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Resu l ts  o f  d e t a i l e d  unsteady v e l o c i t y  f i e l d  meas 
urements made w i t h i n  t h e  s t a t o r  row o f  a t ranson ic  
a x i a l - f l o w  f a n  a r e  presented.  Measurements were 
ob ta ined a t  midspan f o r  two d i f f e r e n t  s t a t o r  b lade 
rows us ing  a l a s e r  anemometer. The f i r s t  s t a t o r  row 
c o n s i s t s  o f  d o u b l e - c i r c u l a r - a r c  a i r f o i l s  w i t h  a s o l i d  
i t y  o f  1.68. The second s t a t o r  row fea tures  
c o n t r o l l e d - d i f f u s i o n  a i r f o i l s  w i t h  a s o l i d i t y  o f  0.85. 
Both s t a t o r  i o n f ? g u r a i i o n j  Ljere tested a t  d e j i g n - j p e e d  
peak e f f i c i e n c y  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  con- 
t r o l l e d - d i f f u s i o n  s t a t o r  was a l s o  t e s t e d  a t  n e a r - s t a l l  

Q design-speed c o n d i t i o n s .  The procedures developed i n  
m P a r t  I o f  t h i s  paper a r e  used t o  i d e n t i f y  t h e  " r o t o r -  
m 
m 
W 
I wake-generated" and "unresolved"  unsteadiness f rom the 

v e l o c i t y  measurements. ( l h e  term " ro to r -wake 
generated"  unsteadiness r e f e r s  t o  the  unsteadiness 
generated by t h e  r o t o r  wake v e l o c i t y  d e f i c i t  and the 
te rm "unresolved"  unsteadiness r e f e r s  t o  a l l  o f  the  
remain ing unsteadiness which c o n t r i b u t e s  t o  the spread 
i n  the  d i s t r i b u t i o n  o f  v e l o c i t i e s  such as v o r t e x  shed- 
d ing ,  tu rbu lence,  e t c . )  Auto and cross c o r r e l a t i o n s  o f  
these unsteady v e l o c i t y  f l u c t u a t i o n s  a r e  presented i n  
o rder  t o  i n d i c a t e  t h e i r  r e l a t i v e  magnltude and s p a t i a l  
d i s t r i b u t i o n s .  A m p l i f i c a t i o n  and a t t e n u a t i o n  o f  both 
ro to r -wake generated and unresolved unsteadiness are 
shown t o  occur w i t h i n  the  s t a t o r  b lade passage. 

NOMtNCLA1 UR€ 

Ns number o f  s t a t o r  b lades 

R r a d i u s ,  c m  

S d i s t a n c e  measured a long s t a t o r  e x i t  mean camber 
l i n e ,  cm 

V v e i o c i t y  magnitude, ni is  

V A  

V F s  f rees t ream v e l o c i t y ,  m i s  

average o f  s t a t o r  i n l e t  and e x i t  v e l o c i t i e s ,  m/s  

z V T  t o t a l  abso lu te  v e l o c i t y  = f V Z c  + V, , m i s  

r s t a t o r  b lade c l r c u l a t i o n ,  m2/s  

. Subs c r-cs. 
I s t a t o r  row i n l e t  c o n d i t i o n  

E s t a t o r  row e x i t  c o n d i t i o n  

z a x i a i  component 

r t a n g e n t i a l  component 

1 measured component i n  d i r e c  
o r i e n t a t i o n  ang le  

2 measured component i n  d l r e c  
o r i e n t a t i o n  ang le  

5 !EE s_c_r_iqts 

f l u c t u a t l n g  component - ensemble average 

i o n  o f  f i r s t  beam 

i o n  o f  second beam 

s teady-s ta te  c o n d i t i o n ,  o r  t i m e  average - 
AX axisyrnmetric component 

IN1 KODlJCl I O N  

In t h e  pas t ,  unsteadiness i n  turbomachines has been 
g e n e r a l l y  ca tegor ized  as being e i t h e r  " p e r i o d i c "  o r  
"random" ( " t u r b u l e n t " ) .  F l o w - f l e l d  f l u c t u a t i o n s  
r e s u l t i n g  f rom t h e  r e l a t i v e  mot ion  between b lade rows 
have been ca tegor ized  as " p e r i o d i c "  unsteadiness.  
"Random" unsteadiness has been used as a c a t c h - a l l  te rm 
which inc iuaes  i i o w - i i e i a  i i u c t u a t i o n s  due t o  t u r b u -  
lence,  vor tex  shedding, g l o b a l  f l o w - f i e l d  f l u c t u a t i o n s ,  
t r u e  random unsteadlness. and any o t h e r  unsteadiness 
n o t  c o r r e l a t e d  w i t h  r o t o r  speed. Therefore,  i n  t h e  
absence o f  a more d e s c r i p t i v e  te rmino logy  f o r  unsteady 
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f l o w s  t y p i c a l  o f  turbomachines and t o  at tempt  t o  avo id  
confus ion  o f  terms, we w i l l  use the terms " rotor -wake-  
generated"  unsteadiness t o  descr ibe t h e  unsteadiness 
generated by the  r o t o r  wake v e l o c i t y  d e f i c i t ,  and 
"unresolved"  unsteadiness t o  r e f e r  t o  the  remain ing 
unsteadiness.  

Recent exper imenta l  i n v e s t i g a t i o n s  o f  the  unsteady 
f lows i n  high-speed compressors (1) and t u r b i n e s  (2-5) 
have revealed severa l  phenomena associated w i t h  b lade-  
row i n t e r a c t i o n s .  Using a laser  t r a n s i t  anemometer 
(LTA) t o  i n v e s t i g a t e  t h e  unsteady I n t e r a c t i o n s  w i t h i n  
a compressor s t a t o r  row, Dunker (1) was a b l e  t o  iden-  
t i f y  r o t o r  wake segments and the  d i s t r i b u t i o n  o f  
unresolved unsteadiness throughout t h e  s t a t o r  row. 
S i m i l a r l y ,  B inder  (2-4) used an LTA t o  i n v e s t i g a t e  
unsteady i n t e r a c t i o n s  w i t h i n  a t u r b i n e  r o t o r .  
observed an inc rease i n  unresolved unsteadiness near 
t h e  r o t o r  l e a d i n g  edge which he concluded was a r e s u l t  
o f  the  r o t o r  chopping the  s t a t o r  secondary vor tex .  

I n  the  present  experimental i n v e s t i g a t i o n ,  a l a s e r  
f r i n g e  anemometer (LFA) was used t o  measure the  
unsteady v e l o c i t y  f i e l d  w i t h i n  a t ranson ic  a x i a l - f l o w  
f a n  s t a t o r  row. Measurements were obta ined f o r  two 
d i f f e r e n t  s t a t o r  c o n f i g u r a t i o n s  - a s t a t o r  r o w  con- 
s i s t i n g  o f  d o u b l e - c i r c u l a r  arc (OCA) b lade shapes and 
a s t a t o r  row c o n s i s t i n g  o f  c o n t r o l l e d - d i f f u s i o n  (CD) 
b lade shapes. The measurement and a n a l y s i s  techniques 
used t o  r e s o l v e  t h e  unsteady f l o w  f i e l d  fea tures  are  
descr ibed i n  Par t  I o f  t h i s  paper. Mean f l o w  f i e l d  
r e s u l t s  a re  presented as we l l  as the  s p a t i a l  d i s t r i b u -  
t i on s o f  'I r o t o r  -wa ke - generated " and 'I un res o 1 ved 'I 
v e l o c i t y  c o r r e l a t i o n s .  The r e s u l t s  suppor t  many o f  t h e  
conclus ions a r r i v e d  a t  i n  e a r l i e r  i n v e s t i g a t i o n s  and 
a l s o  p r o v i d e  some new I n s i g h t  i n t o  t h e  growth and decay 
o f  unsteady v e l o c i t y  f l u c t u a t i o n s  caused by blade-row 
i n t e r a c t i o n s .  

B inder  

TEST COMPRESSOR AND LASER ANEMOMElER SYSTEM 

The research v e h i c l e  used i n  t h i s  work I s  a s i n g l e  
s tage t ranson ic  a x i a l - f l o w  compressor. 
speed i s  16043 rpm and t h e  cor rec ted  mass f l o w  r a t e  i s  
34 kg/s .  S ince t h e  f a n  stage was designed f o r  low 
no ise ,  the  r o t o r  and s t a t o r  a re  separated by approx i -  
mate ly  85 percent  r o t o r  chord a t  midspan. The s t r e n g t h  
o f  the  r o t o r  wakes and t h e  r e l a t e d  b lade-row i n t e r a c -  
t i o n s  a r e  t h e r e f o r e  s i g n i f i c a n t l y  d imin ished f rom what 
would occur i n  a more c l o s e l y  coupled stage. The 
advantage o f  the  wide a x i a l  spacing between b lade rows 
i s  r e d u c t i o n  o f  t h e  p o t e n t i a l  f l o w - f i e l d  i n t e r a c t i o n s  
between the b lade rows. Rotor-wake-generated unsteady 
e f f e c t s  can thus be s tud ied  independent ly  o f  t h e  
p o t e n t i a l  f l o w  i n f l u e n c e  i n  t h i s  fan  stage. 

o f  m u l t i p l e - c i r c u l a r - a r c  design. The r o t o r  aspect 
r a t i o  i s  1.55 (average span/mid-chord) w i t h  an i n l e t  
t i p  d iameter  o f  51.3 cm and i n l e t  h u b / t i p  r a d i u s  o f  
0 .375.  The r o t o r  t i p  clearance i s  0 .5  mm. O e t a l i s  o f  
t h e  r o t o r  aerodynamic design a r e  g iven i n  Ref. 5. 

designed t o  d ischarge f l u i d  a x i a l l y  and t o  have a con- 
s t a n t  a x i a l  chord f rom hub t o  t i p  o f  5.6 cm. The 
s t a t o r  cons is ts  o f  34 blades w i t h  a midspan s o l i d i t y  
o f  1.68. The s t a t o r  t i p  diameter I s  cons tan t  a t  48.7 
cm and the  i n l e t  and e x i t  hub/ t ip  r a d i u s  r a t i o s  a r e  
0.500 and 0.530 r e s p e c t i v e l y .  

The c o n t r o l l e d - d i f f u s i o n  s t a t o r  b lade row c o n s i s t s  
o f  17 blades w i t h  a midspan s o l i d i t y  o f  0.85. The C D  
b lade row was designed t o  prov ide t h e  same performance 
as the  OCA s t a t o r  des ign  w i t h  t h e  f o l l o w i n g  con- 
s t r a i n t s :  ( 1 )  use one-hal f  the  number o f  blades as 
t h e  OCA s t a t o r ,  ( 2 )  e l i m i n a t e  boundary l a y e r  separa t ion  
from t h e  b lade sur face ,  and ( 3 )  use t h e  same f lowpath  

The des ign-  

The r o t o r  i s  a damperless f a n  composed o f  22 blades 

The d o u b l e - c i r c u l a r - a r c  s t a t o r  b lade row was 

geometry as t h e  OCA s t a t o r .  The r e s u l t i n g  b lade has a 
po lynomia l  b lade shape which prov ides  t h e  f l o w  t u r n i n g  
r a t e s  r e q u i r e d  throughout  t h e  s t a t o r  passage t o  achieve 
t h e  maximum blade l o a d i n g  w i t h o u t  boundary l a y e r  sep- 
a r a t i o n .  I n  a d d i t i o n ,  a r e l a t i v e l y  h i g h  negat ive  
inc idence ang le  i s  r e q u i r e d  t o  avo id  a p o t e n t i a l  f l o w  
separa t ion  a t  t h e  s t a t o r  l e a d i n g  edge which was i n d i -  
cated i n  t h e  p r e d i c t e d  s u c t i o n  sur face  v e l o c i t y  d i s -  
t r i b u t i o n .  The des ign  parameters f o r  bo th  the  O C A  
s t a t o r  and the  C D  s t a t o r  a r e  presented i n  Table I .  

The s t a t o r  f l o w  f i e l d  was surveyed on a midspan 
ax isymmetr ic  measurement sur face  a t  t h e  measurement 
l o c a t i o n s  shown I n  F i g .  1 .  A t  each a x i a l  l o c a t i o n  the  
data were acqu i red  a t  10 c i r c u m f e r e n t i a l  l o c a t i o n s  
evenly  d i s t r i b u t e d  between 5 and 95  percent  s t a t o r  gap. 
The s t a t o r  gap i s  measured r e l a t i v e  t o  the  pressure 
sur face  o f  t h e  b lade.  A t  each. survey l o c a t i o n ,  l a s e r  
anemometer measurements were recorded f o r  50 d i f f e r e n t  
c i r c u m f e r e n t i a l  l o c a t i o n s  across a r o t o r  r o t a t i o n  of 
one p i t c h .  Only v e l o c i t y  components which l i e  i n  the  
a x i a l - c i r c u m f e r e n t i a l  p lane were measured. F u r t h e r  
d e t a i l s  o f  t h e  measurement techniques a r e  g iven i n  
P a r t  I o f  t h i s  paper. 

PRESENTATION AND DISCUSSION OF RESULTS 

Data a r e  presented f o r  the  f o l l o w i n g  cases a t  
design-speed: (1 )  OCA s t a t o r  b lade o p e r a t i n g  a t  peak 
e f f i c i e n c y ,  ( 2 )  C D  s t a t o r  b lade o p e r a t i n g  a t  peak 
e f f i c i e n c y ,  and ( 3 )  C D  s t a t o r  b lade o p e r a t i n g  a t  near-  
s t a l l .  These t h r e e  cases a r e  compared t o  p r o v i d e  some 
assessment o f  t h e  e f f e c t s  o f  b lade load ing ,  inc idence 
angle, and the  s t a t o r  s o l i d i t y  on t h e  unsteady f l o w  
f i e l d  w i t h i n  a s t a t o r  passage. Both the  steady and 
unsteady d e s c r i p t i o n s  o f  t h e  s t a t o r  f l o w  f i e l d  a r e  
presented.  Based on the measured r e s u l t s ,  c o r r e l a t i o n s  
o f  t h e  ro to r -wake-genera ted  and unresolved unsteady- 
v e l o c i t y  f l u c t u a t i o n s  a r e  used t o  s tudy t h e  unsteady 
blade-row i n t e r a c t i o n s .  Refer t o  P a r t  I o f  t h i s  paper 
f o r  a d e s c r i p t i o n  o f  the measurement and a n a l y s i s  
techniques used t o  o b t a i n  the  parameters which descr ibe  
t h e  s teady-s ta te  and the  unsteady f l o w - f i e l d  fea tures  
presented below. 

Steady-State Flow F i e l d  D e s c r i p t i o n  
Contour p l o t s  o f  the  t o t a l  abso lu te  v e l o c i t y  (VT)  

f o r  t h e  OCA s t a t o r  o p e r a t i n g  a t  peak e f f i c i e n c y  and 
f o r  t h e  CD s t a t o r  o p e r a t i n g  a t  peak e f f i c i e n c y  and 
near s t a l l  a r e  presented i n  F i g .  2. A l l  contour  p l o t s  
presented i n  t h i s  paper a r e  generated by t r a n s l a t i n g  
t h e  data measured i n  one s t a t o r  passage by one s t a t o r  
p i t c h  b e f o r e  c a l l i n g  the  contour  p l o t  program. Con- 
sequent ly ,  t h e  p l o t t i n g  program has no knowledge o f  
t h e  presence o f  t h e  center  b lade shown i n  F i g .  2 and 
t h e r e f o r e  u t i l i z e s  s tandard i n t e r p o l a t i o n  techniques 
t o  generate contour  l i n e s  between the  lower and upper 
b lade passages which cross the  center  b lade.  I n  a l l  
contour  p l o t s  presented here in ,  one should t h e r e t o r e  
study t h e  contours near t h e  lower and upper b lade i n  
o rder  t o  draw conclus ions about t h e  f l o w - f i e l d  behav- 
i o r  near t h e  pressure and s u c t i o n  sur face  r e s p e c t i v e l y .  

mate ly  235 m/s  f o r  the  OCA s t a t o r  b lade row and 
approx imate ly  225 m/s  f o r  t h e  C D  s t a t o r  b lade row. 
The ax isymmetr ic  mean inc idence angles determined f rom 
convent iona l  pressure probe surveys performed a t  a 
s t a t i o n  between t h e  r o t o r  and s t a t o r  a r e  approx imate ly  
+ l o  f o r  t h e  OCA s t a t o r  o p e r a t i n g  a t  peak e f f i c i e n c y  and 
-17 and -12" f o r  t h e  C D  s t a t o r  o p e r a t i n g  a t  peak e f f i -  
c iency and n e a r - s t a l l  r e s p e c t i v e l y .  Observe f rom 
F i g .  2 t h a t  as the  mean inc idence ang le  becomes more 
negat ive ,  the  r e g i o n  of  h i g h  v e l o c i t y  near t h e  l e a d i n g  
edge o f  t h e  s t a t o r  s u c t i o n  sur face  becomes l a r g e r  and 

The i n l e t  f reest ream v e l o c i t y  (VFS) I s  approx i -  
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i s  pushed f u r t h e r  downstream. 
b l a d e  l o a d l n g  can be seen by comparlng the v e l o c l t y  
g r a d l e n t  across the  b lade passage I n  the  c l r c u m f e r -  
e n t l a 1 , d l r e c t l o n  I n  t h e  DCA s t a t o r  t o  t h a t  l n  the  CD 
s t a t o r .  

F i g u r e  2 a l s o  shows the  upstream e x t e n t  o f  the 
p o t e n t l a l  f l o w - f l e l d  e f f e c t  due t o  the  presence o f  the 
s t a t o r  blades. Uslng the  c r l t e r l a  t h a t  any c l rcumfer -  
e n t l a l  v a r l a t l o n  I n  t h e  t o t a l  abso lu te  v e l o c l t y  whlch 
occurs upstream of t he  b lade row 1 s  due t o  the  s t a t o r  
p o t e n t l a l  I n f l u e n c e ,  t he  p o t e n t l a l  f l e l d  o f  the  OCA 
s t a t o r .  1s observed t o  extend t o  about 30 percent  o f  
s t a t o r  a x l a l  chord upstream o f  t he  l e a d l n g  edge. The 
p o t e n t l a l  f l e l d  f o r  t h e  CD s t a t o r  appears t o  extend t o  
a t  l e a s t  40 p e r c e n t  o f  s t a t o r  a x l a l  chord upstream of  
t h e  s t a t o r  l e a d l n g  edge. Thls I s  probably  a r e s u l t  o f  
t h e  l a r g e  n e g a t l v e  lnc ldence ang le  o f  the  CD b lade 
whlch causes a g r e a t e r  f l o w  adjustment  around the  
l e a d l n g  edge i n  comparlson t o  t h e  DCA blade. 
t h a t  s l n c e  t h e  r o t o r  t r a l l l n g  edge I s  almost 100 per- 
c e n t  o f  s t a t o r  a x l a l  chord upstream o f  the s t a t o r  
l e a d l n g  edge, t h e  p o t e n t l a l  I n t e r a c t l o n s  between the 
s t a t o r  and r o t o r  a r e  very weak. 
l n t e r a c t l o n s  may st.111 be present,  t he  on ly  s l g n l f l c a n t  
blade-row l n t e r a c t l o n s  a r e  due t o  ro tor -wake-generated 
and,unresolved unsteadlness. 

The e f f e c t  o f  Increased 

Also note 

Al though acous t lc  

g o t o r  Wake ChoDDiB 
F l g u r e  3 shows a sequence o f  p l o t s  f o r  a r o t o r  

r o t a t i o n  o f  one p l t c h  whlch d e p l c t  t he  r o t o r  wakes as 
they a r e  chopped and subsequently t r a n s p o r t e d  through 
the  DCA s t a t o r  b lade row. The shaded reg lons  I d e n t i f y  
r o t o r  wake f l u l d  and were determtned by n o r m a l l z l n g  the 
unresolved unsteadlness a t  each p o l n t  I n  t h e  s t a t o r  
f l o w  f l e l d  so t h a t  t h e  background ( l .e . ,  f r e e  stream) 
unresolved unsteadlness I s  zero and t h e  maxlmum unre- 
so lved unsteadlness (whlch 1 s  expected t o  occur w l t h l n  
t h e  r o t o r  wake) l s  s e t  equal t o  one (6) .  The shaded 
reg lons  r e p r e s e n t  areas I n  whlch the  l e v e l  o f  t h e  nor- 
ma l lzed  unresolved unsteadlness I s  g r e a t e r  than 0.25. 
S l m l l a r  con tour  p l o t s  d e p l c t l n g  the  movement o f  wakes 
th rough a d j a c e n t  b l a d e  rows have been presented by 
Dunker (1) f o r  a compressor b lade row and Blnder (2) 
f o r  a t u r b l n e  b lade row. 

chops the  r o t o r  wake. the  wake segments move a t  d l f -  
f e r e n t  speeds a long t h e  s t a t o r  blade pressure and suc- 
t l o n  sur faces .  
reach t h e  s t a t o r  e x l t .  t h e r e  I s  an apprec lab le  mlsmatch 
o r  " d r l f t "  between t h e  r o t o r  wake segments whlch were 
o r l g l n a l l y  p a r t  o f  t h e  same r o t o r  wake. Uslng l l n e a r  
smal l -d ls tu rbance theory,  Smlth (1) has.shown t h a t  f o r  
t h l n  a l r f o l l s  w l t h  r e l a t l v e l y  l i t t l e  t u r n l n g  t h l s  d r l f t  
d l s t a n c e  can be r e l a t e d  t o  t h e  a l r f o l l  c l r c u l a t l o n .  
r ,  and the  average o f  the  I n l e t  and e x l t  v e l o c l t l e s ,  
VA, accord lng  t o  t h e  f o l l o w i n g  equat lon:  

From F lg .  3 one can see t h a t  a f t e r  the s t a t o r  blade 

By t h e  t lme the  r o t o r  wake segments 

rv- 
t AS = - (7) 

where 

r. = f (RrVel - REVeE) and VA = - '1 t 'E 
2 

The d r l f t  d ls tance.  AS, I s  measured a long the  exten- 
S l O n  o f  t h e  s t a t o r  t r a l l l n g  edge mean camber l l n e .  
Table 2 shows a comparlson between the  c a l c u l a t e d  and 
measured d r i f t  d ls tances  a long the  50 percent  span 
measurement s u r f a c e  o f  t he  DCA s t a t o r ,  expressed as a 
percentage o f  s t a t o r  a x l a l  chord. 

. 

Jos lyn  e t  a l .  (8) 

used an l n v l s c l d  a n a l y s t s  t o  s u c c e s s f u l l y  p r e d l c t  the 
mot lon o f  a narrow smoke stream (1.e. .  an l n v l s c i d  
z e r o - v e l o c i t y - d e f l c l t  "wake") through a downstream 
r o t a t l n g  b lade row by t r a c l n g  Isochronous l i n e s  rneas- 
ured r e l a t l v e  t o  the  l n l t l a l  upstream generated smoke 
stream. For a cusped l e a d l n g  edge a l r f o l l .  t h e i r  
approach reduces t o  t h a t  o f  Smlth ( I ) .  

I t  I s  a l s o  e v l d e n t  f rom F lg .  3 t h a t  the  r o t o r  
wakes tend t o  p l l e  up a t  the  s t a t o r  e x l t ,  and t h a t  
t h e r e  l s  some s l l g h t  spreading o f  the r o t o r  wake w id th .  
I n  l l g h t  o f  the  above observat lons.  i t  seems apparent 
t h a t  the  k lnemat lcs  o f  the t r a n s p o r t  o f  r o t o r  wakes 
through the  downstream s t a t o r  b lade row I s  l a r g e l y  
c o n t r o l l e d  by the  s teady-s ta te  p o t e n t l a l  f l o w  f l e l d .  
I n  the  present  stage the  r o t o r  wake has a l ready  sub- 
s t a n t l a l l y  decayed p r i o r  t o  e n t e r l n g  the s t a t o r  blade 
row. I n  a more c l o s e l y  coupled r o t o r  and s t a t o r  row,  
where r a p l d  ro to r -wake m l x l n g  occurs w l t h t n  the s t a t o r  
row and p o t e n t l a l  l n t e r a c t l o n s  a r e  present ,  a s lmple 
l n v l s c l d  a n a l y s t s  may n o t  be adequate t o  p r e d l c t  the 
ro to r -wake mot ion through the  s t a t o r  b lade row.  

Heyer ( 9 ) .  l s  t h a t  a wake behaves l l k e  a n e g a t l v e  j e t .  
Therefore,  when a r o t o r  wake i s  c u t  by the s t a t o r  blade 
row the w l d t h  o f  the wake w l l l  tend t o  d l m i n l s h  on the 
s t a t o r  s u c t l o n  sur face  and lncrease on the s t a t o r  
pressure sur face .  Several l n v e s t l g a t o r s  have s lnce  
shown exper imental  evldence I n  support  o f  t h i s  theory 
(19-13). Most n o t a b l e  was an experlrnental l n v e s t i g a  
t l o n  by Kerrebrock and Mlko la jczak  (10) whlch i n d i c a t e d  
t h a t  the  h igher -energy  f l u l d  o f  the r o t o r  wake tends 
t o  Impinge and c o l l e c t  on the s t a t o r  pressure sur face ,  
r e s u l t l n g  I n  a marked lncrease I n  s t a g n a t i o n  temper 
a t u r e  on the  pressure s l d e  o f  the  s t a t o r  wake. How 
ever.  t h e r e  I s  no apparent evldence l n  F l g .  3 o f  the 
r o t o r  wake w l d t h  e l t h e r  d l m l n l s h l n g  on the s t a t o r  suc- 
t l o n  surface, o r  l n c r e a s l n g  on the pressure  sur face .  
Most l l k e l y .  f o r  t h l s  l o o s e l y  coupled stage, t h l s  
e f f e c t  o f  the r o t o r  wake behavlng l l k e  a n e g a t i v e  j e t  
I s  q u l t e  smal l  s lnce  the  s t r e n g t h  o f  the  r o t o r  bake has 
weakened cons lderab ly  by the t lme i t  enters  the s t a t o r  
passage. 

S i m i l a r  wake t r a n s p o r t  phenomena w e r e  observed I n  
the C D  s t a t o r  b lade row. However, due t o  the h igher  
v e l o c l t y  g r a d l e n t  I n  the c l r c u m f e r e n t l a l  d l r e c t l o n  
across the  b lade channel the  d r i f t  d l s t a n c e  o f  the 
r o t o r  wake segments w l t h l n  the CD s t a t o r  passage was 
g r e a t e r  I n  magnltude than t h a t  measured w l t h l n  the OCA 
s t a t o r  passage. Also, s lnce  the  s o l l d l t y  o f  the C D  
s t a t o r  b lade r o w  I s  h a l f  t h a t  o f  the OCA s t a t o r  blade 
row,  the  r o t o r  wake segments were more c l e a r l y  lden-  
t l f l e d  throughout the  CD s t a t o r  passage. 

Rotor-Wake-Generated Unsteady-Ve loc l ty  C o r r e l a t i o n s  
Contour p l o t s  o f  t he  ro to r -wake generated 

uns teady-ve loc l ty  c o r r e l a t l o n s  (RWVC) a long the 
50 percent  span measurement sur face  f o r  the  DCA and CD 
s t a t o r s  a r e  i l l u s t r a t e d  I n  F lg .  4. The square o f  the 
ax lsymnet r lc  f r e e  stream v e l o c l t y  ( V F S  = 235 m/s  f o r  
the  DCA s t a t o r  and VFS = 225 m/s f o r  the  C D  s t a t o r )  
upstream o f  the  s t a t o r  I s  used t o  normal lze  the r o t o r -  
wake-generated u n s t e a d y - v e l o c l t y  c o r r e l a t l o n s .  For 
each o f  t h e  t h r e e  t e s t  cases. I t  I s  apparent t h a t  the 
rotor -wake-generated unsteadlness 1s h i g h e s t  a t  the 
r o t o r  t r a l l l n g  edge and decreases downstream o f  the 
r o t o r  t r a l l l n g  edge as a r e s u l t  o f  the  r a p l d  decay o f  
t he  r o t o r  wake. However. as the  f l o w  approaches the  
s t a t o r  passage the  rotor -wake-generated unsteadlness 
Increases i n  d l f f e r e n t  reg lons  f o r  each case tes ted .  
Contour p l o t s  o f  t he  RWVC f o r  t h e  t h r e e  t e s t  cases w l l l  
be compared below I n  an a t tempt  t o  assess the  e f f e c t s  
o f  lnc ldence angle, b lade load lng .  and s t a t o r  s o l l d l t y  
on the  RWVC. 

A g e n e r a l l y  accepted theory ,  f i r s t  proposed by 
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Contour p l o t s  o f  t he  a x l a l ,  t a n g e n t l a l ,  and cross- 
components o f  t h e  RWVC f o r  t h e  OCA s t a t o r  a r e  l l l u s -  
t r a t e d  I n  F lgs .  4(a) t o  ( c ) .  I n  Flg.  4(a). t he  
normal lzed  a x t a l  component o f  t h e  RWVC decreases f rom 
about  0.36 p e r c e n t  Vps a t  -70 percent  s t a t o r  chord 
t o  about  0.16 p e r c e n t  V ~ S  a t  -20 percent  o f  S t a t o r  
chord. From -20 percent  s t a t o r  chord t o  t h e  s t a t o r  
e x l t  t he  a x l a l  component o f  t he  RWVC cont inues  t o  
decrease t o  l e s s  than 0.04 percent  Vps except  
l n  a r e g l o n  between -20 and 10 percent  o f  s t a t o r  chord. 
I n  t h l s  r e g l o n  t h e  a x l a l  component o f  t he  RWVC 
lnc reases  near mld p l t c h  and reaches a maxlmun o f  about 
0.25 p e r c e n t  V& a t  5 percent  s t a t o r  chord. 
A l though c o n s l d e r a b l y  weaker, s l m l l a r  lnc reases  occur  
f o r  t h e  t a n g e n t l a l  and c ross  components o f  t h e  RWVC, 
as l n d l c a t e d  I n  F lgs .  4(b) and (c), r e s p e c t l v e l y .  

Contour p l o t s  o f  t he  normal lzed a x l a l  component 
o f  t h e  RWVC f o r  t h e  CD s t a t o r  o p e r a t l n g  a t  peak e f f l -  
c lency  and n e a r - s t a l l  a r e  presented I n  Flgs. 4(d) 
and (e ) .  The contour  p l o t  o f  t h e  RWVC f o r  t he  CO 
s t a t o r  o p e r a t i n g  a t  peak e f f l c l e n c y  l n d l c a t e s  a 
decrease I n  t h e  RWVC fron 0.59 percent  Vps a t  the  
r o t o r  t r a l l l n g  edge t o  about 0.20 percent  Vps a t  
t he  s t a t o r  l e a d l n g  edge. I n  general ,  t he  RWVC con- 
t l n u e s  t o  decrease throughout  t h e  s t a t o r  passage. 
There i s  a smal l  l o c a l  l n c r e a s e  i n  RWVC near -10 per -  
cen t  chord. There I s  a l s o  a l o c a l l z e d  Increase I n  t h e  
RWVC near the  s t a t o r  s u c t l o n  sur face  from about 65 p e r -  
cent s t a t o r  chord t o  90 percent  s t a t o r  chord whlch can 
be seen I n  F lg .  4(d). The contour  p l o t  o f  RWVC f o r  the  
C O  s t a t o r  o p e r a t l n g  a t  n e a r - s t a l l  (F ig .  4 (e ) )  a l s o  
shows a decrease l n  RWVC upstream o f  t h e  s t a t o r  pas- 
sage, where t h e  RWVC decreases f rom 0.59 percent  
V s a t  t h e  r o t o r  t r a l l l n g  edge t o  about  0.35 p e r c e n t  
V 5 s a t  -20 percent  chord. However. I n  the  r e g l o n  
between -20 and -10 percent  chord a t  mld p l t c h  t h e  RWVC 
Increases from 0.32 Vps t o  0.42 percent  Vps. 
One f e a t u r e  whlch I s  connon t o  a l l  t h r e e  cases shown 
I n  F lg .  4 I s  t h a t  t h e  RWVC Increases l o c a l l y  I n  the  
r e g l o n  near the  l e a d l n g  edge between -20 and 10 percent  
chord. A l though no1 presented here, t h e  t a n g e n t l a l  and 
cross-components o f  t h e  RWVC f o r  t h e  CD s t a t o r  l n d l c a t e  
the  same t rends  as l n d l c a t e d  by t h e  a x l a l  component o f  
RWVC. 

The e f f e c t s  o f  changlng the  s t a t o r  s o l l d l t y  on the  
rotor-wake-generated unsteadlness can be seen by com- 
p a r i n g  t h e  contour  p l o t  o f  t h e  a x l a l  component o f  t h e  
RWVC f o r  t h e  OCA s t a t o r  (F lg .  4 ( a ) )  t o  t h a t  o f  t he  CO 
s t a t o r  ( F i g .  4 ( d ) ) .  Note t h a t  t he  rotor-wake-generated 
unsteadlness I n  t h e  passage o f  t h e  OCA s t a t o r  i s  damped 
ou t  by about  35 percent  chord, w h i l e  I n  the  CO s t a t o r  
t he  e f f e c t s  o f  t h e  rotor-wake-generated unsteadlness 
a r e  s t i l l  p resent  up t o  approx lmate ly  65 percent  s t a t o r  
chord. 
s t a t o r  chopping o f  t h e  r o t o r  wake promotes m l x l n g  s l n c e  
the  OCA s t a t o r  chops the  r o t o r  wakes a t  t w i c e  t h e  f r e -  
quency o f  t h e  CO s t a t o r .  

b lade l o a d l n g  on t h e  rotor-wake-generated unsteadlness 
can be seen by comparlng contour  p l o t s  o f  t he  RWVC f o r  
the  C O  s t a t o r  o p e r a t l n g  a peak e f f l c l e n c y  and near- 
s t a l l  (F igs .  4(d) and (e ) ) .  A t  t he  peak e f f l c l e n c y  
o p e r a t l n g  p o l n t ,  t h e  RWVC d l s p l a y s  l o c a l  growth near 
the  s t a t o r  s u c t l o n  sur face  between approx lmate ly  65 and 
90 percent  chord. A t  t h e  n e a r - s t a l l  c o n d l t l o n  the  RWVC 
grows l o c a l l y  near  m l d - p l t c h  between -10 and -20 per -  
c e n t  chord. Apparent ly  t h e  change I n  lnc ldence a n g l e  
o r  b lade l o a d l n g  I s  r e s p o n s l b l e  f o r  t h l s  change l n  t h e  
l o c a t l o n  o f  t h e  reg ions  I n  u h l c h  the  rotor-wake- 
generated unsteadlness I s  a m p l l f l e d .  

The phys lcs  behlnd these I s l a n d s  o f  inc reased 
rotor-wake-generated unsteadlness l s  n o t  understood a t  
t h l s  t ime. However. s l m l l a r  blade-row I n t e r a c t i o n  

Th ls  d l f f e r e n c e  may be l n d l c a t l n g  t h a t  t h e  

The e f f e c t s  o f  changlng t h e  lnc ldence ang le  and 
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e f f e c t s  have been observed by Matsuuchl and Adachl (12) 
and Binder (3-3). The l n t e r a c t l o n s  a r e  smal l  f o r  t h e  
present  stage c o n f l g u r a t t o n  due t o  the  wide a x l a l  
spaclng between r o t o r  and s t a t o r  b lade rows. Fu ture  
experlments whlch a r e  planned I n  a more c l o s e l y  
coupled stage may h e l p  t o  e x p l a l n  these phenomena. 

C o r r e l a t l o n s  o f  Unresolved V e l o c i t y  F l u c t u a t l o n s  

the unresolved uns teady-ve loc l ty  c o r r e l a t l o n s  (UVC) 
whlch l i e s  I n  one o f  t h e  LFA measurement d l r e c t l o n s  a r e  
presented i n  f i g .  5 f o r  varlous a x l a l  survey s t a t l o n s .  
The d a t a  symbols I n  t h e  f l g u r e  represent  es t lmates  o f  
t h e  UVC, whereas t h e  bars l n d l c a t e  t h e  95 percent  
conf ldence bands on these est imates.  
bands a r e  l a r g e  because they  represent  the  conf ldence 
I n t e r v a l s  o f  a vartance. 
t l o n s .  t2Oo and -20' t o  t h e  s teady-s ta te  abso lu te  f l o w .  
ang le  were used, b u t  s lnce  the  values o f  t h e  UVC com- 
ponent i n  each o f  t h e  measurement d l r e c t l o n s  showed the  
same trends, t h e  UVC component I n  t h e  o n l y  one o f  t he  
measurement d l r e c t l o n s  ( t20'  d l r e c t l o n )  I s  presented. 
A l though t h e  a b s o l u t e  f l o w  ang le  l s  approx lmate ly  con- 
s t a n t  f rom b lade- to-b lade a t  a g l v e n  a x l a l  l o c a t l o n .  
l t  v a r l e s  cons tderab ly  l n  t h e  a x l a l  d l r e c t l o n .  Caut lon 
should, t h e r e f o r e ,  be exerc ised when a t t e m p t l n g  t o  draw 
conc lus lons  f rom apparent  a x l a l  g r a d l e n t s  I n  t h e  meas- 
ured unresolved uns teady-ve loc l ty  c o r r e l a t i o n s .  The 
magnitude o f  t h e  unresolved uns teady-ve loc l ty  c o r r e l a -  
t i o n s  a r e  normal tzed w i t h  respec t  t o  t h e  square o f  the  
a x l s y m n e t r l c  f ree-st ream a b s o l u t e  v e l o c l t y  upstream o f  
t h e  s t a t o r  p o t e n t l a l  f l e l d  as was done f o r  t h e  r o t o r -  
wake-generated uns teady-ve loc l ty  c o r r e l a t l o n s .  

For t h e  OCA s t a t o r ,  as shown I n  F l g .  5(a), the 
component of t h e  UVC l n  t h e  f l r s t  measurement d l r e c t l o n  
I s  approx lmate ly  cons tan t  a t  about 0.34 percent  Vps 
upstream o f  t he  b lade row. A t  about  -20 percent  s t a t o r  
chord and 15 percent  s t a t o r  gap t h l s  component o f  t he  
UVC beglns t o  Increase. Th ls  p o i n t  of Increased UVC 
mlgra tes  toward the  s t a t o r  s u c t i o n - s u r f a c e  w i t h  
I n c r e a s i n g  streanrwlse d l s t a n c e  and reaches a maxlmum 
va lue  o f  0.63 percent  Vp, a t  -5 percent  s t a t o r  
chord. Th ls  component o f  t h e  UVC then remalns above 
0.5 percent  Vps up t o  about 20 percent  s t a t o r  
chord, beyond whlch i t s  magnitude becomes obscured by 
t h e  s t a t o r  suc t lon-sur face  boundary l a y e r .  

Blnder (14) observed a s l m l l a r  Inc rease I n  
unresolved unsteadlness w l t h l n  t h e  vane wake o f  a 
s l n g l e - s t a g e  t u r b l n e  as I t  was t r a n s p o r t e d  through the  
downstream r o t o r  row. 
unsteadlness w l t h l n  t h e  vane wake increqsed near the  
r o t o r  l e a d l n g  edge and a t t r l b u t e d  t h e  Increase t o  c u t -  
t i n g  o f  t h e  vane secondary v o r t i c e s  by t h e  r o t o r  which 
caused t h e  v o r t i c e s  t o  breakdown. thus genera t lng  
h l g h e r  unresolved unsteadlness l e v e l s .  A l though t h l s  
seems t o  be a p l a u s l b l e  e x p l a n a t l o n  f o r  t he  Increases 
I n  the  unresolved unsteadlness found by Binder.  I t  does 
n o t  seem t o  s u f f t c e  f o r  an e x p l a n a t l o n  o f  t h e  observed 
lncreases  I n  b o t h  t h e  rotor-wake-generated and unre- 
so lved uns teady-ve loc l ty  f l u c t u a t l o n s  observed I n  the  
present  research fan. One would expect a breakdown g f  
t h e  secondary v o r t e x  t o  cause Increased m l x l n g  and 
t h e r e f o r e  a r e d u c t l o n  I n  t h e  r o t o r  wake v e l o c l t y  d e f -  
t c l t ,  whlch I s  c o n t r a r y  t o  t h e  measured Increases i n  
t h e  r o t o r  wake v e l o c l t y  d e f l c l t  l n d l c a t e d  f rom F lg .  4. 

CD s t a t o r  o p e r a t i n g  a t  peak e f f l c l e n c y  and n e a r - s t a l l  
a r e  d e p i c t e d  I n  Flgs.  5(b) and (c ) .  r e s p e c t l v e l y .  The 
d l s t r l b u t l o n s  o f  t h e  UVC f o r  t he  CO s t a t o r  o p e r a t i n g  
a t  b o t h  peak e f f l c l e n c y  and n e a r - s t a l l  l n d l c a t e  an 
Increase I n  t h e  UVC f rom t h e  s t a t o r  p ressure  t o  s u c t l o n  
s u r f a c e  throughout  t h e  CO s t a t o r  passage. A t  t h e  near- 
s t a l l  o p e r a t l n g  p o l n t .  t h e  b lade- to  b lade d l s t r l b u t l o n s  

Blade- to-b lade d l s t r l b u t l o n s  o f  t he  component of 

Note t h a t  the  

Two LFA measurement d l r e c -  

B inder  found t h a t  t he  unresolved 

The b lade- to-b lade d l s t r l b u t l o n s  o f  t h e  UVC f o r  t h e  
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a t  -10 and 0 percent  s t a t o r  chord (see F ig .  5 ( c ) )  
I n d i c a t e  t h a t  t h e  l a r g e  p i t c h w l s e  g r a d i e n t  i n  U V C  whlch 
occurs between 50 and 70 percent  o f  s t a t o r  gap occurs 
I n  t h e  same l o c a t i o n  as the  r a p l d  changes I n  the RWVC 
shown I n  F i g .  4 ( e ) .  Comparing the  CD s t a t o r  t o  the  DCA 
s t a t o r ,  n o t e  t h a t  the  inc rease I n  UVC f rom the  pressure 
t o  t h e  s u c t l o n  sur face  which occurs i n  the  C D  s t a t o r  
does n o t  occur  I n  t h e  OCA s t a t o r .  The h igher  b lade 
l o a d i n g  I n  t h e  C D  s t a t o r  may c o n t r i b u t e  t o  t h i s  e f f e c t .  

Increases I n  t h e  unresolved unsteady v e l o c i t y  c o r -  
r e l a t i o n s  shown I n  F l g .  5 may be due t o  an inc rease i n  
t h e  unresolved unsteadiness e i t h e r  I n  t h e  "freestream" 
r e g i o n  between r o t o r  wakes, i n  t h e  r o t o r  wakes them- 
se lves,  o r  I n  bo th  reg ions .  To r e s o l v e  t h l s  Issue,  
r o t o r  p l t c h w i s e  v a r i a t i o n s  o f  the  unresolved 
unsteadiness a t  severa l  c l r c u m f e r e n t l a l  survey po in ts  
a c r o s s , t h e  s t a t o r  p i t c h  f o r  t h e  peak e f f l c i e n c y  oper- 
a t l n g  p o i n t  a r e  shown I n  F igs .  6(a)  and (b )  f o r  the  DCA 
and C D  s t a t o r .  r e s p e c t i v e l y .  The p l o t s  o f  F i g .  6a 
correspond t o  an a x i a l  survey s t a t l o n  where the r o t o r -  
wake-generated unsteadiness d i s p l a y s  a l o c a l  growth. 
F igure  6(a)  l n d l c a t e s  t h a t  t h e  unresolved unsteady- 
v e l o c l t y  f l u c t u a t l o n s  w i t h i n  the  wake remain approx l -  
mate ly  cons tan t  b lade- to-b lade,  w h i l e  the  unresolved 
uns teady-ve loc i ty  f l u c t u a t i o n s  w i t h i n  the  f r e e  s t r e a m  
Increase and decrease f rom b lade t o  blade. Therefore. 
changes I n  t h e  magnitude o f  t h e  U V C  a t  a g i v e n  a x l a l  
s t a t i o n  w i t h i n  the  DCA b lade occur as a r e s u l t  o f  
changes i n  t h e  f ree-s t ream unresolved unsteadiness 
r a t h e r  than changes i n  t h e  unresolved unsteadiness 
w l t h l n  t h e  wake. 

C D  s t a t o r  a t  50 percent  s t a t o r  chord a r e  presented I n  
F l g .  6 ( b ) .  Note t h a t  t h e  unresolved v e l o c i t y  f l u c t u a -  
t i o n s  w i t h i n  t h e  wakes appear t o  be suppressed near 
t h e  pressure sur face  and a m p l l f l e d  near the  s u c t i o n  
sur face .  The UVC l e v e l s  i n  t h e  f rees t ream regions 
o u t s i a e  o f  t n e  r o t o r  wake a r e  r e i a t i v e i y  constant .  
Therefore,  changes i n  t h e  p i t c h w i s e  d l s t r l b u t i o n  o f  the  
UVC i n  t h e  C D  s t a t o r  shown I n  F ig.  5 appear t o  be due 
t o  changes I n  t h e  unresolved unsteadlness w l t h l n  the 
wake. 

Comparlson Between Rotor-Wake-Generated and Unresolved 
Unsteady-Veloc l tv  C o r r e l a t i o n s  

I n  o rder  t o  eva lua te  the  r e l a t i v e  c o n t r l b u t l o n s  of 
t h e  RWVC and t h e  UVC t o  t h e  unsteady f l o w  f i e l d .  the 
ax lsymmetr lc  a x i a l  components o f  the  RWVC and t h e  UVC 
a r e  presented I n  F i g .  7 f o r  a l l  t h r e e  t e s t  cases. 
These ax lsymmetr lc  components a r e  obta ined by a r l t h -  
m e t l c a l l y  averaging the  measured c i r c u m f e r e n t i a l  d ls-  
t r l b u t l o n s  o f  t h e  RWVC and t h e  UVC a t  each a x i a l  
measurement s t a t i o n .  A s  d iscussed I n  P a r t  I o f  the 
paper, the  a x l a l  component o f  t h e  UVC cannot be deter-  
mined u s i n g  t h e  present  l a s e r  anemometer system, but 
can be bounded. The a x l a l  component o f  the  UVC I s  
t h e r e f o r e  presented i n  t h e  fo rm o f  the  upper and lower 
bounds whlch I t  cou ld  a t t a i n .  A lso no te  t h a t  I n  m o s t  
cases I n  F l g .  7 the  u n c e r t a i n t y  I n t e r v a l s  which repre- 
sent  t h e  95  percent  conf idence l e v e l  f o r  t h e  RWVC are 
t h e  same s l z e  as the  symbols used t o  denote the  RWVC. 

The r e s u l t s  presented I n  F i g .  7 I n d i c a t e  t h a t  t h e  
decay o f  t h e  axisynunetr lc a x i a l  component o f  t h e  RWVC 
I s  s i m i l a r  f o r  a l l  t h r e e  t e s t  cases. The r e l a t l v e  
magnitude o f  t h e  RWVC and t h e  U V C  a r e  a l s o  s i m i l a r  f o r  
a l l  t n r e e  cases. F i n a i i y .  t n e  unresoived unsreaay- 
v e l o c l t y  c o r r e l a t i o n s  a r e  c o n s l s t e n t l y  g r e a t e r  than the  
rotor -wake-generated uns teady-ve loc l ty  c o r r e l a t i o n s ,  
except upstream o f  t h e  s t a t o r  l e a d i n g  edge where the 
values o f  t h e  RWVC l l e  w i t h i n  t h e  bounds o f  the UVC f o r  
a l l  t h r e e  t e s t  cases. Th is  l a s t  r e s u l t  i n d i c a t e s  t h a t  
t h r o u g h - f l o w  m i x i n g  would appear t o  be l a r g e l y  con- 
t r o l l e d  by t h e  unresolved unsteadiness and no t  t n e  

Rotor p l t c h w l s e  d l s t r i b u t l o n s  o f  t h e  UVC w l t h l n  the 

rotor -wake-generated unsteadlness, a t  l e a s t  f o r  the 
present  research fan .  As  p r e v i o u s l y  mentioned, how- 
ever, unresolved unsteadiness as d e f i n e d  h e r e i n  
Inc ludes  any unsteadiness n o t  c o r r e l a t e d  w l t h  t h e  fun-  
damental r o t o r  r o t a t i o n a l  frequency. I n  the  case of 
the  present  research fan,  p a r t  o f  the  unresolved 
unsteadiness i s  due t o  v o r t e x  shedding f rom the  r o t o r  
t r a t l i n g  edge (14). This  v o r t e x  shedding increases the 
magnltude o f  the  UVC r e l a t i v e  t o  t h a t  whlch would e x i s t  
i n  the  absence o f  the sheddlng. I n  a d d i t i o n ,  s ince  the  
spaclng between t h e  r o t o r  and s t a t o r  i n  the  present  
stage I s  wlde I n  comparison t o  most stages, t h e  r o t o r  
wake has s l g n l f l c a n t l y  decayed b e f o r e  i t  en ters  the  
s t a t o r  passage. I n  a more c l o s e l y  coupled stage the 
e f f e c t s  o f  t h e  rotor -wake-generated unsteadlness cou ld  
be s u b s t a n t i a l l y  l a r g e r .  

SUMMARY AND CONCLUDING REMARKS 

D e t a l l e d  measurements o f  the f l o w  f i e l d  i n  a DCA 
s t a t o r  o p e r a t l n g  a t  peak e f f l c i e n c y  and i n  a CD s t a t o r  
opera t ing  a t  peak e f f i c i e n c y  and n e a r - s t a l l  were com- 
pared t o  assess t h e  e f f e c t s  o f  b lade loading,  Inc idence 
angle,  and t h e  s t a t o r  s o l i d l t y  on t h e  unsteady f l o w  
f i e l d  w l t h i n  the  s t a t o r  passage. The measurements were 
acqu l red  a long t h e  50 percent  span sur face  o f  r e v o l u -  
t l o n  o f  each s t a t o r  w l th  a l a s e r  anemometer d a t a  
a c q u i s i t i o n  system. The measured v e l o c i t i e s  were used 
t o  determlne the  magnitudes and d i s t r i b u t i o n s  o f  the  
ro to r -wake-genera ted  and the  unresolved unsteadiness. 
Based on t h e  measured data,  the f o l l o w i n g  observa t ions  
were made: 

1 .  The k inemat ics  o f  t h e  t r a n s p o r t  o f  the  r o t o r  
wakes through the  downstream s t a t o r  row I s  l a r g e l y  
c o n t r o l l e d  by the  s teady-s ta te  p o t e n t i a l  f l o w  f i e l d .  

2 .  Slmple l l n e a r  d is tu rbance theory i s  adequate f o r  
p r e d l c t l n g  the  d r i f t  d i s t a n c e  between wake segments 
convect ing a iong the  s t a t o r  pressure ana s u c t l o n  
sur faces.  

s t a t o r  row appears t o  be mln imal .  

f u r t h e r  downstream w i t h i n  t h e  CD s t a t o r  passage than 
w l t h i n  the  DCA s t a t o r  passage, I n d i c a t i n g  t h a t  the  
chopplng o f  t h e  r o t o r  wake by the  s t a t o r  b lade promotes 
mix ing .  

t h e  OCA s t a t o r  i n d i c a t e  t h a t  the  wake-generated 
unsteadiness may be a m p l l f l e d  a t  I s o l a t e d  reg ions 
throughout  t h e  s t a t o r  passage. The l o c a t l o n  o f  these 
reg ions o f  Increased wake-generated unsteadiness i s  
a f f e c t e d  by changes i n  the  s t a t o r  Inc idence angle.  

ensemble mean v e l o c i t y  d e f l c l t  o f  t h e  wake appears t o  
be suppressed near the  pressure sur face and magn l f led  
near t h e  s u c t i o n  sur face  o f  the  CD s t a t o r .  

7 .  Blade- to -b lade Increases I n  t h e  UVC o f  t h e  OCA 
s t a t o r  were due p r l m a r l l y  t o  Increases i n  t h e  f r e e -  
stream unresolved unsteadlness.  However, f o r  t h e  C D  
s t a t o r  the  Increases I n  t h e  UVC were l a r g e l y  due t o  
Increases i n  t h e  wake unresolved unsteadiness. 

8. The unresolved u n s t e a d y - v e l o c i t y  c o r r e l a t i o n s  
a r e  s l g n l f l c a n t l y  g r e a t e r  than t h e  rotor -wake-generated 
u n s t e a d y - v e l o c l t y  c o r r e l a t i o n s ,  which i n d i c a t e s  t h a t  
t h r o u g h - f l o w  m l x l n g  Is l a r g e l y  c o n t r o l l e d  by t h e  
unresoived unsteadiness ana n o t  t n e  rotor -wake-  
generated unsteadiness f o r  t h e  present  research fan. 

A t  p resent ,  a s a t i s f a c t o r y  exp lanat lon  f o r  the  
presence o f  t h e  increased rotor -wake-generated and 
unresolved unsteadlness near the  s t a t o r  l e a d l n g  edge 
has n o t  been found.  I t  i s  a l s o  unc lear  what e f f e c t ,  
i f  any, t h l s  r e g i o n  o f  increased unsteadlness has on 
t h e  s t a t o r  performance. 

3. Spreading o f  the  r o t o r  wake segments w i t h l n  the  

4. The rotor -wake-generated unsteadiness p e r s i s t s  

5 .  Contour p l o t s  o f  the  RWVC f o r  bo th  the C D  and 

6 .  Unresolved unsteadiness w l t h i n  the  wakes and the  

I n  a more c l o s e l y  coupled 
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stage where t h e  b lade row I n t e r a c t i o n s  a r e  expected t o  
be much g r e a t e r ,  t h i s  reg ion  o f  increased unsteadiness 
cou ld  Impact t h e  performance o f  t h e  s t a t o r  by e i t h e r  
e n e r g l z i n g  o r  separa t lng  the s t a t o r  s u c t i o n  sur face  
boundary l a y e r .  I n  o rder  t o  f u r t h e r  understand the  
b lade-row I n t e r a c t l o n s  present i n  turbomachines, f u t u r e  
t e s t i n g  on a more c l o s e l y  coupled stage i s  be ing  
planned. Also, an improved data a c q u l s i t l o n  system 
i n c l u d i n g  a two-component laser  anemometer system i s  
c u r r e n t l y  be ing developed. This  improved data acqu is -  
i t i o n  system w i l l  enable measurement o f  t h e  a x i a l  and 
t a n g e n t i a l  components o f  the Reynolds normal s t resses  
and t h e  Reynolds shear s t r e s s e s  which cannot be 
ob ta ined f rom the  measurements i n  t h e  present  
i n v e s t i g a t i o n .  
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TABLE 1.  - S T A l O R  DESIGN PARAMETERS 

I PARAME 1 ER I DCA S l A l O R  I CD STATOR 

Number o f  b l a d e s  
Aspect  r a t i o  
S o l i d t t y  a t  midspan 
Mean d e s i g n  t n c i d e n c e  ang le  
T u r n i n g  r a t e  
Midspan aerodynamic chord 
Midspan a x i a l  chord  
Hidspan r o t o r - s t a t o r  spac ing  

Constan t  t i p  r a d i u s  
I n l e t  h u b / t t p  r a d i u s  r a t i o  
O u t l e t  h u b / t i p  r a d i u s  r a t i o  

34 
2.05 

1.682 
2.1 deg 

c o n s t a n t  
5.113 cm 
5.593 cm 

85 p e r c e n t  
r o t o r  c h o r d  

24.384 cm 
0.5 

0.53 

17 
2.02 
0.85 

-14.0 deg 
v a r i a b l e  
5.832 cm 
5.532 cm 

85 p e r c e n t  
r o t o r  c h o r d  

24.384 cm 
0.5 

0.53 

TABLE 11. - COMPARISON BETWEEN CALCULATED AND MEASURED 

ROTOR WAKE SEGMENl NON-OIMENSIONAL DR1F.r DISTANCE 

FOR 1 H E  50 PERCENl SPAN MEASUREMENT 

SURFACE OF THE DCA STATOR. 

PARAME I t R  

S t a t o r  a x i a l  c h o r d  
S t a t o r  i n l e t  

Radius 
T a n g e n t i a l  v e l o c l t y  
T o t a l  v e l o c i t y  

S t a t o r  e x i t  
Radius 
T a n g e n t i a l  v e l o c i t y  
T o t a l  v e l o c i t y  

D r i f t  d i s t a n c e  
Meas u r e d  
C a l c u l a t e d  

5.6 cm 

18.5 cm 
150 m/s 
235 m/s  

18.68 cm 
0 m/s 

185 m/s 

34.6 p e r c e n t  C 
38.4 p e r c e n t  C 

I 



AX I AL SURVEY STAT IONS 

I I I 1  I I I I I I I I  I I I I I I  I I 

L. 
‘-ROTOR TRA 

(A> DCA STATOR PASSAGE. 

I I I I I I  I I I I I I I  I I I I  I I 

OR:G~T\Z~~;& PAGE r5 
OF POOR QUALITY 

I-, ‘. 
‘-ROTOR TRAILING EDGE 

(B)  CD STATOR PASSAGE. 

FIGURE 1.- BLADE-TO-BLADE VIEW OF THE MIDSPAN SURFACE SHOWING THE 
LASER ANEMOMETER MEASUREMENT SURVEY POINTS . 
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A X I A L  SURVEY STATIONS 
I I I 1  I l 1 1 1 1 I  I I I I I I I  I I 

I db ) c 

\ 
I 

LROTOR TRAIL  I 

v: v: 
(A)  DCA STATOR - PEAK EFFICIENCY VzVz /V:s x 100. 
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