  Figure 5 .  

A photograph o f  S t a t o r  B i s  shown i n  Figure 4. 

3 .3  INSTRUMENTATION 

The in s t rumen ta t ion  used a t  v a r i o u s  l o c a t i o n s  i n  t h e  compressor f o r  t h i s  
s c r e e n i n g  tes t  series i s  presented i n  Table 1. Standard t o t a l  p r e s s u r e  r akes  
and w a l l  s t a t i c  p re s su re  t a p s  were used. I n  a d d i t i o n ,  s t a t i c  p r e s s u r e  t a p s  
l o c a t e d  on the  b l a d e  and vane s u r f a c e s  were used t o  determine the  d i s t r i b u -  
t i o n  of  s t a t i c  p res su re  on 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 .  Blades i n s t r u -  
mented t o  y i e l d  t h i s  d a t a  a r e  shown i n  Figures  3-6. I n  Figure 6 t h e  b l a d e s  
a r e  s e a l e d  on t h e  p re s su re  s i d e  a t  t h e  hub so t h a t  no f low can l e a k  from t h e  
p r e s s u r e  s u r f a c e  t o  t h e  s u c t i o n  s u r f a c e .  The l o c a t i o n  of t h e  s u r f a c e  s t a t i c  
t a p s  i s  g iven  i n  Table 2 .  For r o t o r s ,  the p r e s s u r e s  a r e  read by a p r e s s u r e  
t r a n s d u c e r  / s 1 i p r i n g  device.  

The d a t a  recording and a n a l y s i s  procedures a r e  automated. P r e s s u r e s  
are measured us ing  B e l l  and Howell Model No. 09384 low-pressure-range t r a n s -  
d u c e r s  having an accuracy o f  *0.025% of the  f u l l - s c a l e  ( 1 2 . 4 4  kPA, 50 
i n .  H20) r ead ing .  
computer d a t a  f i l e  by an automated d a t a  c o n t r o l l e r .  

"he d a t a  i s  a u t o m a t i c a l l y  recorded i n  a t ime-sharing 

More d e t a i l s  about the in s t rumen ta t ion  a r e  g iven  i n  Volume I1 (Refer- 
ence 2 ) .  

3 . 4  TEST PROCEDURE 

The o v e r a l l  tes t  program was d iv ided  i n t o  f o u r  p a r t s  as  o u t l i n e d  i n  
Table  3. 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 h e  b a s e l i n e  b l a d i n g ,  
Stage A (Rotor  A/Stator A), i n  bo th  four-s tage and s i n g l e - s t a g e  configura-  
t i o n s .  The tes t  resu l t s  can be found i n  Volume I1 (Reference 2 )  of t h i s  
series. The second p a r t  involved a series o f  s h o r t  s c reen ing  tes t s  t o  
s e l e c t  t h e  b e s t  r o t o r  d e s i g n  and the  b e s t  s t a t o r  d e s i g n  based upon tests i n  
fou r - s t age  c o n f i g u r a t i o n s .  These tes t  r e s u l t s  a r e  t h e  s u b j e c t  o f  t h e  p r e s e n t  
r e p o r t .  The t h i r d  pa r t  involved e x t e n s i v e  t e s t i n g  of t he  b e s t  r o t o r  and b e s t  
s t a t o r  d e s i g n s  i n  combination us ing  a four-s tage compressor c o n f i g u r a t i o n .  
The tes t  r e s u l t s  can be found i n  Volume 111. The f i n a l  p a r t  o f  t h e  t e s t  pro- 
gram w i l l  c o n s i s t  of e x t e n s i v e  t e s t i n g  of a new Rotor C d e s i g n  i n  a f o u r -  
s t a g e  c o n f i g u r a t i o n  with S t a t o r  B ,  and t h e  tes t  r e s u l t s  w i l l  be r e p o r t e d  i n  
Volume I V .  
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u S t a t o r  B 

A* 

NASA VANE 

D W S .  # 

Figure 4 .  Photographs of S ta tor  B .  
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Stator  C C I  

Direct ion 

Direct i o n  

Stator  C 

Stator A 

Figure 5. ,Photograph of Stator C and Comparison of Stator A and 
C Airfoil Sections. 
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Table 2 .  Location o f  Surface S t a t i c  Pressure 
Taps on Instrumented A i r f o i l s .  

Rotor - 
Percent 

h e r s i o n  
t c r r i o n  from Casing 

a ( i n . )  from Casing (XI 

0.572 ( 0 . 2 2 5 )  5 
2.286 (0.9001 20 
5.715 ( 2 . 2 5 0 )  50 
9,144 ( 3 . 6 0 0 )  80 

10.287 ( 4 . 0 5 0 )  90 

Rotor 

S t a t o r  
Pe r re  n t  

immersion 
h n e r r i o n  from Casing 

ca ( in . )  from Casing ( X )  

1.143 ( 0 . 4 5 0 )  10 
2,286 ( 0 . 9 0 0 )  20 
5.715 ( 2 . 2 5 0 )  50 
9.144 ( 3 . 6 0 0 )  80 

10.859 ( 4 . 2 7 5 )  95 

Suct ion Surface D i  st ance 

Number Chord ( X )  c m  ( i n . )  
Tap Percent From L.E.  

1 2.5 0.229 (0 .090?  
2 8 .0  0.726 ( 0 . 2 8 6 )  
3 13.0 1.184 ( 0 . 4 6 6 )  
4 20.0 1.821 ( 0 . 7 1 7 )  
5 25.0 2.276 ( 0 . 8 9 6 )  
6 30.0 2.733 ( 1 . 0 7 6 )  
7 35.0 3.188 ( 1 . 2 5 5 )  
8 40.0 3.642 ( 1 . 4 3 4 )  
9 50.0 4.554 ( 1 . 7 9 3 )  

10 60.0 5.466 ( 2 . 1 5 2 )  
11 70.0 6.375 ( 2 . 5 1 0 )  
12 80.0 7.287 ( 2 . 8 6 9 )  
13 90.0 8.199 ( 3 . 2 2 8 )  
14 95.0 8.654 ( 3 . 4 0 7 )  

S t a t o r  

Pressure Surface 
Tap Percent 

Number Chord (%) 

1 2 . 5  
2 8 . 0  
3 20.0 
4 30.0 
5 4 5 . 0  
6 60.0 
7 70.0 
8 80 .0  
9 9 0 . 0  

10 95.0 

Distance 
From L.E. 
cm ( i n . )  

0.229 ( 0 . 0 9 0 )  
0.726 ( 0 . 2 8 6 )  
1.821 ( 0 . 7 1 7 )  
2.733 ( 1 . 0 7 6 )  
4.100 ( 1 . 6 1 4 )  
5.466 ( 2 . 1 5 2 )  
6.375 ( 2 . 5 1 0 )  
7.287 ( 2 . 8 6 9 )  
8.199 ( 3 . 2 2 8 )  
8.654 ( 3 . 4 0 7 )  

Suct ion Surface 
Tap Percent 

Number Chord (%) 

1 2.5 
2 8.0 
3 13.0 
4 20.0 
5 25.0 
6 3 0 . 0  
7 35.0 
8 40.0 
9 50.0 

10 60.0 
11 70.0 
12 80.0 
13 90.0 
14 95.0 

Distance 
Prom L . E .  
cm ( i n . )  

0.198 ( 0 . 0 7 8 )  
0.632 ( 0 . 2 4 9 )  
1.029 ( 0 . 4 0 5 )  
1.580 ( 0 . 6 2 2 )  
1;979 ( 0 . 7 7 9 )  
2.372 ( 0 . 9 3 4 )  
2.766 ( 1 . 0 8 9 )  
3.162 ( 1 . 2 4 5 )  
3.955 ( 1 . 5 5 7 )  
4.745 ( 1 . 8 6 8 )  
5 .535 ( 2 . 1 7 9 )  
6.327 ( 2 . 4 9 1 )  
7.117 ( 2 . 8 0 2 )  
7.513 ( 2 . 9 5 8 )  

Pressure Surface 
Tap Percent 

Number Chord (I) 

1 2 .5  
2 8 . 0  
3 20.0 
4 30.0 
5 45 .0  
6 60.0 
7 70.0 
8 80.0 
9 90.0 

10 95 .0  

Distance 
From L . E .  
cm (in.) 

0.198 ( 0 . 0 7 8 )  
0.632 ( 0 . 2 4 9 )  
1.580 ( 0 . 6 2 2 )  
2.372 ( 0 . 9 3 4 )  
3.556 ( 1 . 4 0 0 )  
4.745 ( 1 . 8 6 8 )  
5.535 ( 2 . 1 7 9 )  
6.327 ( 2 . 4 9 1 )  
7.117 (2 .802  1 
7.513 ( 2 . 9 5 8 )  

- 

Radial Location of Pressure Tape 
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:able 3. Overall Test Plan Outline f o r  Complete Program. 

1. Tes t s  using Stage A Blading (Reported i n  Ref. 1 )  

A. Shakedown Test 

B. 4-Stage Conf igura t ion  (Thi rd  Stage a8 Tes t  Stage 

1. 
' 2. 

3. 
4.  
5. 
6 .  
7 .  
a. 

Preview Data 
S t a l l  Determination 
Casing Treatment Data 
Reynolds Number Data 
Standard Data 
Blade Element Data 
Blade Surface  Pressure  Data 
Deta i led  Wall Boundary Layer Data 

C. 1-Stage Conf igura t ion  

1. Preview Data 
2 .  S t a l l  Determination 
3. Standard Data 
4. Blade Element Data 
5. Blade Surface  Pressure  Data 
6 .  Deta i led  Wall Boundary Layer Data 

D. 4-Stage Conf igura t ion  ( F i r s t  Stage as Test  S tage  

1. Blade Element Data 
2.  Blade Surface  Pressure  Data 
3. Deta i led  Wall Boundary Layer Data 

11. Screening Tests 

A .  4-Stage Conf igura t ion  with Rotor B and S t a t o r  A 

1. Preview Data 
2 .  S t a l l  Determination 
3. Standard Data 
4. Blade Surface  Pressure  Data 

4-Stage Conf igura t ion  with S t a t o r  B and Rotor A 

(Same Data a s  1 I . A . )  

4-Stage Conf igura t ion  with S t a t o r  C and Rotor A 

(Same Data a s  1I.A.) 

4-Stage Conf igura t ion  with Rotor B and S t a t o r  B 

(Same Data as 1 I . A . )  

B. 

C .  

D. 

111. Tes t s  Using Rotor B and S t a t o r  B Designs 
(4-Stage Conf igura t ion ,  Third Stage as Test S tage)  

1. Same Data as 1 . B  
2. Rotor Tip  Clearance Data 

IV. Tests Using Rotor C and S t a t o r  B Designs 

(4-Stage Conf igura t ion ,  Third Stage a s  Test S tage)  

1. Same Data as 1 . B  

5 d a t a  po in t s  

15 d a t a  po in t s  
As appropr i a t e  
15 d a t a  po in t s  
30 d a t a  po in t s  
6 d a t a  poin t8  
G d a t a  po in t s  
2 d a t a  po in t s  
2 d a t a  po in t s  

15 d a t a  poin ta  
As appropr i a t e  
4 d a t a  poin ts  
4 d a t a  po in t s  
4 d a t a  po in t s  
2 d a t a  po in t s  

4 d a t a  po in t s  
4 d a t a  po in t s  
2 d a t a  po in t s  

15 d a t a  poin ts  
As appropr ia te  
4 da ta  po in t s  
4 d a t a  po in t s  

15 



The major i n t e n t  o f  t h e  sc reen ing  tests was t o  e v a l u a t e  q u i c k l y  each 
r o t o r  and stator d e s i g n  i n  a sys t ema t i c  f a s h i o n  i n  o r d e r  t o  s e l e c t  the b e s t  
b l a d i n g  des igns .  A l l  of  t h e  sc reen ing  tests were conducted us ing  a four- 
s t a g e  c o n f i g u r a t i o n .  Rotor B w a s  t e s t e d  with S t a t o r  A t o  determine the 
b e t t e r  r o t o r .  Then S t a t o r  B was t e s t e d  wi th  Rotor A, and S t a t o r  C was t e s t e d  
with Rotor A t o  determine the  b e s t  s t a t o r .  The b e s t  r o t o r ,  Rotor B, and the  
b e s t  s t a t o r ,  S t a t o r  B, were then  t e s t e d  i n  a four-s tage c o n f i g u r a t i o n .  

Four types  o f  d a t a  were taken d u r i n g  t h e  Screening Tests: Preview Data, 
S t a l l  Determinat ion Data, Standard Data and Blade and Vane Surface P r e s s u r e  
Data. A b r i e f  d e s c r i p t i o n  of  each o f  t h e s e  types o f  d a t a  i s  presented i n  the  
fol lowing.  Preview Data p rov ides  s t a g e  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 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 to rque .  S t a l l  Determinat ion 
Data c o n s i s t s  o f  obse rv 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  t h e  compressor a t  s t a l l  and of  l i s t e n i n g  f o r  t he  onse t  o f  r o t a t i n g  
s t a l l .  Standard Data p rov ides  performance based on mass-averaged t o t a l  
p r e s s u r e  rise from Rotor 1 i n l e t  t o  S t a t o r  4 e x i t .  Blade and Vane Surface 
P r e s s u r e  Data p rov ide  a means o f  determining r e g i o n s  o f  f avorab le  incidence 
a n g l e ,  ra tes  o f  d i f f u s i o n ,  and r eg ions  o f  s epa ra t ed  flow on t h e  a i r f o i l .  

Eva lua t ion  and comparison f o r  a l l  of  t h e s e  d a t a  from t h e  v a r i o u s  con- 
f i g u r a t i o n s  have provided a means o f  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  o f  the par- 
t i c u l a r  d e s i g n  approaches employed for  reducing endwall  r eg ion  l o s s e s .  

3.5 DATA REDUCTION AND ANALYSIS METHODS 

The d a t a  a n a l y s i s  procedures  t o  be followed i n  reducing tes t  d a t a  have 
been d e s c r i b e d  i n  Volume I1 (Reference 2 )  of  t h e  r e p o r t .  Add i t iona l  d i s -  
c u s s i o n  o f  t h e  d a t a  r e d u c t i o n  method f o r  Blade Sur face  P r e s s u r e  Data i s  
p re sen ted  i n  t h e  fo l lowing .  

T h e o r e t i c a l  v e l o c i t y  d i s t r i b u t i o n s  a long  t h e  s u c t i o n  and p r e s s u r e  sur- 
f a c e s  o f  t h e  b l a d e s  and vanes i n  t h e  Low Speed Research Compressor were 
computed by u s i n g  t h e  Cascade Analysis  by S t r eaml ine  Curvature  (CASC) com- 
p u t e r  program as d i s c u s s e d  i n  Reference 1 f o r  o p e r a t i o n  near  t he  d e s i g n  
p o i n t .  I n  o r d e r  t o  compare t h e s e  CASC d i s t r i b u t i o n s  w i t h  expe r imen ta l ly  
measured d i s t r i b u t i o n s ,  one must c a l c u l a t e  t he  v e l o c i t i e s  on t h e  b l a d e  and 
vane s u r f a c e s  from t h e  s t a t i c  p r e s s u r e s  measured on t h e s e  s u r f a c e s .  The 
e q u a t i o n  which relates t h e  normalized v e l o c i t i e s  and t h e  measured pres-  
s u r e s  i s  

- =  v ( pT1 I ps 1 Fc 

v1 pT1 psl 
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where t h e  non-subscr ipted v a r i a b l e s  i n d i c a t e  b l ade  s u r f a c e  c o n d i t i o n s ,  t h e  
S u b s c r i p t  1 i n d i c a t e s  upstream c o n d i t i o n s ,  Fc i s  a c o m p r e s s i b i l i t y  co r rec -  
t i o n  (which was taken as u n i t y  s i n c e  the Mach number was so low),  and t o t a l  
pressure is assumed c o n s t a n t .  For each r a d i a l  immersion where comparisons 
were made, t h e  b l a d e  s u r f a c e  s t a t i c  p r e s s u r e s ,  P s ,  were ob ta ined  from 
expe r imen ta l  measurements. 
and t h e  t o t a l  p r e s s u r e ,  PT1, r e q u i r e d  fo r  Equat ion 1 were n o t  measured a t  
i n t e r s t a g e  l o c a t i o n s  a s  p a r t  of  t he  Screening Test procedure because of  t he  
c o m p l e x i t i e s  o f  o b t a i n i n g  such measurements. 

However, t h e  upstream s t a t i c  p re s su re ,  Psl, 

The upstream s t a t i c  p r e s s u r e  was obtained from r a d i a l  d i s t r i b u t i o n s  
of s t a t i c  p r e s s u r e  determined as fo l lows .  The c i r cumfe ren t i a l - ave rage  cas- 
ing s t a t i c  p r e s s u r e  was measured a t  P lanes  3.0 and 3.5 (Table 1 )  as p a r t  
o f  Standard Data i n  t h e  Sc reen ing  T e s t  series. Th i s  v a l u e  of  c a s i n g  
s t a t i c  p r e s s u r e  a t  e i t h e r  P lane  3.0 f o r  Rotor 3 o r  P lane  3.5 f o r  S t a t o r  3 a t  
t h e  d e s i g n  p o i n t  served as an anchor f o r  a g e n e r a l i z e d  p r o f i l e  o f  t h e  r a d i a l  
v a r i a t i o n  o f  s t a t i c  p r e s s u r e  which was measured p r e v i o u s l y  as pa r t  o f  t he  
comprehensive tests o f  t h e  Rotor A/Stator  A Conf igu ra t ion  d e s c r i b e d  i n  
Reference 2.  

The t o t a l  p r e s s u r e  used i n  Equation 1 t o  c a l c u l a t e  v e l o c i t y  r a t i o s  
f o r  each a i r f o i l  s e c t i o n  was taken t o  be t h a t  va lue  of t o t a l  p r e s s u r e  which 
made the  minimum v e l o c i t y  r a t i o  on t h e  p r e s s u r e  s u r f a c e  as computed from the  
measured d a t a  e q u a l  t o  t h e  minimum v e l o c i t y  r a t i o  on t h e  p r e s s u r e  s u r f a c e  as 
computed by CASC. Although t h i s  technique f o r  o b t a i n i n g  t o t a l  pressure does 
not p rov ide  v a l i d  comparisons o f  v e l o c i t y  magnitude between t h e  CASC r e s u l t s  
and t h e  e x p e r i m e n t a l  r e s u l t s ,  i t  does provide comparisons of t h e  shape 
o f  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  t h a t  a r e  u s e f u l  i n  d i agnos ing  d i f f e r e n c e s  
i n  i n c i d e n c e  ang le  and r e g i o n s  o f  flow s e p a r a t i o n .  
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4.0 RESULTS AND DISCUSSION 

Screening Test r e s u l t s  have been ob ta ined  f o r  t h e  r e a r  s t a g e  b l a d i n g  de- 
s i g n s  t h a t  were developed t o  have lower l o s s e s  i n  t h e i r  endwall boundary l a y e r  
r e g i o n s .  The r e s u l t s  are presented i n  t h e  fol lowing.  

4 .1  OVERALL PERFORMANCE 

The o v e r a l l  performance o f  each Screening Test c o n f i g u r a t i o n  was deter-  
mined from Preview Data and Standard Data. These test d a t a  a r e  presented a s  
graphs o f  p r e s 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 to rque  e f f i c i e n c y  p l o t t e d  
as a f u n c t i o n  of  flow c o e f f i c i e n t .  A l l  tes ts  were conducted using a four-s tage 
c o n f i g u r a t i o n  having an average r o t o r  t i p  c learance-to-blade-height  of  1 .36 
pe rcen t  and an average s t a t o r  seal clearance-to-blade-hei h t  of  0 .78 p e r c e n t .  
The t e s t s  were conducted a t  a Reynolds number of 3.6 x 10 . As d i scussed  i n  
Reference 2 ,  c i r c u m f e r e n t i a l  groove c a s i n g  t r ea tmen t  was app l i ed  over the t i p  
o f  o n l y  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  Stage 1 would not  be the s t a l l  l i m i t -  
ing b l ad ing .  

9 

Rotor B w i t h  Stator A 

The performance o f  Rotor B, which h a s  a t i p  r e g i o n  d e s i g n  t h a t  unloads 
t h e  l e a d i n g  edge and l o a d s  the  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 o f  t h e  b a s e l i n e  Rotor A i n  F igu re  7 .  Rotor B and Rotor A 
are  b o t h  running wi th  S t a t o r  A. The important f e a t u r e  o f  t h i s  performance com- 
p a r i s o n  i s  t h e  0.3 p o i n t  improvement i n  e f f i c i e n c y  ob ta ined  a t  t he  d e s i g n  po in t  
and a t  h i g h e r  flows wi th  Rotor B. However, s i n c e  measurements of  r o t o r  l o s s  
w e r e  not made, t h e  i m p l i c a t i o n  t h a t  Rotor B h a s  lower t i p  l o s s e s  than Rotor A 
can  be  o n l y  surmised a t  t h i s  t i m e .  
two r o t o r s  i s  s i m i l a r ,  bu t  Rotor B h a s  a s l i g h t  i n c r e a s e  i n  pumping and a 7 . 3  
pe rcen t  i n c r e a s e  i n  s t a l l  a i r f l o w .  The s l i g h t  i n c r e a s e  i n  pumping may be re- 
l a t e d  t o  s l i g h t  unintended d i f f e r e n c e s  i n  b l ade  geometry or b lade  s e t t i n g  an- 
g l e s .  The d e c r e a s e  i n  flow range o f  Rotor B compared wi th  Rotor A may be due 
t o  t h e  new a i r f o i l  shape i n  t h e  t i p  s e c t i o n  o r  t o  s l i g h t  unintended d i f f e r e n c e s  
i n  t i p  c l e a r a n c e  s i n c e  ab rup t  s t a l l  i s  thought t o  o r i g i n a t e  i n  the  t i p  r e g i o n .  
T h i s  d e c r e a s e  i n  s t a l l  f low i s  no t  cons ide red  t o  be too  s i g n i f i c a n t  s i n c e  the 
range from t h e  d e s i g n  p o i n t  t o  t h e  peak p r e s s u r e  r ise p o i n t  i s  v i r t u a l l y  
unchanged from t h e  b a s e l i n e  and s i n c e  rear s t a g e s  o f  t h i s  type w i l l  probably 
not o p e r a t e  beyond t h e  peak p r e s s u r e  r ise  po in t  i n  a high-speed compressor. 

The p r e s s u r e / f l o w  c h a r a c t e r i s t i c  o f  t h e  ~ 

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  the compressor d i s -  
cha rge  i s  p resen ted  i n  F igu re  8 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 ,  t h e  peak e f f i -  
c i e n c y  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  f o r  a l l  of t he  sc reen ing  
test c o n f i g u r a t i o n s .  Although t h e r e  i s  a d i f f e r e n c e  i n  p r e s s u r e  l e v e l  between 
t h e  Rotor B /S ta to r  A c o n f i g u r a t i o n  and t h e  Rotor AfS ta to r  A c o n f i g u r a t i o n ,  t he  
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shape of  t h e  r a d i a l  d i s t r i b u t i o n  a t  each t h r o t t l e  i s  v e r y  s imi la r .  Of p a r t i c -  
u l a r  s i g n i f i c a n c e  i n  Figure 8 i s  t h e  weakening and e v e n t u a l  c o l l a p s e  o f  t h e  
hub r eg ion  a t  peak p r e s s u r e  r i s e  f o r  both the  Rotor B /S ta to r  A and t h e  Rotor 
A /S ta to r  A c o n f i g u r a t i o n s .  From 80 pe rcen t  immersion t o  t h e  hub, v e r y  l i t t l e  
t o t a l  p r e s s u r e  r i s e  has  been achieved a s  the Rotor B /S ta to r  A c o n f i g u r a t i o n  
i s  t h r o t t l e d  from peak e f f i c i e n c y  t o  p e a k  p r e s s u r e  r i se .  Boundary s e p a r a t i o n  
a t  t h e  hub i s  o c c u r r i n g  and becoming p r o g r e s s i v e l y  worse as s t a l l  is ap- 
proached. Th i s  r e s u l t s  i n  the  r o l l o v e r  and f l a t t e n i n g  o f  t h e  pressure-f low 
c h a r a c t e r i s t i c  from peak p r e s s u r e  r ise  t o  s t a l l  i n  F igu re  7 .  

S t a t o r  B w i t h  Rotor A 

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  9 .  S t a t o r  B and S t a t o r  A are bo th  running with Rotor A. Two important  
f e a t u r e s  o f  t h i s  performance comparison are:  ( 1 )  an improvement i n  e f f i c i e n c y  
a t  eve ry  flow t e s t e d  us ing  S t a t o r  B w i t h  a 0 . 4  t o  0.5 p o i n t  improvement ob- 
t a i n e d  a t  t h e  d e s i g n  p o i n t  and ( 2 )  a s i g n i f i c a n t  improvement i n  the  p re s su re -  
flow c h a r a c t e r i s t i c  ob ta ined  near  s t a l l  u s ing  S t a t o r  B.  The 3 . 2  pe rcen t  im-  
provement 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 p e r c e n t  improvement i n  
flow range from t h e  d e s i g n  p o i n t  t o  the peak p r e s s u r e  r i s e  p o i n t  r e s u l t ,  i n  
p a r t ,  from more f a v o r a b l e  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 he  
hub, a s  w i l l  be shown l a t e r .  

The s i x  p e r c e n t  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 t o o  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 percen t  improve- 
m e n t  i n  flow range from d e s i g n  t o  peak p r e s s u r e  r i s e ,  s i n c e  rear s t a g e s  o f  
t h i s  t y p e  w i l l  probably not  o p e r a t e  beyond t h e  peak p r e s s u r e  r ise  p o i n 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 .  

The r a d i a l  v a r i a t i o n  of normalized t o t a l  pressure a t  t he  compressor d i s -  
charge was p re sen ted  i n  Figure 8. Although the  shapes o f  t h e  r a d i a l  d i s t r i b u -  
t i o n s  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  a t  d e s i g n  and peak e f f i c i e n c y  a re  
r a t h e r  s i m i l a r  t o  those  f o r  t h e  Rotor A/Stator  A c o n f i g u r a t i o n ,  t h e  use of 
S t a t o r  B h a s  produced a s i g n i f i c a n t  s t r eng then ing  of  t h e  hub r e g i o n  a t  peak 
p r e s s u r e  r i se .  This  r e s u l t s  i n  the  improvement o f  t he  pressure-f low charac- 
t e r i s t i c  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  shown i n  F igu re  9. 

S t a t o r  C w i t h  Rotor A 

The performance of  S t a t o r  C, which has  reduced t r a i l i n g  edge l o a d i n g  and 
inc reased  l e a d i n g  edge load ing  near  t he  endwa l l s ,  i s  compared t o  t h e  p e r f o r -  
mance of t h e  b a s e l i n e  S t a t o r  A i n  F igu re  10. S t a t o r  C and S t a t o r  A are b o t h  
running with Rotor A. 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  us ing  
S t a t o r  C. The s l i g h t  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  po in t  i s  
w i t h i n  expe r imen ta l  accuracy.  Since S t a t o r  C shows no obvious advantages 
e i t h e r  i n  t h e  performance shown i n  F igu re  10 o r  i n  the 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  shown i n  F igu re  8 ,  no f u r t h e r  t e s t i n g  of  i t  i s  planned. 
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Rotor B with S t a t o r  B 

S ince  t h e  Rotor B d e s i g n  and the  S t a t o r  B d e s i g n  both showed a pe r fo r -  
mance improvement when compared with the 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  
c o n s i s t i n g  of Rotor B/Stator  B was t e s t e d  i n  an e f f o r t  t o  f i n d  the  b e s t  s t a g e .  
The performance o f  t h i s  c o n f i g u r a t i o n  i s  compared t o  the performance of t he  
b a s e l i n e  Rotor A/Stator  A c o n f i g u r a t i o n  and t h a t  of t h e  Rotor A/Stator  B con- 
f i g u r a t i o n  i n  Figure 11. Apparently,  t h e  g a i n s  achieved i n d i v i d u a l l y  by Rotor 
B and S t a t o r  B are not a d d i t i v e .  The performance of  the  Rotor B/Stator  B con- 
f i g u r a t i o n  g e n e r a l l y  fol lows t h a t  o f  t he  Rotor A/Stator B c o n f i g u r a t i o n  but 
w i t h  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  flow r a t e s  l a r g e r  than 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 des ign .  When compared 
with t h e  b a s e l i n e ,  Rotor B/Stator  B shows: (1) a 0 . 3  t o  0 . 4  p o i n t  improvement 
ob ta ined  a t  t h e  d e s i g n  p o i n t  and ( 2 )  a s i g n i f i c a n t  improvement i n  the p re s su re -  
flow c h a r a c t e r i s t i c  near  s t a l l .  The 2.8 pe rcen t  improvement i n  p e a k  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 pe rcen t  improvement i n  flow range from the d e s i g n  
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 avorab le  p r e s s u r e  d i s -  
t r i b u t i o n  on t h e  a i r f o i l ,  e s p e c i a l l y  near  t he  hub. The 5.4 pe rcen t  improve- 
ment i n  f low range from des ign  t o  peak p r e s s u r e  r ise  obtained with the Rotor 
A /S ta to r  B c o n f i g u r a t i o n  h a s  been maintained.  

The r a d i a l  v a r i a t i o n  o f  normalized t o t a l  p r e s s u r e  a t  t h e  compressor d i s -  
cha rge ,  shown i n  Figure 8 ,  g e n e r a l l y  fol lows t h a t  of  t he  Rotor A/Stator  B con- 
f i g u r a t i o n ,  i n d i c a t i n g  t h a t  t h e  s t r eng then ing  of  the hub r eg ion  a t  peak pres- 
s u r e  r i se  h a s  been maintained.  

Based on t hese  r e s u l t s ,  t h e  Rotor B /S ta to r  B c o n f i g u r a t i o n  has  been se- 
l e c t e d  t o  undergo d e t a i l e d  t e s t i n g  i n  t h e  next phase o f  t he  program. 

4.2 STATIC PRESSURE MEASUREMENTS ON BLADE AND VANE SURFACES 

The measurements o f  s t a t i c  p r e s s u r e  on the  b l ade  and vane s u r f a c e s  a r e  
p re sen ted  i n  F igu res  12  through 21 f o r  t h e  v a r i o u s  Screening T e s t  conf igu ra -  
t i o n s .  The measured p r e s s u r e s  have been normalized by t h e  dynamic head based 
on t i p  speed,  112 p r e f  UZ. 
s o l i d  l i n e s  and p r e s s u r e  s u r f a c e  measurements as dashed l i n e s .  Data were ob- 
t a i n e d  f o r  a n  open t h r o t t l e ,  t h e  d e s i g n  t h r o t t l e ,  t h e  peak e f f i c i e n c y  t h r o t t l e ,  
t h e  peak p r e s s u r e  r ise  t h r o t t l e  and the  near  s t a l l  t h r o t t l e .  I n  t h i s  s e c t i o n  
t h e  d i s c u s s i o n  w i l l  c o n c e n t r a t e  on how load ings  s h i f t  as the  compressor i s  
t h r o t t l e d .  I n  S e c t i o n  4 .3 ,  comparisons wi th  d e s i g n  c a l c u l a t i o n s  w i l l  be pre- 
s e n t e d .  

Suc t ion  s u r f a c e  measurements a r e  p re sen ted  as 

Rotor B w i t h  S t a t o r  A 

The normalized s t a t i c  p r e s s u r e  measurements on t h e  b l ade  and vane su r -  
f a c e s  are p resen ted  i n  F igu res  12  and 13 f o r  t h e  Rotor B /S ta to r  A configura-  
t i o n .  
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The r o t o r  d a t a  i n  F igu re  1 2  i n d i c a t e  t h a t  t h e  p r i n c i p a l  f e a t u r e  of Rotor 
B, i t s  inc reased  d i f f u s i o n  rate a t  t h e  t r a i l i n g  edge near the t i p ,  was success- 
f u l l y  accomplished. The cont inuous d i f f u s i o n  from t h e  l o c a t i o n  o f  t he  peak 
s u c t i o n  s u r f a c e  v e l o c i t y  (minimum s t a t i c  p r e s s u r e )  t o  the  t r a i l i n g  edge f o r  
a l l  b l ade  s e c t i o n s  from t h e  p i t c h l i n e  t o  t h e  t i p  and f o r  a l l  t h r o t t l e  s e t t i n g s  
i n d i c a t e s  t h a t  t h e  t r a i l i n g  edge r eg ion  was a b l e  t o  t ake  t h i s  i nc reased  a f t  
l oad ing  without  flow s e p a r a t i o n  (F igu re  12a ,  b ,  c ) .  Evidence of  flow separa-  
t i o n  near  t h e  hub can b e  seen i n  t h e  d i s t i n c t  change i n  s lope of  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  on t h e  s u c t i o n  s u r f a c e  a t  70 pe rcen t  chord f o r  t he  peak 
p r e s s u r e  rise t h r o t t l e  (F igu re  1 2 e ) .  

The i n c r e a s e  i n  l e a d i n g  edge load ing  a s  the  compressor i s  t h r o t t l e d  to- 
ward s t a l l  i s  seen as a dec rease  i n  s u c t i o n  s u r f a c e  p r e s s u r e  and an inc rease  
i n  p r e s s u r e  Sur face  p r e s s u r e  n e a r  t h e  l e a d i n g  edge f o r  all immersions. 
However, no l a r g e  s u c t i o n  s u r f a c e  sp ike  appears  t o  form; t h i s  sugges t s  t h a t  
s t a l l  probably does no t  i n i t i a t e  because o f  e x c e s s i v e  r o t o r  i n c i d e n c e ,  
a l though t h i s  i s  no t  c e r t a i n .  

There i s  ev idence  o f  t h e  e f f e c t s  o f  secondary flow and t i p  leakage on the  
s u c t i o n  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  over  t he  f i r s t  25 pe rcen t  of  chord (Fig- 
u r e  12a) .  Th i s  is seen as an inc rease  i n  s t a t i c  p r e s s u r e  on the  s u c t i o n  s u r -  
f a c e  from ze ro  to about e i g h t  percent  chord followed by a dec rease  i n  s t a t i c  
p r e s s u r e  from e i g h t  t o  about 40 pe rcen t  chord.  This same type of p r o f i l e  was 
observed on t h e  s u c t i o n  s u r f a c e  near t he  t i p  i n  Reference 5 al though the loca-  
t i o n  o f  m a x i m u m  s t a t i c  p r e s s u r e  occurred f u r t h e r  a f t .  

The s t a t o r  d a t a  i n  F igu re  1 3  sugges t  t h a t  the d i f f u s i o n  p a t t e r n  on the  
s u c t i o n  s u r f a c e  i s  n o t  as h e a l t h y  as  t h a t  on t h e  r o t o r .  The ra te  of d i f f u s i o n  
t e n d s  t o  d e c r e a s e  nea r  t h e  t r a i l i n g  edge i n d i c a t i n g  boundary layer  s e p a r a t i o n  
may be  developing.  
n i f i c a n t l y  more e v i d e n t  n e a r  t h e  hub a t  t h e  peak p r e s s u r e  r ise  t h r o t t l e  a s  
s een  i n  F igu re  13d and 13e. 
occu r red  between 30 and 40 pe rcen t  chord,  probably as a r e s u l t  o f  e x c e s s i v e  
inc idence .  Probing t h i s  r e g i o n  with a tuf t -probe confirmed the  presence of  
large areas o f  s e p a r a t e d  flow. 

Th i s  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  becomes s ig -  

For t h i s  case a s i g n i f i c a n t  f low s e p a r a t i o n  h a s  

S t a t o r  B With Rotor  A 

The g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  Rotor A d a t a  i n  F igu re  14 are  s i m i l a r  
to  those  o f  t h e  Rotor B d a t a  i n  F igu re  12 ,  namely: ( 1 )  a cont inuous d i f f u s i o n  
from t h e  l o c a t i o n  of  t h e  peak s u c t i o n  s u r f a c e  v e l o c i t y  (minimum s t a t i c  pres- 
s u r e )  t o  t h e  t r a i l i n g  edge t h a t  g i v e s  l i t t l e  i n d i c a t i o n  of flow s e p a r a t i o n  
u n t i l  t he  peak p r e s s u r e  rise t h r o t t l e  near t he  hub ( F i g u r e  14e)  and ( 2 )  evi-  
dence o f  t h e  e f f e c t s  o f  secondary f l o w f t i p  l eakage  on t h e  s u c t i o n  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  near  t h e  l e a d i n g  edge o f  t h e  t i p .  

The s t a t o r  d a t a  i n  F igu re  15 i n d i c a t e :  ( 1 )  a S t a t o r  B l e a d i n g  edge load- 
i n g  t h a t  i s  s l i g h t l y  lower than  t h a t  ob ta ined  f o r  S t a t o r  A shown i n  Figure 13,  
and ( 2 )  a d i f f u s i o n  p a t t e r n  on t h e  s u c t i o n  s u r f a c e  o f  S t a t o r  B which i s  more 
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f a v o r a b l e  near  t h e  hub than t h a t  ob ta ined  f o r  S t a t o r  A, al though s t r o n g  evidence 
o f  f low s e p a r a t i o n  a t  t h e  hub s t i l l  e x i s t s  f o r  t h e  peak p r e s s u r e  rise t h r o t t l e  
( F i g u r e  15d and 15e ) .  
B can be seen by comparing F igu res  15d and 15e wi th  F i g u r e  1 3 d  and 13e. 
is e s p e c i a l l y  e v i d e n t  a t  95 pe rcen t  immersion f o r  t he  open t h r o t t l e ,  t h e  de- 
s i g n  t h r o t t l e  and the  near-peak-eff ic iency t h r o t t l e .  This  more f a v o r a b l e  d i f -  
f u s i o n  p a t t e r n  would h e l p  t o  e x p l a i n  the  inc reased  e f f i c i e n c y  a t  the des ign  
p o i n t  and t h e  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  a t  
lower flows shown i n  F igu re  9 .  

The more f avorab le  d i f f u s i o n  p a t t e r n  ob ta ined  f o r  S t a t o r  
This 

S t a t o r  C w i t h  Rotor A 

The r o t o r  d a t a  i n  F igu re  16 a r e  s i m i l a r  t o  those  ob ta ined  b e f o r e  f o r  
Rotor A and d i scussed  i n  t h e  previous s e c t i o n .  

The d i f f u s i o n  p a t t e r n s  on the  s u c t i o n  s u r f a c e  o f  S t a t o r  C i n  F igu re  17 
show no s i g n i f i c a n t  advantages over  those ob ta ined  f o r  t h e  b a s e l i n e  S t a t o r  A. 
A l a r g e  area o f  flow s e p a r a t i o n  i s  s t i l l  v e r y  appa ren t  on t h e  s u c t i o n  s u r f a c e  
near  t h e  hub. Based upon t h i s  d a t a ,  no f u r t h e r  t e s t i n g  of  S t a t o r  C was con- 
duc ted .  

Rotor B with S t a t o r  B 

The normalized s t a t i c  p r e s s u r e  measurements on t h e  b l a d e  and vane sur- 
f a c e s  are  presented i n  F igu res  18 and 19 f o r  t he  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  o f  t he  b e s t  r o t o r ,  Rotor B, and t h e  b e s t  s t a t o r ,  S t a t o r  B. The 
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  f o r  Rotor B and S t a t o r  B a r e  v i r t u a l l y  iden- 
t i c a l  t o  those ob ta ined  for Rotor B and S t a t o r  A i n  t h e  ear l ie r  t es t s  r e p o r t e d  
i n  F igu res  12 and 13 r e s p e c t i v e l y .  Consequently a d i s c u s s i o n  of  t hese  test  
resu l t s  w i l l  not be r epea ted  h e r e .  

The s u r f a c e  s t a t i c  p r e s s u r e  measurements f o r  Rotor B are compared with 
those  f o r  Rotor A a t  f i v e  percent  immersion i n  F igu re  20. These d a t a  i n d i c a t e  
t h a t  t h e  Rotor B d e s i g n  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 load- 
ing the  t r a i l i n g  edge r eg ion  r e l a t i v e  t o  Rotor A h a s  been achieved.  

The s u r f a c e  s t a t i c  p r e s s u r e  measurements f o r  S t a t o r  B a r e  compared wi th  
those f o r  S t a t o r  A a t  95 pe rcen t  immersion i n  Figure 21. These d a t a  suggest  
t h a t  S t a t o r  B i s  running a t  a more f avorab le  ( lower)  i nc idence  ang le  than 
S t a t o r  A and t h a t  S t a t o r  B h a s  more d i f f u s i o n  than S t a t o r  A from 60 pe rcen t  
chord t o  t h e  t r a i l i n g  edge. Evidence o f  flow s e p a r a t i o n  does not  appear f o r  
S t a t o r  B u n t i l  about 90 pe rcen t  chord.  This would h e l p  t o  e x p l a i n  the per- 
formance improvement ob ta ined  with S t a t o r  B r e l a t i v e  t o  S t a t o r  A shown i n  Fig- 
u r e s  9 and 11. 
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4.3 COMPARISONS WITH POTENTIAL FLOW (CASC) SOLUTIONS 

The v e l o c i t y  d i s t r i b u t i o n s  along the  s u c t i o n  and p res su re  s u r f a c e s  o f  
t h e  b l a d e s  and vanes were computed from t h e  measured p res su re  d i s t r i b u c i o n s  
as d i scussed  i n  & t i o n  3.5. 
with t h e  po ten t i a l  f low CASC d i s t r i b u t i o n s .  The resu l t s  a r e  p re sen ted  i n  Fig- 
u r e s  22 through 26. The spanwise l o c a t i o n s  o f  t h e  CASC c a l c u l a t i o n s  d i d  not 
always c o i n c i d e  wi th  those  o f  t h e  s t a t i c  t a p s ;  t h e  CASC immersions a r e  i n d i -  
c a t ed  on t h e  cu rves  i n  t h e s e  c a s e s .  A l l  comparisons a r e  made a t  t h e  d e s i g n  
point  t h r o t t l e  s e t t i n g .  

These v e l o c i t y  d i s t r i b u t i o n s  were then compared 

Rotor  A w i t h  S t a t o r s  A ,  B, and C 

Comparison o f  t h e  expe r imen ta l ly  determined su r face  v e l o c i t i e s  w i t h  the 
CASC v e l o c i t i e s  f o r  Rotor A are shown i n  F igu re  22. A l l  of the t e s t  iata f o r  
Rotor A running wi th  S t a t o r s  A, B, and C a r e  presented i n  t h i s  F i g u r e .  In gen- 
e ra l ,  t h e  tes t  resu l t s  are i n  q u a l i t a t i v e  agreement with CASC except  a t  the 
t i p  s e c t i o n  ( F i g u r e  22a).  The p r e s s u r e  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  agree 
w e l l  wi th  CASC a t  a l l  immersions. A i r f o i l  l oad ings  near the l e a d i n g  -?dge, 
i n d i c a t i v e  of i n c i d e n c e  a n g l e s ,  appear t o  be about a s  intended excep t  ncar 
t h e  hub where t h e  l e a d i n g  edge load ing  i s  a L i t t l e  high (F igu re  2 ? d ,  e ) .  Tt~e 
peak s u c t i o n  s u r f a c e  v e l o c i t i e s  occur  a t  about t he  l o c a t i o n s  i n t s n d e a .  n i e r e  
does appear t o  be  s l i g h t l y  less s u c t i o n  s u r f a c e  v e l o c i t y  d i f f u s i o n  t h s n  i n -  
tended on t h e  a f t  p o r t i o n  o f  t h e  b l a d e  from 80 pe rcen t  immersion t o  :he hub 
(F igu re  22d and e ) .  

The s i g n i f i c a n t  d i f f e r e n c e s  t h a t  a r e  observed on the s u c t i o n  s u r f a c e  
nea r  t h e  t i p  i n  F igu re  22a are a t t r i b u t e d  t o  secondary f l o w l t i p  leakage 
e f f e c t s  (Reference 6 ) .  The s u c t i o n  s u r f a c e  v e l o c i t y  t ends  t o  be low from 5 
percent  t o  about 30 p e r c e n t  chord and h igh  from 30 percent  t o  60 p e r c e n t .  
These v e l o c i t y  p e r t u r b a t i o n s  are probably induced by the t i p  c l q -  ~ ~ r a n c e  v o r t e x  
which moves away from t h e  s u c t i o n  s u r f a c e  and away from t h e  c a s i n g  a s  percent: 
chord i n c r e a s e s .  

Rotor B w i t h  S t a t o r s  A and B 

The comparisons o f  t h e  expe r imen ta l ly  determined s u r f a c e  v e l o c i t i e s  w i th  
t h e  CASC v e l o c i t i e s  f o r  Rotor B (shown i n  F i g u r e  23) y i e l d  e s s e n t i a l l y  the  same 
r e s u l t s  as f o r  Rotor A excep t  t h a t  l e a d i n g  edge loadings a r e  lower.  In  f a c t ,  
a t  50 p e r c e n t  immersion (only),  t h e  2 .5  p e r c e n t  chord t a p s  i n d i c a t e  a nega- 
t i v e  edge l o a d i n g  s i n c e  t h e  p r e s s u r e  v e l o c i t y  i s  h ighe r  than the s u c t i o n  
v e l o c i t y  n e a r  t h e  l e a d i n g  edge. Su r face  v e l o c i t y  d i s t r i b u t i o n s  a r e  i n  
q u a l i t a t i v e  agreement w i t h  CASC except  a t  t h e  t i p ,  and peak s u c t i o n  s u r f a c e  
v e l o c i t i e s  occur  about a5 in t ended .  Suc t ion  s u r f a c e  v e l o c i t y  d i f f u s i o n  
appears t o  be  somewhat smaller than  expected toward the t r a i l i n g  edge from 80 
percent  immersion t o  t h e  hub ( F i g u r e  23d and e ) .  Again, t he  e f f e c t s  o f  
secondary f low and t i p  l eakage  are ev iden t  n e a r  t he  t i p  i n  Figure 23a. 

38 



a) ?5% IMMERSION 

-7 b) ~ 2 8 %  IMMERSION 

-I 

e- 
m~ a 40 68 m 11 

PERCENT CHORD PERCENT CHDRD 

? 
-0  ai 40 m m IEB 

PERCENT CHORD 

e )  ?98% IMMERSION .. ,-. I 

4 - 
7 

N -  w 
> 

2 

.. 
PRESSURE SURFACE 

9 1 I I 

-E  tm 41 m IW 

PERCENT CHORD 

:- 
O B  21 4 1  61 E0 118 

PERCENT CHORD 

TEST DATA 

0 ROTOR A WITH STATOR A 

0 ROTOR A WITH STATOR B 

A ROTOR A WITH STATOR C 
V - SURFACE VELOCITY 
V2 - FAR DOWNSTREAM VELOCITY 

Figure  22. Rotor Blade 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  for 
Rotor A Operating Near t h e  Des ign Point  - Mean- 
urements Compared w i t h  P o t e n t i a l  E ' I r , v /  CAHC 
S o l u t i o n s .  

39 



%%T?&76 
PEAENT CHORD 

'I 2l u bs 8 1 1 1 1  

PERCENT CHORD 

N w 
> 

-I m 4 l  61 a m  
PERCENT CHORD 

b) ~ 2 8 %  ItWlER51ON -r-----l 

-8 a 41 68 88 188 

PERCENT CHORD 

I I I I J 
20 41 LU OR !e0 

PERCENT CHORD 

TEST DATA 

0 
0 

ROTOR B KITH STATOR A 

ROTOR B WITH STATOR B 

V - SURFACE VELOCITY 
V2 - EAR DOWNSTREAM VELOCITY 

Figure 23. Rotor Blade Surface Velocity Distributions for 
Rotor B Operating Near the Design Point - 
Measurements Compared with Potential Flow 
CASC Solutions. 

40 



S t a t o r  A w i t h  Ro to r s  A and B 

Comparisons of  t h e  expe r imen ta l ly  determined s u r f a c e  v e l o c i t i e s  w i t h  t h e  
CASC v e l o c i t i e s  f o r  S t a t o r  A are shown i n  Figure 24. A i r f o i l  l oad ing  nea r  
t h e  l ead ing  edge i s  l a r g e r  than p red ic t ed  e s p e c i a l l y  near  t he  end wal l s  and 
t h e  v e l o c i t y  d i f f u s i o n  on the  a f t  p o r t i o n  of t h e  a i r f o i l  i s  less than  pre- 
d i c t e d .  
ing edge a i r f o i l  l oad ings )  a t  t h e  d e s i g n  p o i n t  t han  expec ted .  T h i s  would 
h e l p  t o  e x p l a i n  t h e  l a r g e  r eg ions  o f  s epa ra t ed  flow found on the  s t a t o r  hub 
a s  t h e  compressor i s  t h r o t t l e d  toward s t a l l .  

Apparent ly  t h e  s t a t o r  i s  o p e r a t i n g  a t  h ighe r  i nc idence  ang le s  ( lead-  

S t a t o r  B w i th  Ro to r s  A and B 

The comparisons o f  t h e  expe r imen ta l ly  determined s u r f a c e  v e l o c i t i e s  w i th  
t h e  CASC v e l o c i t i e s  f o r  S t a t o r  B a r e  shown i n  F i g u r e  25. The tes t  r e s u l t s  f o r  
t h e  v e l o c i t y  d i s t r i b u t i o n  on t h e  p r e s s u r e  s u r f a c e  are i n  q u a l i t a t i v e  agreement 
with CASC. The l e a d i n g  edge load ings  f o r  S t a t o r  B are lower than  those f o r  
S t a t o r  A, e s p e c i a l l y  n e a r  t h e  hub, a l though  they  a r e  s t i l l  somewhat l a r g e r  
t han  in t ended .  Th i s  could e x p l a i n  t h e  improvement i n  t h e  pressure-f low charac-  
t e r i s t i c  nea r  s t a l l  ob ta ined  with S t a t o r  B ( F i g u r e s  9 and 11). A i r f o i l  load- 
ing is aga in  l ess  than  p r e d i c t e d  on t h e  a f t  p o r t i o n  o f  t h e  vane. 

S t a t o r  C w i t h  Rotor  A 

S t a t o r  C d a t a  are shown i n  Figure 26. As b e f o r e ,  p r e s s u r e  s u r f a c e  veloc-  
i t y  d i s t r i b u t i o n s  a r e  i n  q u a l i t a t i v e  agreement with p r e d i c t i o n s .  A i r f o i l  
l ead ing  edge load ing  i s  s l i g h t l y  l a r g e r  than p r e d i c t e d  near  t h e  endwalls .  
Except f o r  t h e  r e s u l t s  a t  50 pe rcen t  immersion ( F i g u r e  2 6 ~ 1 ,  a i r f o i l  l oad ing  
on t h e  a f t  p o r t i o n  of  t he  vane i s  less  than p r e d i c t e d .  The intended unload- 
ing of t h e  a f t  p o r t i o n  of  t h e  vane near the endwalls  i s  e v i d e n t  i n  F igu res  
26a and 26e. 
hub i s  probably r e s p o n s i b l e  f o r  the poorer peak e f f i c i e n c y  observed with 
S t a t o r  C ( s e e  F igu re  10). 

The high s u c t i o n  s u r f a c e  d i f f u s i o n  r a t i o  (Vma,/V2) near  t h e  
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STATOR A WITH ROTOR A 
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V -SUBFACEVELOCITY 

V2 - FAR DOUNSTEAM VELOCITY 

Figure 24. Stator Vane Surface Velocity Distributions for 
Stator A Operating Near the Design Point - 
Measurements Compared with Potential Flow 
CASC Solutions. 
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Figure 25. Stator Vane Surface Velocity Distributions for  
Stator B Operating Near t h e  Design Point - 
Measurements Compared w i t h  Potential Flow 
CASC Solutions. 
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Figure 26. Stator Vane Surface Velocity Distributions for 
Stator C Operating Near the Design Point - 
Measurements Compared with Potential Flow 
CASC Solutions. 
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5.0 CONCLUSIONS 

A series of short screening tests was conducted to determine the best 
rotor design and the best stator design of the several alternate designs 
which had the potential of reducing endwall losses relative to the Rotor A/ 
Stator A baseline design. The following test results were obtained: 

Rotor B tested with Stator A showed a 0.3 point improvement in 
efficiency at the design point relative to the baseline. 

0 Stator B tested with Rotor A showed a 0.4 to 0.5 point improve- 
ment in efficiency at the design point and a significant improve- 
ment in the pressure-flow characteristic near stall relative to 
the baseline. A 3 . 2  percent increase in peak pressure coefficient 
and 5.4 percent increase in flow range from the design point to 
the peak pressure rise point was obtained. 

e Stator C tested with Rotor A showed a slight loss  in efficiency at 
the design point relative to the baseline. 

Rotor B tested with Stator B showed a 0.3 to 0.4 point improvement 
in efficiency at the design point and a significant improvement in 
the pressure-flow characteristic near stall relative to the base- 
line. A 2 . 8  percent increase in peak pressure coefficient and a 
5.4 percent increase in flow range from the design point to the 
peak pressure rise point was obtained. 

Even though the Rotor A/Stator B configuration showed very slightly 
better performance than the Rotor B/Stator B configuration, the 
Rotor B/Stator B configuration was selected as the "Best Stage", 
because of the possible beneficial effect of the Rotor B tip 
section at higher Mach numbers. This selection will allow both 
Rotor B and Stator B to undergo detailed testing. 
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6 . 0  LIST OF SYMBOLS AND ACRONYMS 

Symbol 

C 

FC 
h 
ID 
IGV 
OD 
P 
PS 

R 
Re 

V 

QU 

Ut 

E 

r) 

P 
0 
JI 
JI' 

SubscriD t 

De fin i t ion 

Stator shroud seal clearance 
Compressibility correction factor 
Annulus height 
Inside diameter 
Inlet guide vane 
Outside diameter 
Pres sur e 
Airfoil surface static pressure E Psurface-(P~+Pref) 

Radius 
Reynolds number 
Wheel speed at tip 
Air velocity 
Rotor tip clearance 
Torque efficiency 
Density 
Flow coefficient 
Work coefficient ( $ / 4  is four-stage average) 
Pressure coefficient ( + ' / 4  is four-stage average) 

Normalizing quantity = 1/2 PrefUt 2 

B 
C 
H 
ref 
s 
T 
1 
2 

Barometer 
Casing 
Hub 
Re fer enc e 
Static properties 
Total properties 
Upstream conditions 
Downstream conditions 
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