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ABSTRACT 

Three s l o t t e d  r o t o r s  and t h r e e  s l o t t e d  s t a t o r s  w i t h  des ign  d i f f u s i o n  

f a c t o r s  i n  t h e  range 0.5 t o  0 . 7  were t e s t e d  t o  determine t h e  e f f e c t  of 

t he  s l o t s  on performance. The s l o t s  reduced b lade  element l o s s e s  i n  

t h e  midspan r eg ion  wi thou t  a f f e c t i n g  d e v i a t i o n  ang le ,  and a s m a l l  

i n c r e a s e  i n  u n s t a l l e d  o p e r a t i n g  range w a s  noted.  A l l  b lade  rows t e s t e d  

showed s t r o n g  w a l l  s t a l l ,  and no b e n e f i c i a l  e f f e c t  was noted from t h e  

s l o t s  i n  t h i s  reg ion .  It is  hypothesized t h a t  s l o t s  must be loca t ed  

nea re r  t o  t h e  l ead ing  edge i n  t h i s  r eg ion  t o  be  e f f e c t i v e .  
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SUMMARY 

Three s l o t t e d  axial  flow compressor r o t o r s  and t h r e e  s l o t t e d  s t a t o r s  

were designed and t e s t e d  t o  determine t h e  e f f e c t i v e n e s s  of t h e  s l o t s  i n  

improving t h e  performance of h igh ly  loaded b l ad ing .  

o f  t he  s l o t s  and t h e i r  chordal  l o c a t i o n  were e s t a b l i s h e d  from t h e  r e s u l t s  

of (1) a series of 11 annular  cascade tests and (2) t h e o r e t i c a l  ca l cu -  

The c o n f i g u r a t i o n  

l a t i o n s  of t h e  boundary l a y e r  s e p a r a t i o n  p o i n t  conducted as a p a r t  of 

t h i s  program. The s l o t  c o n f i g u r a t i o n  s e l e c t e d  reduced t h e  l o s s  coef-  

f i c i e n t  o f  t h e  annular  cascade b l ad ing  from 0.071 t o  0.012 a t  an ang le  

of incidence of approximately one degree.  

The performance of t h e  s l o t t e d  b l ad ing ,  when t e s t e d  i n  t h e  s i n g l e -  

s t a g e  compressor, w a s  c o n t r o l l e d  t o  a l a r g e  e x t e n t  by three-dimensional 

flow ef fec ts ,  and, consequent ly ,  performance gains  of t he  o r d e r  of 

magnitude of t h a t  experienced du r ing  t h e  cascade p o r t i o n  of t h e  t es t  

program w e r e  n o t  a t t a i n e d .  The l a r g e  secondary flows a t  t h e  wal l s  

r e s u l t e d  i n  l o s s e s  s e v e r a l  times g r e a t e r  than t h e  va lues  used f o r  design 

purposes,  even though boundary l a y e r  bleed was used a t  t he  r o t o r  t i p  

and s t a t o r  hub and t i p .  The h igh  l o s s e s  i n  t h e  w a l l  r e g i o n  increased t h e  

d i scha rge  a x i q l  v e l o c i t y  i n  the  midspan r eg ion ,  and thus prevented t h e  

a t t a inmen t  of  t h e  h igh  d i f f u s i o n  f a c t o r s  intended f o r  t hese  b l ades .  

The e f f e c t i v e n e s s  of t h e  s l o t s  was evaluated on t h e  b a s i s  of t he  blade 

element performance a t  f i v e  e q u a l l y  spaced r a d i a l  l o c a t i o n s  between 10 

and 90% of span. It w a s  concluded t h a t  t h e  d e v i a t i o n  angle  w a s  no t  

a f f e c t e d  by t h e  s l o t  i n  e i t h e r  t h e  ro'tor o r  s t a t o r .  

minimum l o s s  c o e f f i c i e n t s  were found t o  be on t h e  lower s i d e  of t h e  

r eg ion  d e s c r i b i n g  t h e  s t a t e - o f - t h e - a r t  i n  a l o s s  parameter - d i f f u s i o n  

f a c t o r  p l o t .  A t  hub and t i p ,  t h e  minimum l o s s  performance of t he  

s l o t t e d  b l ades  w a s  no t  n o t i c e a b l y  d i f f e r e n t  from t h a t  w i t h  u n s l o t t e d  

blading.  The s l o t t e d  b l ades  were found t o  have an average u n s t a l l e d  

incidence ang le  o p e r a t i n g  range approximately one-half  t o  one degree 

l a r g e r  than t h e  ups l o t t e d  b l ad ing  t e s t e d  i n  t h i s  program. 

A t  midspan, t h e  

A d i r e c t  comparison of t h e  s l o t t e d  and u n s l o t t e d  performance of 

S t a t o r  1 (lowest  camber s t a t o r )  w a s  made. A t  midspan, it was shown 

t h a t  t h e  s l o t  reduced t h e  ' loss  c o e f f i c i e n t  t o  approximately 40% of i t s  

u n s l o t t e d  va lue .  This performance improvement d i d  n o t  e x i s t  near t h e  

1 



w a l l s ,  where the  s l o t t e d  b l ad ing  produced approximately t h e  same l o s s  

as t h e  u n s l o t t e d  blade.  This d i r e c t  comparison of t h e  performance 

of t h i s  s t a t o r  i s  considered t o  be t h e  b e s t  i n d i c a t i o n  of t h e  e f f e c t  

of t h e  s l o t s ,  no t  only because of geometric s i m i l a r i t y  bu t  a l s o  because 

the l e v e l s  of i n l e t  Mach number, incidence,  and d i f f u s i o n  f a c t o r ,  as 

w e l l  as t h e  spanwise d i s t r i b u t i o n s  of t h e s e  q u a n t i t i e s ,  w e r e  n e a r l y  

i d e n t i c a l  when t e s t e d  w i t h  and wi thou t  s l o t s .  

The r e l a t i v e  e f f e c t i v e n e s s  o f  t h e  s l o t s  a t  midspan and t h e i r  i n -  

e f f e c t i v e n e s s  near t h e  w a l l  are a t t r i b u t e d  t o  t h e  chorda l  placement 

of t h e  s l o t s ,  t h e  l a c k  of e f f e c t i v e n e s s  of t h e  w a l l  boundary l a y e r  

b l eed ,  and i n s u f f i c i e n t  b l ade  camber i n  t h e  w a l l  r eg ion .  The b l ade  

camber d i s t r i b u t i o n s  were based on t h e  assumption t h a t  t he  s l o t s  and 

boundary l a y e r  bleed would r e s u l t  i n  t h e  l o w  l o s s  i n  the  w a l l  r eg ion ,  

an assumption which l a t e r  proved o p t i m i s t i c .  The combination of 

i n s u f f i c i e n t  boundary l a y e r  bleed and blade camber a t  t h e  w a l l s  l e d  t o  

l a r g e  secondary flow and b l ade  s t a l l  i n  the  s u c t i o n  su r face -wa l l  region.  

The chorda l  l o c a t i o n  of t h e  s l o t  w a s  based on t h e o r e t i c a l  c a l c u l a t i o n s  

of t h e  s e p a r a t i o n  p o i n t  and on midspan annular  cascade d a t a  t h a t  i n d i -  

cated flow s e p a r a t i o n  a t  85% of chord, and thus d i d  n o t  a l low f o r  

s e p a r a t i o n  near t h e  l ead ing  edge as w a s  probably experienced i n  t h e  

r eg ion  o f  t h e  w a l l .  A s  a consequence, t h e  s l o t  may have been loca ted  

downstream of t h e  s e p a r a t i o n  p o i n t  and may have been i n e f f e c t i v e  f o r  

t h a t  reason.  

INTRODUCTION 

The advancement of t h e  s t a t e - o f - t h e - a r t  of compressor design by 

continued r e s e a r c h  on convent ional  b l ad ing  concepts must be expected t o  

provide c o n t i n u a l l y  diminishing r e t u r n s .  A s  a consequence, t he  

NASA-Lewis Research Center i s  suppor t ing  experimental  eva lua t ions  of 

unconventional b l ad ing  concepts t h a t  may y i e l d  l a r g e  improvements 

r e l a t i v e  t o  those  p o s s i b l e  wi th  convent ional  methods. These new con- 

c e p t s  g e n e r a l l y  are based on methods t h a t  have found e f f e c t i v e  a p p l i -  

c a t i o n  i n  e x t e r n a l  aerodynamics. They inc lude  (1) new b lade  s e c t i o n  

p r o f i l e s ,  (2)  v a r i a b l e  geometry b l ad ing ,  (3) blowing and s u c t i o n  c o n t r o l  

of boundary l a y e r s ,  and ( 4 )  s l o t t e d  b l ad ing .  The s p e c i f i c  t a s k  h e r e i n  

r epor t ed  concerns t h e  e v a l u a t i o n  of s l o t t e d  b l a d e  s e c t i o n s  i n  s i n g l e -  

s t a g e ,  a x i a l  flow compressors. 
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The employment of  s l o t t e d  (f lapped)  wing s e c t i o n s  f o r  maximum 

l i f t  gene ra t ion  du r ing  a i r c r a f t  approach and t akeof f  cond i t ions  i s  

common p r a c t i c e .  This  a p p l i c a t i o n  i s  n o t  completely analogous wi th  

compressor aerodynamics because,  du r ing  t h e s e  f l i g h t  cond i t ions ,  t h e  

low l i f t - d r a g  r a t i o  a t t e n d a n t  w i t h  t h e  h igh  l i f t  s l o t t e d  (f lapped)  

wing i s  n o t  a f a c t o r  of primary importance.  

c a t i o n ,  t h e  achievement of h igh  l i f t  a t  a low l i f t - d r a g  r a t i o  tends 

toward poor f u e l  consumption. This could b e  u n a t t r a c t i v e  f o r  i n s t a l -  

l a t i o n s  o t h e r  than those  i n  which weight  i s  t h e  primary cons ide ra t ion  

i f  o t h e r  compensating in f luences  d i d  no t  exis t .  Another d i f f e r e n c e  

between these  two a p p l i c a t i o n s  i s  t h e  greater importance of secondary 

flows i n  the  compressor because of t h e  l a r g e  in f luence  of t h e  flowpath 

annulus w a l l s .  A t h i r d  d i f f e r e n c e  i s  t h a t  compressor a p p l i c a t i o n s  

r e q u i r e  a much h igher  o p e r a t i o n a l  Mach number than e x i s t s  du r ing  

a p p l i c a t i o n s  involv ing  e x t e r n a l  aerodynamics. For these  reasons ,  

t h e  e f f e c t  of b l ade  s l o t s  cannot  be d i r e c t l y  es t imated  from t h e  a v a i l -  

a b l e  l i t e r a t u r e  on i s o l a t e d  a i r f o i l  a p p l i c a t i o n s ,  and an eva lua t ion  

i n  the  environment of a h igh ly  loaded compressor i s  requi red .  

I n  t h e  compressor a p p l i -  

The o b j e c t i v e  of t h i s  program was t o  explore  t h e  e x t e n t  t o  which 

s l o t t e d  a i r f o i l  s e c t i o n s  could be used t o  extend compressor b lade  

ope ra t ing  range and reduce compressor b lade  ope ra t ing  l o s s e s .  This 

exp lo ra to ry  eva lua t ion  must inc lude  t h e  i n t e r a c t i o n s  o f  s l o t t e d  blades 

w i t h  o the r  i n f l e n c e s  p e c u l i a r  t o  compressor aerodynamics t o  be  meaningful. 

This  cons ide ra t ion  prec ludes  ob ta in ing  f i n a l  r e s u l t s  from two-dimensional 

cascade t e s t i n g ,  and, t o  a lesser degree,  from annular  cascade t e s t i n g  

because of t h e  l ack  of s imula t ion  of three-dimensional  e f f e c t s  and r o t o r -  

s t a t o r  i n t e r a c t i o n s .  A s i n g l e - s t a g e  t e s t  program w a s  t h e r e f o r e  s e l e c t e d  

t o  s imula te  thk l a r g e s t  p o r t i o n  of t h e  three-dimensional  f low e f f e c t s  

wi thout  i n c u r r i n g  the  h igher  c o s t s  of  complete, o r  mu l t i s t age ,  dup l i -  

c a t  ion. 

The scope of t he  s i n g l e - s t a g e  t e s t i n g  w a s  planned t o  determine 

t h e  e f f e c t i v e n e s s  of  s l o t s  i n  extending t h e  low-loss loading  range 

of r o t o r  and s t a t o r  b l ades  t h a t  are ,  i n  r e s p e c t s  o t h e r  than t h e  s l o t s  

and des ign  loading ,  r e p r e s e n t a t i v e  of c u r r e n t  des ign  p r a c t i c e .  Thus, 

t h e  s i z e ,  c l ea rances ,  a s p e c t  r a t i o ,  hub- t ip  r a t i o ,  s o l i d i t y ,  t i p  speed,  

e t c . ,  were e s t a b l i s h e d  wi th in  t h e  r eg ion  d e s c r i b i n g  t h e  s t a t e - o f - t h e - a r t  

3 



of high p r e s s u r e  compressor des ign .  The d e s i g n  loading,  de f ined  i n  

terms of t h e  d i f f u s i o n  f a c t o r ,  w a s  a r b i t r a r i l y  s e l e c t e d  t o  cover the  

region from 0.5 t o  0.70 a t  t h e  r o t o r  t i p s  and 0.60 t o  0.75 a t  s t a t o r  

r o o t s .  

of c u r r e n t  des ign  p r a c t i c e .  Within t h i s  framework, t he  t h r e e  s l o t t e d  

r o t o r s  and t h r e e  s l o t t e d  s t a t o r s  w e r e  designed us ing  annular  cascade 

tes ts  and t h e o r e t i c a l  c a l c u l a t i o n s  t o  provide t h e  b a s i s  fo r  e s t a b l i s h i n g  

the  s l o t  conformation and l o c a t i o n .  

The lower l i m i t  of  t h i s  r e g i o n  i s  approximately t h e  upper l i m i t  

The t e s t i n g  of t h e s e  s t a g e s  w a s  planned t o  provide b l ade  element 

d a t a  f o r  both r o t o r s  and s t a t o r s  a t  f i v e  r a d i a l  p o s i t i o n s ,  i n  a d d i t i o n  

t o  t h e  o v e r a l l  o r  average s t a g e  and b l ade  row performance. I n  e v a l u a t i n g  

the  e f f e c t i v e n e s s  o f  t h e  b l ade  s l o t s  on compressor performance, t he  more 

important d a t a  were expected t o  be those  concerned w i t h  t h e  b l ade  element 

performance. This i s  because t h e  average performance is l a r g e l y  l i m i t e d  

by matching c o n s i d e r a t i o n s ,  both r a d i a l l y  w i t h i n  a blade row and a l s o  

between t h e  component rows. 

shown t h a t  t h e s e  matching problems are amplif ied as blade loading i s  

inc reased  and u s u a l l y  lead t o  a h i g h l y  developed three-dimensional 

( r a t h e r  than a n e a r l y  two-dimensicnal) flow. 

Experience wi th  u n s l o t t e d  blading has 

The a n a l y s i s  and d e s i g n ,  cascade t e s t i n g ,  and t h e  d a t a  and per-  

formance r e p o r t s  f o r  t h e  s l o t t e d  b l ad ing  t e s t e d  are l i s t e d  as Ref- 

erences 1 through 8 .  The information presented i n  t h e  above e i g h t  

r e fe rences  i s  c o l l a t e d  and d i scussed  h e r e i n  as r equ i r ed  t o  e v a l u a t e  

the  e f f e c t i v e n e s s  of t h e s e  s l o t t e d  b l ade  s e c t i o n s .  

PRESENTATION OF PROGRAM RESULTS 

The information generated du r ing  t h i s  program has been presented 

i n  e i g h t  r e p o r t s  and i s  concluded i n  t h i s  F i n a l  Report .  The con ten t  

and i n t e n t  of  t h e  o t h e r  e i g h t  r e p o r t s  are summarized i n  t h e  fol lowing 

paragraphs: 

P a r t  I - Analysis  and Design 

The concepts employed i n  t h e  aerodynamic and mechanical design of 

the t h r e e  s l o t t e d  r o t o r s  and t h r e e  s l o t t e d  s t a t o r s  are summarized i n  

Reference 1, and t a b u l a t i o n s  of t h e  geometric and aerodynamic q u a n t i t i e s  

d e s c r i b i n g  t h e  b l a d e  rows and t h e i r  as-designed ope ra t ion  are p resen ted .  
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P a r t  I1 - Annular Cascade I n v e s t i g a t i o n  of S l o t  Locat ion and Geometry 

The r e s u l t s  of cascade tes t s  of blades s l o t t e d  a t  two chorda l  

l o c a t i o n s  w i t h  a v a r i e t y  of s l o t  c o n f i g u r a t i o n s  are presented and d i s -  

cussed i n  Reference 2. The s e l e c t i o n  of t he  b e s t  s l o t  c o n f i g u r a t i o n  

i s  desc r ibed ,  and t;he c r i t e r i o n  f o r  chorda l  l o c a t i o n  is  e s t a b l i s h e d .  

P a r t s  I11 through VI11 - Data and Performance 

Each of t h e s e  r e p o r t s  (References 3 through 8) con ta ins  a d e s c r i p t i o n  

of t h e  t e s t i n g  of one of t h e  s i x  s t a g e s  con ta in ing  s l o t t e d  blade rows. 

Overa l l  and b l ade  element performance d a t a ,  both p l o t t e d  and t a b u l a t e d ,  

a r e  presented. 

DESIGN SELECTION 

General Approach 

The $ e l e c t i o n  of t h e  r o t o r  and s t a t o r  blade rows w a s  l a r g e l y  based 

on t h r e e  c o n s i d e r a t i o n s .  The most s i g n i f i c a n t  of these was t h e  loading 

( d i f f u s i o n  f a c t o r )  range t h a t  was a r b i t r a r i l y  s e l e c t e d  t o  p l ace  t h e  

blade rows a t ,  o r  beyond, t h e  c u r r e n t  p r a c t i c e .  This c o n s i d e r a t i o n  

i s  r e l a t e d  d i r e c t l y  t o  the  program o b j e c t i v e s  of extending compressor 

o p e r a t i n g  l i m i t s .  Secondly, t h e  s t a t o r  i n l e t  and r o t o r  e x i t  

cond i t ions  were t o  be n e a r l y  t h e  same f o r  a l l  b lade rows. This 

commonality w a s  r equ i r ed  t o  provide t h e  op t ion  of t e s t i n g  any r o t o r  

w i t h  any s t a t o r .  The f i n a l  requirement i s  t h e  broad one of designing 

these  stages t o  be,  i n  a l l  remaining r e s p e c t s ,  t y p i c a l  of a middle s t a g e  

i n  a m u l t i s t a g e  compressor. 

The de te rmina t ion  of t h e  des ign  v e l o c i t y  diagrams was i n i t i a t e d  

w i t h  an a n a l y s i s  of t h e  requirements of t he  t h r e e  s t a t o r s .  Within 

t h e  d e s i r e d  hub d i f f u s i o n  f a c t o r  range of 0.6 t o  0.75 and the  s ta te -  

o f - t h e - a r t  s t a t o r  e x i t  a i r  ang le  range o f  0 t o  30 degrees ,  i t  i s  p o s s i b l e ,  

as shown i n  f i g u r e  1, t o  s e t  t h e  s t a t o r  i n l e t  a i r  ang le  between 50 and 

5 3  degrees ,  and a l l  t h r e e  s t a t o r s  can have the  same i n l e t  a i r  angle ,  

as r equ i r ed .  S i m i l a r l y ,  t h e  region of p o s s i b l e  r o t o r  designs ( f i g -  

u r e  2) i s  f i x e d  as a func t ion  of i n l e t  guide vane e x i t  a i r  angle  a t  an 

a r b i t r a r y  t i p  speed w i t h i n  t h e  requirement of a t i p  d i f f u s i o n  f a c t o r  

of 0.5 t o  0 . 7  and t h e  a l r e a d y  e s t a b l i s h e d  s t a t o r  i n l e t  a i r  ang le  

range. Because t i p  speed and i n l e t  guide vane e x i t  angle  are r e l a t e d ,  
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s e v e r a l  va lues  o f  t i p  speed were evaluated p r i o r  t o  making t h e  s e l e c t i o n  

of t he  b e s t  combination of i n l e t  guide vane t u r n i n g  and t i p  speed. 

Other c o n s i d e r a t i o n s ,  such as r o t o r  and s t a t o r  i n l e t  Mach number, r o t o r  

t u r n i n g  ang le ,  and i n l e t  guide vane t u r n i n g ,  were used t o  make t h e  

s e l e c t i o n  of t i p  speed. 

Rotor and s t a t o r  b l ad ing  was s e l e c t e d  from t h e  NACA 65-Series  a i r f o i l  

s e c t i o n s  because t h e  performance of t h e s e  s e c t i o n s  i s  w e l l  documented, 

they have a good Mach number range, and t h e i r  t h i ckness  d i s t r i b u t i o n  

i s  s u f f i c i e n t  t o  permit s l o t s  t o  b e  inco rpora t ed  wi thou t  g r o s s l y  a f f e c t i n g  

the  b l ade  s t r e n g t h .  

guide vanes because of t h e  lower i n l e t  Mach number. These s e c t i o n s  had 

t h e i r  maximum camber a t  40% of chord. The blade camber, incidence,  and 

l o s s  a t  t he  des ign  p o i n t  were s e l e c t e d  us ing  P&WA cascade d a t a  and were 

n o t  compensated f o r  blade-wall  i n t e r a c t i o n s .  

determined from t h e  c o r r e l a t i o n  presented i n  equa t ion  287 of Reference 9 

f o r  t he  u n s l o t t e d  b l ad ing ,  and t h e  d e v i a t i o n  w a s  assumed t o  be halved 

f o r  t h e  blades w i t h  s l o t s .  

NACA f o u r - d i g i t  s e c t i o n s  were used f o r  t h e  i n l e t  

The d e v i a t i o n  ang le  w a s  

The c o n f i g u r a t i o n  of t h e  blade s l o t s  f o r  s l o t t e d  Rotor 1 i s  presented 

i n  f i g u r e  3. 

and s t a t o r s  w i t h  t h e  except ion t h a t  s l o t t e d  S t a t o r  1 had increased r a d i i  

a t  a l l  p o i n t s  except  t h a t  denoted ‘2. 

i n  t he  r o t o r s  and 55% of chord i n  t h e  s t a t o r s ,  r e f l e c t i n g  a s m a l l  d i f f e r e n c e  

i n  t h e i r  r e s p e c t i v e  c a l c u l a t e d  s e p a r a t i o n  p o i n t s .  The s t a t o r  s l o t s  

were loca t ed  between 5% and 95% of span, and t h e  s l o t s  i n  Rotors 1 

and 2 between 5% and 45%, and 50% and 90%, of span-from t h e  t i p .  The 

s l o t s  i n  Rotor 3 extended from 5% t o  45% and from 50% t o  100% of span. 

Details of t h e  s l o t  c o n f i g u r a t i o n s  i n  each of t h e  b l ade  sets a r e  pre-  

sented i n  t h e i r  r e s p e c t i v e  “Data and Performance’’ r e p o r t s  (References 3 

through 8 ) .  

blade (Rotor 1) are shown i n  f i g u r e  4.  

The c r o s s  s e c t i o n  of t h e  s l o t  i s  t y p i c a l  of a l l  t h r e e  r o t o r s  

S l o t s  were loca t ed  a t  50% of chord 

The s u c t i o n  and p res su re  s u r f a c e s  of a t y p i c a l  s l o t t e d  

The s l o t  geometry w a s  s e l e c t e d  from a series of 11 conf igu ra t ions  of 

annular  cascade blades t h a t  were t e s t e d  f o r  t h i s  purpose (Reference 2 ) .  

S e l e c t i o n  w a s  based on achievement of t h e  lowest wake p r e s s u r e  lo s s  and 

the  h i g h e s t  r e l a t i v e  l i f t  c o e f f i c i e n t .  During t h e s e  tests, i t  w a s  a l s o  

noted t h a t  a s l o t  i n  t h e  midchord of t h e  blade s e c t i o n  w a s  cons ide rab ly  

more e f f e c t i v e  than one loca ted  c l o s e r  (75% of chord) t o  t h e  t r a i l i n g  edge. 
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A n a l y t i c a l  estimates of t h e  probable s e p a r a t i o n  p o i n t s  on the  program 

b lad ing  were made and showed t h a t  flow s e p a r a t i o n  w a s  n o t  expected ahead 

of 72% of chord f o r  any r o t o r ,  or  80% f o r  any s t a t o r ,  a t  the  midspan 

l o c a t i o n .  Details of t h i s  a n a l y s i s  are presented i n  Reference 1. The 

l o c a t i o n  of t h e  s l o t s  w a s  t h e r e f o r e  s e l e c t e d  as 50% of chord f o r  t h e  

r o t o r s  and 55% of chord f o r  t h e  s t a t o r s .  These l o c a t i o n s  w e r e  g e n e r a l l y  

c o n s i s t e n t  w i t h  the  annular  cascade tes ts  and placed t h e  s l o t s  approxi- 

mately h a l f  of the d i s t a n c e  between t h e  t h e o r e t i c a l l y  determined minimum 

p r e s s u r e  p o i n t  and t h e  p r e d i c t e d  s e p a r a t i o n  p o i n t .  The la t ter  c r i t e r i o n  

w a s  a compromise between l o c a t i n g  the  s l o t  a t  t h e  minimum pres su re  p o i n t ,  

where t h e  p r e s s u r e  d i f f e r e n t i a l  and thus the  s l o t  flow v e l o c i t y  would be 

g r e a t e s t ,  and j u s t  ahead of t h e  expected s e p a r a t i o n  p o i n t ,  where t h e  

g r e a t e s t  e f f e c t i v e n e s s  w a s  a n t i c i p a t e d ,  b u t  where the  s m a l l  p r e s s u r e  

d i f f e r e n t i a l  would produce only a low v e l o c i t y  s l o t  flow. 

Design Details 

The t h r e e  r o t o r  and t h r e e  s t a t o r  b l ade  rows were designed i n  accord- 

ance wi th  the  procedures o u t l i n e d  i n  the  preceding s e c t i o n .  The s e l e c t e d  

r o t a r  t i p  and s t a t o r  hub Mach numbers, t u rn ing  a n g l e s ,  and loading l e v e l s  

f o r  t h e s e  des igns  are l i s t e d  i n  t a b l e  I. Rotors 1, 2 ,  and 3 w e r e  designed 

f o r  p r o g r e s s i v e l y  h ighe r  loading,  as w e r e  S t a t o r s  1, 2 ,  and 3 .  

Table I. Se lec t ed  Values of S l o t t e d  Blade Row 
Aerodynamic Design Variables  

I n l e t  Mach Turning, D i f fus ion  
No.,M A b  F a c t o r ,  D 

Rotor 1 ( t i p )  0.813 

Rotor 2 ( t i p )  0.833 

Rotor 3 ( t i p )  0 . 7 8 4  

S t a t o r  1 (hub) 0.644 

S t a t o r  2 (hub) 0 . 6 4 4  

S t a t o r  3 (hub) 0.644 

15 .07  0.532'  

1 7 . 1 6  0 . 5 9 0  

21 .99  0.697 

23 .53  0 .596 

29.82 0.668 

4 2 . 1 4  0 . 7 6 3  

A d e t a i l e d  p r e s e n t a t i o n  of t h e  geometry and t h e  des ign  vec to r  diagram 

d a t a  f o r  t h e  s ix  s l o t t e d  b l ade  rows i s  contained i n  Appendix A. These 

la t ter  d a t a  are l i s t e d  f o r  t h e  u n s l o t t e d  b l ad ing  and f o r  t h e  s l o t t e d  

conf igu ra t ion .  The d i f f e r e n c e s  arise s o l e l y  from t h e  assumption t h a t  

t h e  s l o t s  w i l l  reduce the  d e v i a t i o n  ang le  by one-half .  The values  of 

dewiat ion ang le s  l i s t e d  i n  Appendix A are t h e  f u l l  NASA d e v i a t i o n .  
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Information r e l a t i n g  t o  the d e s i g n  of t he  va r ious  i n l e t  guide vanes 

and t h e  Flow Generat ion Rotor (FGR) has  n o t  been included h e r e i n  because 

it i s  n o t  of d i r e c t  concern t o  the  f u l f i l l m e n t  of t he  program o b j e c t i v e s .  

This  information is  contained i n  Reference 1. 

R I G  AND INSTRUMENTATION DESCRIPTION 

T e s t  F a c i l i t y  

The compressor test f a c i l i t y  u t i l i z e d  du r ing  t h i s  program i s  powered 

by a s i n g l e - s t a g e  t u r b i n e  d r i v e n  by the  exhaust  of a P&WA J T 4  (575) a i r -  

c r a f t  gas t u r b i n e  engine.  This  exhaust  gas i s  a l s o  used as the  primary 

gas stream of a two-stage e j e c t o r  t h a t  provides  the s u c t i o n  r equ i r ed  

f o r  t he  compressor r i g  w a l l  boundary l a y e r  removal and induces the  flow 

through t h e  annular  cascade r i g .  

The compressor a i r f l o w  i s  induced from atmosphere through a long 

i n l e t  d u c t  con ta in ing  an ASME o r i f i c e  f o r  primary flow measurement. A 

plenum chamber i s  loca ted  d i r e c t l y  upstream of the compressor r i g  t o  

ensure uniform i n l e t  cond i t ions .  A schematic drawing of t h e  f a c i l i t y  

i s  p re sen ted  i n  f i g u r e  5.  The annular  cascade r i g  and t h e  compressor 

t es t  r i g  w e r e  i n s t a l l e d  i n  t h i s  f a c i l i t y .  

Annular Cascade Rig 

The annu la r  cascade r i g  cons i s t ed  of a bellmouth i n l e t ,  support  

s t r u t s ,  i n l e t  guide vanes,  test s t a t o r s ,  and an exhaust  d i f f u s e r  s e c t i o n ,  

as shown schemat i ca l ly  i n  f i g u r e  6 .  Inner  and o u t e r  w a l l  d iameters  a t  

a x i a l  s t a t i o n s  of i n t e r e s t  are t a b u l a t e d  i n  t h e  f i g u r e .  The d e s i r e d  gas 

path w a s  formed by f a b r i c a t e d  wooden f i l l e r  s e c t i o n s .  A s p l i t  t e s t  case 

provided convenient  a c c e s s i b i l i t y  f o r  b l ad ing  changes without  removal 

of t h e  e n t i r e  r i g  from t h e  tes t  s t and .  

The tes t  s e c t i o n  had a h u b / t i p  r a t i o  of approximately 0.8, and w a s  

comprised of a row of 50 i n l e t  guide vanes t h a t  s e t  the s t a t o r  i n l e t  

cond i t ions  and a row of 20 test s t a t o r s  t h a t  turned t h e  flow back t o  

the  n e a r - a x i a l  d i r e c t i o n .  The i n l e t  guide vane and s t a t o r  b l ade  row 

assemblies  were each d iv ided  i n t o  two 180-deg s e c t i o n s .  The guide vanes 

w e r e  f a b r i c a t e d  from s t a i n l e s s  steel  and tack-welded t o  the  shrouds.  

The s t a t o r  and s t a t o r  shrouds w e r e  f a b r i c a t e d  from aluminum, and t h e  

s t a t o r s  w e r e  pos i t i oned  w i t h  dowel p i n s  and held iil p l a c e  wi th  machine 
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screws. For t h e  s l o t t e d  s t a t o r  tests , on ly  the  vanes i n  t h e  upper 

180-deg s e c t i o n  w e r e  s l o t t e d .  

Compressor T e s t  Rig 

The compressor r i g  c o n s i s t e d  of t h e  bellmouth i n l e t ,  t e s t  s e c t i o n ,  

and exhaust  s e c t i o n .  A s e c t i o n  v i e w  of the r i g  is shown i n  f i g u r e  7 .  

The test s e c t i o n  has  a h u b / t i p  r a t i o  of 0.8 and a r o t o r  t i p  diameter  

of 40.48 i n .  The r o t o r  assembly and s h a f t  are supported on two bea r ings  

t h a t  t r a n s m i t  loads t o  t h e  o u t e r  case through s t r u t s  l oca t ed  i n  t h e  

i n l e t  and exhaust  case assemblies .  The test s e c t i o n  has  a s p l i t  o u t e r  

Case t h a t  permits  guide vane, r o t o r ,  and s t a t o r  assembly changes wi thou t  

removing t h e  r i g  from the  t es t  s t and .  A set  of motor-driven t h r o t t l e  

Vanes i s  loca ted  i n  the  exhaust  s e c t i o n  t o  vary f lowra te .  Flow i s  

a c c e l e r a t e d  through the  i n l e t  s t r u t  s t a t i o n  and guide vanes i n  a con- 

ve rgen t  passage t o  t h e  r o t o r  i n l e t .  T h e r e a f t e r ,  t h e  inne r  w a l l  d iameter  

remains c o n s t a n t  a t  32.85 i n .  , whi le  t h e  ou te r  w a l l  converges f u r t h e r  

through t h e  r o t o r  b l ade  and s t a t o r  vane rows t o  a diameter  of 40 i n .  

I n  g e n e r a l ,  t h e  flowpath s imula t e s  t h a t  of a middle s t a g e  of a s t a t e - o f -  

t h e - a r t  m u l t i s t a g e  compressor. 

P rov i s ions  were made f o r  flow t o  b e  bled a t  t h e  r o t o r  t i p  and s t a t o r  

hub and t i p ,  as shown i n  f i g u r e  7 .  

p l a t e  shrouds,  shroud manifolds,  and 24 approximately e q u a l l y  spaced 

t u b e s  t o  i n d i v i d u a l  milin c o l l e c t o r  manifolds f o r  the r o t o r  and s t a t o r .  

The c o l l e c t o r  manifolds w e r e  exhausted through t h e  f a c i l i t i e s  e j e c t o r  

system. 

s e p a r a t e l y  . 

Bleed a i r  flowed through p e r f o r a t e d  

Rotor and s t a t o r  b l eed  f lowra te s  w e r e  c o n t r o l l e d  and measured 

Ins t rumen ta t ion  

V a r i a t i o n s  were made i n  the  in s t rumen ta t ion  used f o r  t h e  va r ious  

t es t s ,  and, t h e r e f o r e ,  t h e  p e r t i n e n t  d a t a  and performance r e p o r t s  should 

be reviewed i f  a d e t a i l e d  d e s c r i p t i o n  of t he  in s t rumen ta t ion  i s  r e q u i r e d .  

The gene ra l  c o n f i g u r a t i o n  of t he  in s t rumen ta t ion  i s  provided h e r e i n .  

Desc r ip t ions  of p e r i p h e r a l  i n s t rumen ta t ion ,  such as bleed flow measure- 

ments, r o t o r  speed, and r i g  ope ra t ion  in s t rumen ta t ion ,  have been omitted 

f o r  t h e  sake of b r e v i t y .  

9 



Compressor f lowra te  w a s  measured w i t h  a t h i n - p l a t e  o r i f i c e  i n  t h e  

i n l e t  d u c t ,  and compressor i n l e t  p r e s s u r e  and temperature w e r e  recorded 

from measurements i n  the  i n l e t  plenum chamber. 

p re s su re  w a s  measured upstream of t h e  i n l e t  guide vanes t o  permit  c a l c u l a -  

t i o n  of t he  f lowra te  a t  t h a t  l o c a t i o n  as a check on t h e  o r i f i c e  flow 

measurement system. 

I n  a d d i t i o n ,  w a l l  s t a t i c  

Measurements of d a t a  used f o r  c a l c u l a t i o n  of b l ade  element and over- 

a l l  s t a g e  performance w e r e  made i n  a q u a n t i t y  s u f f i c i e n t  t o  provide a 

r e p r e s e n t a t i v e  average va lue  o r ,  i n  t h e  case of b l ade  element d a t a ,  t o  

pe rmi t  t he  de t e rmina t ion  of performance a t  10, 30, 50, 70, and 90% of 

span. The a x i a l  l o c a t i o n s  of t he  in s t rumen ta t ion  s t a t i o n s  are shown i n  

f i g u r e  7.  

I n l e t  guide vane and s t a t o r  performance w a s  determined by (1) measure- 

ments of d i scha rge  t o t a l  p r e s s u r e  us ing  p i t o t - t y p e  wake probes ( f i g u r e  8) 

of s u f f i c i e n t  s i z e  t o  encompass t h e  vane wake and (2) t r a v e r s i n g  yaw 

probes r a d i a l l y  a c r o s s  t h e  passage t o  determine flow d i r e c t i o n .  S t a t i c  

p r e s s u r e  w a s  measured a t  a l l  i n s t rumen ta t ion  s t a t i o n s  a t  both inner  

and o u t e r  w a l l s  and, where r a d i a l  g r a d i e n t s  w e r e  s u b s t a n t i a l J 8 - d e g  

wedge s t a t i c  p r e s s u r e  probes ( f i g u r e  8) w e r e  t r a v e r s e d  a c r o s s  t h e  passage. 

Downstream of t h e  r o t o r ,  Kiel- type probes w e r e  provided t o  measure 

t o t a l  p r e s s u r e  and both 20- and 8-deg wedge t r a v e r s e  probes w e r e  used 

f o r  measurement of t o t a l  p r e s s u r e  and temperature,  f low d i r e c t i o n ,  and 

r a d i a l  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 .  Probes c o n t a i n i n g  high frequency 

response p r e s s u r e  t r ansduce r s  and h o t  f i l m  anemometers w e r e  l oca t ed  a t  

t h i s  s t a t i o n  f o r  t hose  tes ts  r e q u i r i n g  de te rmina t ion  of t h e  s i z e  and 

r e l a t i v e  motion of r o t a t i n g  s t a l l  ce l l s  and the  s i z e  and shape of r o t o r  

wakes, 

The primary measurement of s t a g e  d i scha rge  temperature w a s  made w i t h  

an a r r a y  of Kiel- type instruments  downstream of t h e  measuring s t a t i o n  

used f o r  s t a t o r  b l ade  element performance in s t rumen ta t ion .  The primary 

measurement of s t a g e  d i scha rge  p r e s s u r e  w a s  made wi th  t h e  s t a t o r  wake 

r a k e s .  

RESULTS AND DISCUSS I O N  

The complete aerodynamic des ign  of a n  axial  flow compressor is 

u s u a l l y  the  r e s u l t  of t h e  assembling of d e t a i l e d  des igns  f o r  t h e  numerous 
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b lade  elements t h a t  comprise each b l ade  row. 

accomplished by c a l c u l a t i n g  performance a t  s u f f i c i e n t  r a d i a l  l o c a t i o n s  

s o  t h a t  t h e  envelope of t h e s e  b l ade  elements i s  a good d e s c r i p t i o n  of 

t h e  three-dimensional b l ade .  The two f a c t o r s  of g r e a t e s t  i n t e r e s t  i n  

analyzing the  r e l a t i v e  m e r i t s  of t h e  d i f f e r e n t  b l ade  elements t h a t  could 

b e  used t o  accomplish any given aerodynamic goal  are minimum l o s s  and 

u n s t a l l e d  inc idence  a n g l e  range. A low l e v e l  of minimum l o s s  i s  h i g h l y  

The d e s i g n  a n a l y s i s  i s  

d e s i r a b l e  from an e f f i c i e n c y  s t a n d p o i n t ;  however, t h e  b l a d e  row must 

ope ra t e  over a range of i n l e t  ang le s  i n  n e a r l y  a l l  a p p l i c a t i o n s .  The 

u s e f u l  o p e r a t i n g  range is  t h e  more important  c o n s i d e r a t i o n  because i t  

is  a measure of t he  a b i l i t y  of a b l ade  s e c t i o n  t o  t o l e r a t e  d e v i a t i o n s  from 

t h e  des ign  v e l o c i t y  vec to r  w i thou t  causing l a r g e  i n c r e a s e s  i n  l o s s  o r  

c o n t r i b u t i n g  t o  compressor i n s t a b i l i t y .  These d e v i a t i o n s  from des ign  

cond i t ions  become i n c r e a s i n g l y  a c u t e  as t h e  number of s t a g e s  i s  inc reased .  

Consequently, a m u l t i s t a g e  compressor of s i x  o r  more s t a g e s  w i l l  o f t e n  

be designed w i t h  f r o n t  s t a g e s  o p e r a t i n g  nea r  nega t ive  s t a l l  (or  choked) 

and the rear s t a g e s  nea r  t o  s t a l l  i n  an e f f o r t  t o  provide compensation 

f o r  o f f -des ign  ope ra t ion .  Even when t h e  matching i s  compromised i n  t h i s  

f a sh ion ,  t h e  f r o n t  s t a g e s  w i l l  tend t o  ope ra t e  nea r  s t a l l ,  and t h e  rear 

s t a g e s  near  choke, du r ing  p a r t  speed o p e r a t i o n  and engine s t a r t i n g ,  t h e  

r e v e r s e  of des ign  p o i n t  ope ra t ion .  Thus, u s e f u l  ope ra t ing  range becomes 

t h e  primary b l ade  element c r i t e r i o n  f o r  t h e  e v a l u a t i o n  of t h e  performance 

of s l o t t e d  b l ad ing ,  a l though t h e  minimum loss l e v e l  w i l l  a l s o  be considered.  

Overa l l  Performance 

Rotors 

The t h r e e  s l o t t e d  r o t o r s  were t e s t e d  as p a r t  of t he  fol lowing s t a g e s :  

S l o t t e d  Rotor S tages  

IGV Rotor S t a t o r  

1 (Unslot ted)  

1 (Uns l o  t t e d )  

2 ( S l o t t e d )  

The performance of t he  t h r e e  r o t o r s  and t h e i r  r e s p e c t i v e  i n l e t  guide 

vanes i s  presented i n  f i g u r e  9,  a long  wi th  the  des ign  goa l s .  For t h i s  

p r e s e n t a t i o n ,  t h e  d e s i g n  r o t o r  speed d a t a  have been normalized i n t o  
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4 - *  p l o t s  t o  account  f o r  t he  d i f f e r e n t  t i p  speeds of t hese  s t a g e s .  

(Symbols are de f ined  i n  Appendix D . )  The d e s i g n  goa l s  shown are based 

on f u l l  NASA d e v i a t i o n  because t h e  o r i g i n a l  d e s i g n  assumption t h a t  t he  

d e v i a t i o n  would b e  halved by t h e  a d d i t i o n  of s l o t s  w a s  found t o  be in-  

v a l i d ,  as w i l l  be noted from t h e  fol lowing d i s c u s s i o n  of b l ade  element 

d a t a .  The t h r e e  s l o t t e d  r o t o r s  and t h e i r  r e s p e c t i v e  i n l e t  guide vanes 

e x h i b i t  a common c h a r a c t e r i s t i c  i n  t h a t  a l l  f e l l  s h o r t  of achieving 

t h e i r  des ign  p r e s s u r e  c o e f f i c i e n t s  a t  des ign  flow c o e f f i c i e n t .  This i s  

p r imar i ly  due t o  the  h i g h l y  three-dimensional c h a r a c t e r  of the flow f i e l d  

when compared wi th  compressor s t a g e s  designed t o  s t a t e - o f - t h e - a r t  loading.  

Typ ica l ly  h igh  l o s s  r eg ions  are observed i n  t h e  flow a t  one o r  both w a l l s ,  

r e s u l t i n g  i n  a dec rease  i n  e x i t  a x i a l  v e l o c i t y  i n  t h e  high-loss  r eg ion  

and an  i n c r e a s e  i n  e x i t  axial v e l o c i t y  throughout t h e  remainder of the 

blade span. The o v e r a l l  r o t o r  p r e s s u r e  r a t i o  i s  lowered both because of 

high l o s s e s  i n  t h e  w a l l  r eg ion  and because of t h e  low midspan work inpu t  

induced by t h e  a x i a l  v e l o c i t y  r a t i o ,  Vz2/Vz1, being s i g n i f i c a n t l y  g r e a t e r  

than des ign .  

i n  f i g u r e  9 because both s l o t t e d  Rotors 1 and 2 achieved t h e i r  des ign  

e f f i c i e n c y  even through t h e  d e s i g n  p res su re  r a t i o  w a s  n o t  m e t .  

power r e q u i r e d  f o r  pumping the w a l l  b l eed  flow w a s  n o t  considered i n  any 

of t h e  e f f i c i e n c y  c a l c u l a t i o n s . )  A l o s s  of e f f i c i e n c y  wi th  increased 

des ign  r o t o r  loading may be noted,  and the most h igh ly  loaded r o t o r  w a s  

approximately 6 p o i n t s  lower than i t s  design g o a l .  Unusually h igh  

e f f i c i e n c y  i s  i n d i c a t e d  f o r  s l o t t e d  Rotor 3 a t  low p res su re  c o e f f i c i e n t s .  

This high e f f i c i e n c y  i s  unexplained and must be viewed as ques t ionab le .  

Because t h e  s l o t s  w e r e  expected t o  m a t e r i a l l y  reduce s e p a r a t i o n  and 

because boundary l a y e r  s u c t i o n  w a s  employed a t  r o t o r  t i p  and s t a t o r  hub 

and t i p ,  i t  w a s  assumed i n  t h e  d e s i g n  t h a t  loss c o e f f i c i e n t s  c l o s e  t o  

t h e i r  r e c t i l i n e a r  cascade va lues  would be a t t a i n e d  throughout t h e  b l ade  

span. 

o p t i m i s t i c .  

the paragraphs d e a l i n g  w i t h  the  b l ade  element performance. 

The lowered work c a p a c i t y  i s  implied i n  the  d a t a  presented 

(The 

These d a t a  i n d i c a t e  t h e  p o s s i b i l i t y  t h a t  t h i s  assumption w a s  

Fu r the r  d i s c u s s i o n  of t h i s  c h a r a c t e r i s t i c  i s  presented i n  

S l o t t e d  Rotor 2 has a s u b s t a n t i a l l y  lower s t a l l  margin (referenced 

t o  t h e  des ign  po in t )  a t  des ign  e q u i v a l e n t  r o t o r  speed than do s l o t t e d  

Rotors 1 and 3 as shown on t h e  nex t  page. 
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Rotor 

1 

2 

3 

% t a l l  Margin,% 

15 

1’2 

7 

F u r t h e r ,  as shown i n  f i g u r e  9,  t h e  performance of s l o t t e d  Rotor 2 

e x h i b i t s  a s i g n i f i c a n t l y  lower 4 - 9 s l o p e  i n  t h e  r e g i o n  o f  des ign  flow 

c o e f f i c i e n t .  Taken c o l l e c t i v e l y ,  t h e  performance of t h i s  r o t o r  does n o t  

comprise an o r d e r l y  p rogres s ion  wi th  t h a t  of t h e  o t h e r  two s l o t t e d  r o t o r s  

b u t  r a t h e r  has a lower p r e s s u r e  r ise c h a r a c t e r i s t i c  and a low s t a b i l i t y  

l i m i t .  Because the  e f f i c i e n c y  of s l o t t e d  Rotor 2 i s  r easonab le  i n  com- 

p a r i s o n  t o  the  o t h e r  r o t o r s ,  i t  i s  expected t h a t  t h e  nonconforming 

c h a r a c t e r i s t i c  of s l o t t e d  Rotor 2 i s  a t t r i b u t a b l e  t o  i t s  a b i l i t y  t o  work 

on t h e  f l u i d .  

For an a x i a l  flow, t h i s  work may be expressed:  

Ah a (U2Ve2 - U V ) o r  when U = U1 1 e 1  2 

Equations 1 

The t a n g e n t i a l  v e l o c i t i e s  may be expressed i n  t e r m s  of t h e  flow d i r e c -  

t i o n  and the  a x i a l  v e l o c i t y  component as fol lows:  

= U - Vz2 t a n  p i  ‘9 2 
Equations 2 

The a i r f l o w  d i r e c t i o n  may i n  t u r n  b e  expressed i n  t e r m s  of t he  appropr i a t e  

d e v i a t i o n  ang le  and meanline d i r e c t i o n ,  t hus :  

Equations 3 

J. ( P 2 ’ P ~ ) s t a ~ l  Wfl’ddesign - l .o 
S t a l l  margin E 

(p2’pO) des ign  ‘ f i la s t a l l  
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Combining Equations 1 and 3 and s u b s t i t u t i n g  t h e  flow c o e f f i c i e n t  

4 1  E v /U l eaves :  z l  

Thus a t  des ign  flow c o e f f i c i e n t ,  t h e  normalized work i n p u t  may be 

expressed i n  t e r m s  of t h e  r o t o r  a x i a l  v e l o c i t y  r a t i o ,  t h e  i n l e t  guide 

vane and r o t o r  d e v i a t i o n  ang le s ,  and t h e  guide vane and r o t o r  m e t a l  

angles .  

I n s p e c t i o n  of t h e  i n l e t  guide vane d e v i a t i o n  ang le  d a t a  i n d i c a t e s  

t h a t  t he  d e v i a t i o n  does n o t  vary g r e a t l y  wi th  flow and may be assumed 

c o n s t a n t .  The remaining v a r i a b l e s ,  Vz2/V,1 and 6 ;  are presented 

i n  f i g u r e  10 as func t ions  of t h e  flow c o e f f i c i e n t  f o r  t h e  midspan loca-  

t i o n  of each r o t o r .  Comparison of t h e  a x i a l  v e l o c i t y  r a t i o  curves f o r  

the t h r e e  r o t o r s  r e v e a l s  t h a t  t he  s l o p e  becomes nega t ive ,  i n d i c a t i n g  a 

work reducing t rend as s t a l l  i s  approached f o r  each of t he  r o t o r s .  The 

i n f l e c t i o n  p o i n t  i s  reached a t  a more nega t ive  incidence f o r  t h e  r o t o r s  

with inc reased  des ign  d i f f u s i o n  f a c t o r s ;  however, t he  d a t a  do form a 

c o n s i s t e n t  f ami ly  and no l a r g e  anomalies are noted. This cons i s t ency  

i s  n o t  t r u e  of t h e  r o t o r  d e v i a t i o n  d a t a  presented i n  f i g u r e  10. The 

s l o t t e d  Rotor 2 d e v i a t i o n  i n c r e a s e s  sha rp ly  wi th  dec reas ing  flow as 

s t a g e  s t a l l  i s  approached and i s  unique i n  t h i s  r e s p e c t .  This  un- 

explained i n c r e a s e  i n  d e v i a t i o n  w a s  t h e  primary cause of t h e  drooping 

c h a r a c t e r i s t i c  of s l o t t e d  Rotor 2 .  

S t a t o r s  

The t h r e e  s l o t t e d  s t a t o r s  w e r e  t e s t e d  u s i n g  the  same FGR and i n l e t  

guide vane t o  supply a i r f l o w .  The o v e r a l l  performance of the t h r e e  

s t a g e s ,  each comprised of i n l e t  guide vane, FGR, and s l o t t e d  s t a t o r ,  

i s  p resen ted  i n  f i g u r e  11 us ing  t h e  s a m e  format as t h e  o v e r a l l  r o t o r  

d a t a .  Although achievement of a s t a g e  p res su re  r a t i o  h ighe r  than the  

des ign  p o i n t  i s  i n d i c a t e d  f o r  s l o t t e d  S t a t o r s  1 and 2 and the  s t a g e  

p r e s s u r e  r a t i o  of s l o t t e d  S t a t o r  3 c l o s e l y  approaches i t s  des ign  goal ,  

t he  performance i s  due t o  the  unusua l ly  high p r e s s u r e  r a t i o  produced by 

the  FGR. A s  noted i n  Reference 6 ,  t h i s  p r e s s u r e  r ise i s  a t t r i b u t a b l e  t o  

14 



a high i n l e t  guide vane d e v i a t i o n  angle ,  low r o t o r  d e v i a t i o n  angle ,  and 

low r o t o r  l o s s e s .  

p r o g r e s s i o n , i n d i c a t i n g  reduced e f f i c i e n c y  wi th  inc reased  s t a t o r  d i f f u s i o n  

f a c t o r .  The a b s o l u t e  l e v e l  of e f f i c i e n c y  f o r  these s t a g e s  i s  of l i t t l e  

importance i n  e v a l u a t i n g  t h e  performance of t h e  s l o t t e d  s t a t o r s  because 

the  loading l e v e l  of t h e  FGR is  n o t  commensurate wi th  t h a t  of t h e  s t a t o r s .  

Therefore ,  t he  s t a t o r  l o s s e s  have a d i s p r o p o r t i o n a t e l y  l a r g e  e f f e c t  on 

s t a g e  e f f i c i e n c y .  

Stage e f f i c i e n c i e s  are lower than  d e s i g n  and form a 

Blade Element Performance 

Gener a1 

Blade element Performance d a t a  are a v a i l a b l e  a t  10, 30, 50, 70, and 

90% of blade span (measured from t h e  t i p )  f o r  a l l  r o t o r  and s t a t o r  con- 

f i g u r a t i o n s  t e s t e d .  These d a t a  are presented i n  t a b u l a r  and p l o t t e d  

forms i n  the  a p p r o p r i a t e  d a t a  and performance r e p o r t s  (References 3 

through 8 ) ,  and, t h e r e f o r e ,  no gene ra l  p r e s e n t a t i o n  of t h e s e  d a t a  i s  

r equ i r ed  h e r e i n .  The o b j e c t i v e  of t h i s  s e c t i o n  of t h e  r e p o r t  i s  t o  

s e g r e g a t e  and d i s c u s s  those b l ade  element d a t a  considered most p e r t i n e n t  

t o  the  performance of s l o t t e d  b l ade  elements.  

The v a r i a b l e  t h a t  i s  p r i m a r i l y  used t o  c o r r e l a t e  o r  compare blade 

l o s s e s  i s  L i e b l e i n ' s  d i f f u s i o n  f a c t o r  (Reference l o ) .  Because by d e f i n i -  

t i o n  and usage the  d i f f u s i o n  f a c t o r  is a s s o c i a t e d  wi th  blade element 

flows i n  which the e f f e c t s  of high r e l a t i v e  i n l e t  Mach number of per-  

formance are n o t  p r e s e n t  o r  considered,  i t  is  f i r s t  necessa ry  t o  examine 

t h e  d a t a  i n  t h i s  regard and e l i m i n a t e  those d a t a  t h a t  are nonconforming. 

One method o f  accomplishing t h i s  e l i m i n a t i o n  is  t o  review the  blade 

element l o s s - inc idence  c h a r a c t e r i s t i c s  taken a t  t he  va r ious  r o t o r  speeds 

and c o r r e c t e d  a i r f l o w s  and observe i f ,  and a t  what cond i t ions ,  a r a p i d  

r ise  i n  minimum loss c o e f f i c i e n t  occurs  t h a t  may be a t t r i b u t e d  t o  t h e  

a t t a inmen t  of l o c a l l y  supersonic  flow w i t h i n  t h e  blading.  This method 

i s  s u b j e c t i v e  b u t  u s e f u l  because i t  w i l l  s e r v e  t o  e l i m i n a t e  those d a t a  

t h a t  appear t o  be a f f e c t e d  by shock l o s s e s .  

I n  r ende r ing  the  judgment, t h e  d a t a  f o r  a l l  f i v e  spanwise l o c a t i o n s  

were viewed c o l l e c t i v e l y  t o  determine i f  a l o s s  c o e f f i c i e n t  i n c r e a s e  

wi th  i n c r e a s i n g  r o t o r  speed w a s  gene ra l ,  i .e . ,  a c r o s s  the  span, or  l o c a l .  
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The l a t t e r  w a s  n o t  considered t o  b e  evidence of Mach number e f f e c t s  b u t  

r a t h e r  i s  a t t r i b u t e d  t o  secondary o r  three-dimensional flow. These 

flows, which are observed t o  be s t r o n g  i n  these  r e l a t i v e l y  h igh ly  loaded 

b l ade  rows, have a s u b s t a n t i a l  e f f e c t  on b l ade  element performance. I n  

a d d i t i o n ,  i t  should be noted t h a t  t he  concept of "blade element performance" 

i s  de r ived  from two-dimensional compressor cascade a n a l y s i s .  The a p p l i c a t i o n  

of t h e  concept t o  s i n g l e  s t a g e  compressor a n a l y s i s  t o  tenuous because of 

t h e  changing three-dimensional n a t u r e  of  the flow. A s  a r e s u l t ,  t h e  

"blade element performance'' i s  n o t  only dependent on incidence and rela- 

t i v e  i n l e t  Mach number (as  i n  t h e  case of t h e  two-dimensional cascade) ,  

b u t  i s  a l s o  dependent upon numerous o t h e r  v a r i a b l e s  d e s c r i p t i v e  of t he  

three-dimensional flow. 

A second approach t o  t h e  e l i m i n a t i o n  of t h e s e  e f f e c t s  i s  t o  compare 

the  va lue  of r e l a t i v e  i n l e t  Mach number c a l c u l a t e d  from t h e  d a t a  with 

the  p red ic t ed  va lue  of t he  l i m i t i n g  Mach number f o F  t h e  b l ade  element 

being considered.  A P&WA c o r r e l a t i o n  of t he  l i m i t i n g  o r  c r i t i c a l  Mach 

number based on cascade d a t a  w a s  used f o r  t h i s  purpose. To provide maxi- 

mum assu rance  t h a t  high r e l a t i v e  i n l e t  Mach number e f f e c t s  are excluded, 

t hese  methods w e r e  used t o  d i s q u a l i f y  d a t a .  The h i g h e s t  co r rec t ed  r o t o r  

speed f o r  which the d a t a  are judged t o  be f r e e  of t h e s e  e f f e c t s  i s  tab-  

u l a t e d  i n  t a b l e  11. Except as s p e c i f i c a l l y  noted,  t h e  d i s c u s s i o n  of 

blade element d a t a  r e f e r s  t o  speeds a t  o r  below those l i s t e d .  

Table 11. Sub-Limiting Mach Number Data 

S l o t t e d  Rotor 1 

S l o t t e d  Rotor 2 

S l o t t e d  Rotor 3 

100% N / n  

$;70% N/& 

90% N / G  

S l o t t e d  S t a t o r  1 100% N / G  

S l o t t e d  S t a t o r  2 (with FGR) 100% N / G  

100% N / q  

S l o t t e d  S t a t o r  3 100% N / 6  

(with s l o t t e d  Rotor 3) 

:'-go% N / G d a t a  w e r e  n o t  taken. 

Design Incidence Performance 

The performance of t h e  elements o f  t h e  t h r e e  s l o t t e d  r o t o r s  and 

th ree  s l o t t e d  s t a t o r s  ope ra t ing  a t  d e s i g n  incidence i s  presented i n  
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f i g u r e s  12 through 17 .  The d a t a  f o r  each blade c o n f i g u r a t i o n  were 

summarized from t h e  curves presented i n  t h e  p e r t i n e n t  d a t a  and performance 

r e p o r t  (References 2 through 8) and r e p r e s e n t  a c o n d i t i o n  t h a t  was n o t  

s imultaneously achieved a t  a l l  spanwise l o c a t i o n s .  

Rotors 2 and 3, the  most conspicuous s i n g l e  c h a r a c t e r i s t i c  of t hese  d a t a  

i s  the  h igh - los s  c o e f f i c i e n t  i n  t h e  v i c i n i t y  of t h e  w a l l s ,  even though 

the  incidence i s  nea r  t h e  expected minimum los s  value.  

P a r t i c u l a r l y  f o r  

High l o s s e s  near t h e  w a l l s  w e r e  n o t  expected because a boundary 

l a y e r  b l eed  of approximately 1-1/2% w a s  employed a t  the  r o t o r  t i p  and 

a t  both s t a t o r  w a l l s ,  and because the  s l o t  w a s  expected t o  maintain a 

more n e a r l y  two-dimensional flow i n  t h e  b l ade  row. The boundary l a y e r  

b l eed  flow w a s  withdrawn through a porous p l a t e  of 5% open area con- 

s i s t i n g  of 0.078-inch diameter  h o l e s  on 0.35-inch c e n t e r s .  

widely spaced, l a r g e  h o l e s  w e r e  n o t  as e f f e c t i v e  i n  maintaining a t h i n  

boundary l a y e r  as would be c l o s e l y  spaced holes  of s m a l l  d iameter .  

The r e l a t i v e l y  

I n  the  midspan r eg ion ,  both r o t o r s  and s t a t o r s  have a convent ional  

t rend toward i n c r e a s i n g  loss c o e f f i c i e n t  w i th  i n c r e a s i n g  d i f f u s i o n  

f a c t o r  ( f i g u r e  18) ;  however, the s t a t o r s  are shown t o  have a h ighe r  l o s s  

level. and a somewhat l a r g e r  ra te  of i n c r e a s e  wi th  d i f f u s i o n  f a c t o r  than 

t h e  r o t o r s .  

t h e  d e s i g n  d e v i a t i o n  nea r  midspan, b u t  a l s o  show s u b s t a n t i a l  d e p a r t u r e  

i n  the  w a l l  r eg ion ,  g e n e r a l l y  toward inc reased  d e v i a t i o n .  This t rend 

toward inc reased  d e v i a t i o n  a t  t h e  w a l l s  i s  n o t  d i r e c t l y  i n d i c a t i v e  of a 

s t r o n g  secondary flow because such a flow i s  expected t o  r e s u l t  i n  low 

d e v i a t i o n  near the w a l l s  r a t h e r  than high d e v i a t i o n .  The e f f e c t  of t he  

secondary flow on lo s s  c o e f f i c i e n t ,  however, i s  n o t  i n  d i r e c t  p ropor t ion  

b u t  may be amplif ied when t h e  w a l l  boundary l a y e r  c i r c u l a t e s  onto the  

b l ade  s u c t i o n  s u r f a c e  and causes  s e p a r a t i o n .  When t h i s  occurs ,  high 

l o s s e s  i n  t h e  w a l l  r e g i o n  w i l l  be  noted,  and an i n c r e a s e  i n  d e v i a t i o n  

may a l s o  be noted due t o  a r e d u c t i o n  i n  l i f t  caused by the  s e p a r a t i o n .  

The d e v i a t i o n  d a t a  show reasonably good correspondence wi th  

The flow d i r e c t i o n s  a t  t h e  d e s i g n  p o i n t s  of t h e  s i x  b l ade  rows 

(based on f u l l  NASA d e v i a t i o n )  are presented i n  f i g u r e  19 f o r  both 

t h e  t i p  and hub r eg ions .  These d a t a  are shown i n  a 01 vs 02 ( o r  

vs  p i )  plane,  and t h e  r eg ion  bounded by the  l o c i  of p o i n t s  a t  which 

c o s ~ ~ / c o s p 2  = 0.72 is  i n d i c a t e d .  This r a t i o  i s  proposed by DeHaller 
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(Reference 11) as the  l i m i t  of o p e r a t i o n  wi thou t  w a l l  s t a l l .  Design 

values  of t h i s  r a t i o  f o r  a l l  b l ade  rows f a l l  i n  o r  near t h e  r e g i o n  of 

p o t e n t i a l  w a l l  s t a l l .  Because t h e s e  b l ade  rows were designed as exten-  

s i o n s  of t h e  s t a t e - o f - t h e - a r t ,  i t  i s  n o t  unusual t h a t  they f a l l  i n  t h i s  

region.  Of course,  t he  employment of s l o t s  and the  u s e  of w a l l  boundary 

l a y e r  removal w e r e  expected t o  reduce t h e  onse t  of w a l l  s t a l l .  

The c o n t r o l l i n g  i n f l u e n c e  of t h e  flow i n  the  w a l l  r eg ion  may be 

i l l u s t r a t e d  by comparing t h e  hub, mean, and t i p  s e c t i o n  loadings and 

t h e i r  r e l a t i v e  ra tes  of loading i n c r e a s e  as the va r ious  s l o t t e d  b l ade  

s t a g e s  w e r e  operated a t  a c o n s t a n t  r o t o r  speed. The hub (90% of span) 

and t i p  (10% of span) d i f f u s i o n  f a c t o r s  are p resen ted  i n  f i g u r e s  20 

through 26 as func t ions  of t h e  midspan d i f f u s i o n  f a c t o r  f o r  t h e  s ix  

s l o t t e d  b l ade  rows. The d a t a  f o r  s l o t t e d  Rotor 1 ( f i g u r e  20) i n d i c a t e  

t h a t  a t  low loading ( s t a g e  t h r o t t l e  va lve  i s  wide open) t h e  spanwise 

loading d i s t r i b u t i o n  i s  f a i r l y  uniform, wi th  the  hub loading s l i g h t l y  

g r e a t e r  than t h a t  a t  midspan and t h e  t i p  loading s l i g h t l y  g r e a t e r  than 

t h a t  o f  t he  hub. A s  the  s t a g e  is  back-pressured wi th  t h e  t h r o t t l e  v a l v e ,  

t h e  midspan, hub, and t i p  d i f f u s i o n  f a c t o r s  a l l  i n c r e a s e  by approximately 

t h e  same amounts, as evidenced by the  s l o p e  of both t h e  hub and t i p  

c h a r a c t e r i s t i c s  being c l o s e  t o  1.0.  A s  loading i s  f u r t h e r  i nc reased ,  

however, t h e  s l o p e  of t h e s e  curves a l s o  i n c r e a s e s ,  i n d i c a t i n g  t h a t  a 

g r e a t e r  p o r t i o n  of the a d d i t i o n a l  loading i s  being imposed i n  the w a l l  

r eg ions .  I n  t h e  c a s e  of s l o t t e d  Rotor 1, t h i s  t rend i s  e s p e c i a l l y  

n o t i c e a b l e  i n  t h e  hub r eg ion .  The e x i s t e n c e  of the r e l a t i v e l y  high 

l o s s  r eg ions  nea r  t he  w a l l s ,  p r ev ious ly  noted,  causes  a r educ t ion  i n  

the b l a d e  d i scha rge  v e l o c i t y  i n  t h e s e  r eg ions  and thereby l eads  d i r e c t l y  

t o  increased loading,  as i n d i c a t e d  by t h e  d i f f u s i o n  f a c t o r .  Con t inu i ty  

of flow n e c e s s i t a t e s  h ighe r  v e l o c i t i e s  i n  the midspan s e c t i o n  a t  t h e  

r o t o r  d i scha rge ,  thus tending t o  lower t h e  b l ade  loading.  Because the  

b l ade  element l o s s  c o e f f i c i e n t  i s ,  t o  a f i r s t  o rde r  approximation, 

dependent upon the  d i f f u s i o n  f a c t o r ,  t he  w a l l  l o s s e s  are f u r t h e r  i n -  

creased and the  midspan l o s s e s  decreased.  This p rogres s ion ,  u l t i m a t e l y  

leading t o  the s t a l l i n g  of t h e  s t a g e ,  is de f ined  as w a l l  s t a l l  (Ref- 

e r ence  12) .  

I n  the  c a s e  of  s l o t t e d  Rotor 2 ( f i g u r e  21) ,  t h e  hub and t i p  char-  

a c t e r i s t i c s  are s l i g h t l y  d i f f e r e n t  from those of s l o t t e d  Rotor 1. A s  
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i n  t h e  former case, the  hub s e c t i o n  loading rises a t  a g r e a t e r  rate 

than t h a t  a t  midspan; however, t h e  t i p  c h a r a c t e r i s t i c  d i s p l a y s  a tendency 

toward a lower s l o p e  as s t a l l  i s  approached. This  tendency i s  caused 

by the  hub h igh - los s  r e g i o n  becoming so l a r g e  as t o  s ta r t  unloading the  

t i p  r e g i o n  i n  a d d i t i o n  t o  t h e  midspan r eg ion .  The w a l l  r eg ions  a t  both 

hub and t i p  of s l o t t e d  Rotor 3 ( f i g u r e  22 )  progress  i n t o  s t a l l  simul- 

taneously.  This t r end  w a s  augmented by t h e  midspan b l ade  element 

matching because t h e  midspan w a s  c l o s e  t o  r e f e r e n c e  inc idence  as t h e  hub 

and t i p  s t a l l e d .  It may b e  noted t h a t  t h e  s l o p e  of t h e s e  curves i s  

becoming almost v e r t i c a l  a t  s t a l l ;  thus f u r t h e r  i n c r e a s e s  i n  o v e r a l l  

r o t o r  loading are being borne e n t i r e l y  by the  w a l l  regions.  

The c h a r a c t e r i s t i c s  of t h e  t h r e e  s l o t t e d  s t a t o r s  w e r e  s t r o n g l y  

inf luenced by the  flow f i e l d  of t h e  Flow Generation Rotor ,  as shown 

i n  f i g u r e  2 3 .  The FGR shows a s t r o n g  tendency t o  s t a l l  a t  t h e  t i p .  A t  

t he  hub, t h e  unloading tendency noted a t  t h e  t i p  of s l o t t e d  Rotor 2 i s  

a g a i n  e v i d e n t .  The performance of t h e  s l o t t e d  s t a t o r s  is  a f f e c t e d  by 

t h e  flow d i s t r i b u t i o n  l eav ing  the  FGR because t h e  s t a t o r  incidence i n -  

creases downstream of a s t a l l e d  r e g i o n  of the r o t o r .  

A l l  t h r e e  s l o t t e d  s t a t o r s  ( f i g u r e s  24 through 26)  have s t e e p  t i p  

c h a r a c t e r i s t i c s  a t  s t a g e  s t a l l ,  r e f l e c t i n g  the  c o n d i t i o n  of t he  t i p  

flow l eav ing  t h e  r o t o r .  The hub s e c t i o n  of s l o t t e d  S t a t o r  2 has a 

nega t ive  s l o p e , l a r g e l y  due t o  an unexplained r e d u c t i o n  i n  l o s s  as 

inc idence  inc reased .  

The f a c t  t h a t  t h e s e  c h a r a c t e r i s t i c s  are r e l a t e d  t o  t h e  spanwise 

matching of b l ade  elements w i t h i n  a b l ade  row and of t he  r e l a t i v e  

matching of b l ade  rows is e v i d e n t  i n  f i g u r e  25. The d a t a  f o r  t h e  test of 

s l o t t e d  S t a t o r  2 w i th  s l o t t e d  Rotor 3 i n d i c a t e  a more o r d e r l y  uniform 

approach t o  s t a g e  s t a l l  than do t h e  d a t a  wi th  t h e  FGR. 

a t t r i b u t e d  t o  the  r e l a t i v e  balance between hub and t i p  noted f o r  s l o t t e d  

Rotor 3 whi le  the  FGR had a markedly s t a l l e d  t i p  s e c t i o n .  

This may be 

Viewed c o l l e c t i v e l y ,  t h e s e  d a t a  i n d i c a t e  a gene ra l  t rend toward 

high w a l l  loading and low midspan loading t h a t  i s  a t t r i b u t a b l e  t o  t h e  

low v e l o c i t i e s  near t he  w a l l s  as a r e s u l t  of l o s s e s  cons ide rab ly  h ighe r  

than t h e  d e s i g n  l o s s e s .  

ment of quasi-two-dimensional f low through the  use  of t h e  s l o t s  and the 
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employment of boundary l a y e r  bleed.  I t  i s  ev iden t  from t h e s e  d a t a  t h a t  

improvements i n  t h e  boundary l a y e r  bleed and inc reased  s l o t  e f f e c t i v e n e s s  

i n  t h e  w a l l  r eg ion  are r equ i r ed  t o  permit  a t t a inmen t  of t h e  des ign  l o s s  

d i s  t r i b u  t i o n .  

Comparisons of Unslot ted and S l o t t e d  Blading Performance a t  Minimum Loss 

The minimum l o s s  c o e f f i c i e n t  or  r e f e r e n c e  incidence angle  performance 

of t he  s l o t t e d  b l ad ing  i s  p re sen ted  i n  f i g u r e s  27 and 28. The d a t a  w e r e  

de r ived  from curves of l o s s  c o e f f i c i e n t ,  d e v i a t i o n ,  and d i f f u s i o n  f a c t o r  

r e p r e s e n t i n g  t h e  d a t a  a t  and below the  c o r r e c t e d  wheel speeds l i s t e d  i n  

t a b l e  11. A complete summary of t h e s e  minimum los s  d a t a  i s  contained 

i n  Appendix B f o r  r e f e r e n c e  i f  r equ i r ed .  The form of t h i s  p r e s e n t a t i o n  

has  been made s i m i l a r  t o  t h a t  used i n  f i g u r e  192 of Reference 9,  and 

t h e  NASA d a t a  presented i n  the  r e fe renced  f i g u r e  have been included i n  

f i g u r e s  27 and 28 i n  the form of a dashed curve r e p r e s e n t i n g  the NASA 

2D cascade c o r r e l a t i o n  and an o u t l i n e d  r eg ion  r e p r e s e n t i n g  t h e  envelope 

of t h e  d a t a  f o r  22 NASA s t a g e s .  I n  t h i s  way, t h e  NASA compressor s t a g e  

experience and c o r r e l a t e d  cascade d a t a  may be convenient ly  compared 

wi th  t h e  r e s u l t s  of t h i s  program. 

A l l  of t h e  r o t o r  d a t a  are  w i t h i n  t h e  r eg ion  of experience wi th  un- 

s l o t t e d  r o t o r s  except  t h a t  t he  midspan of s l o t t e d  Rotor 3 exceeded the 

h i g h e s t  loading f o r  which d a t a  are presented i n  Reference 9. The va lue  

of t h e  lo s s  parameter (0.023) a t t a i n e d  a t  t h i s  loading (D = 0.6)  r ep -  

r e s e n t s  some cause f o r  optimism concerning the  performance of h igh ly  

cambered and loaded s l o t t e d  b l ad ing  because i t  i n d i c a t e s  performance 

on the  low-loss s i d e  of an e x t r a p o l a t i o n  of t h e  d a t a  band of Reference 9. 

It i s  a l s o  e v i d e n t  t h a t  t he  low l o s s  parameter a s s o c i a t e d  wi th  s l o t t e d  

Rotors 1 and 2 i n  the  midspan r eg ion ,  when compared wi th  the  d a t a  of 

Reference 9, f u r t h e r  s t r eng thens  t h e  conclusion t h a t  t h e  s l o t s  may be 

producing a b e n e f i c i a l  e f f e c t  on loss  i n  the  absence of l a r g e  secondary 

(wa l l )  flow e f f e c t s .  

The d a t a  r e p r e s e n t i n g  s t a t o r  hub performance ( f i g u r e  28) i n d i c a t e  

l o s s e s  s u b s t a n t i a l l y  above t h e  r e f e r e n c e  l e v e l  w i t h  t h e  except ion of 

t h a t  f o r  t h e  s l o t t e d  Rotor 3 l s l o t t e d  S t a t o r  2 t es t .  S t a t o r  t i p  l o s s e s  

are l a r g e  and t h e  d a t a  e x h i b i t  a h igh  degree of s c a t t e r ,  making com- 

p a r i s o n  wi th  the  e x t r a p o l a t i o n  of t h e  d a t a  of Reference 9 d i f f i c u l t .  
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It i s  cer ta in ,  however, t h a t  no b e n e f i t  from t h e  s l o t s  i s  e v i d e n t  a t  t h e  

s t a t o r  t i p  as w e l l  as the  s t a t o r  hub. A s  i n  t h e  case of t h e  r o t o r s ,  the 

midspan performance i s  n o t i c e a b l y  b e t t e r  than t h a t  i n  t h e  w a l l  region.  

Of the t h r e e  s l o t t e d  s t a t o r s ,  S t a t o r  2 produced t h e  b e s t  performance. 

The l o s s  d a t a  r e p r e s e n t i n g  t h e  tes ts  of s l o t t e d  S t a t o r  2 ,  both wi th  

s l o t t e d  Rotor 3 and wi th  t h e  Flow Generation Rotor,  are s l i g h t l y  below 

t h e  r eg ion  of Reference 9 d a t a .  

Taken c o l l e c t i v e l y ,  t hese  minimum loss  c o e f f i c i e n t  d a t a  i n d i c a t e  

t h e  s l o t t e d  r o t o r  performance t o  be g e n e r a l l y  t y p i c a l  of u n s l o t t e d  

r o t o r s  i n  t h e  t i p  and hub r eg ions  and s l i g h t l y  b e t t e r  than u n s l o t t e d  i n  

t h e  midspan r eg ion .  S i m i l a r l y ,  t h e  s l o t t e d  s t a t o r s  show b e t t e r  than 

average ( u n s l o t t e d )  performance a t  midspan wi th  p r o g r e s s i v e l y  poorer 

performance a t  t h e  t i p  and hub , r e spec t ive ly .  Both r o t o r s  and s t a t o r s  

d i s p l a y  s t r o n g  spanwise performance g r a d i e n t s  w i t h  poor performance 

nea r  t h e  w a l l s  and good midspan performance. A t  midspan, some ind ica -  

t i o n s  of performance improvement due t o  t h e  s l o t s  are observed, b u t  

c l e a r  conclusions cannot be drawn u n t i l  t h e  w a l l  r eg ion  performance i s  

improved and higher  loading achieved. 

Comparisons of S l o t t e d  and Unslot ted Blade Incidence Range 

The range of incidence angles  over which a b l ade  element i s  capable  

of u n s t a l l e d  o p e r a t i o n  i s  a h i g h l y  s i g n i f i c a n t  v a r i a b l e  because it 

d i r e c t l y  a f f e c t s  t h e  compressor s t a l l  l i n e  and i n d i r e c t l y ,  through 

s t a g e  matching compromises, a f f e c t s  compressor e f f i c i e n c y .  The s l o t  w a s  

expected t o  permit  a b l ade  element t o  o p e r a t e  u n s t a l l e d  a t  higher  incidence 

ang le s  than  t h e  u n s l o t t e d  b l ade  and thus r e s u l t  i n  increased range of 

o p e r a t i o n .  During o p e r a t i o n  a t  nega t ive  incidence ang le s ,  t h e  s l o t  flow 

could tend t o  have a d e t r i m e n t a l  e f f e c t  on the  flow over what i s  normally 

the  p r e s s u r e  s u r f a c e  of t h e  a i r f o i l  and may promote s e p a r a t i o n  and reduce 

ope ra t ing  range. 

s m a l l  p r e s s u r e  d i f f e r e n c e  a v a i l a b l e  t o  produce a s l o t  flow a t  low incidence 

ang le s  and because t h e  o r i e n t a t i o n  of t h e  s l o t  i s  unfavorable  t o  the  pro- 

d u c t i o n  of s l o t  f low under t h i s  cond i t ion .  Hence, t h e  n e t  e f f e c t  of t h e  

s l o t s  w a s  a n t i c i p a t e d  t o  b e  an increase of range and a displacement  of 

t he  o p e r a t i n g  range t o  h ighe r  incidence and thus t o  h ighe r  d i f f u s i o n  

f a c t o r .  

This  e f f e c t  w a s  expected t o  be minor because of t h e  
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The de te rmina t ion  of t h e  e f f e c t  of t h e  s l o t s  on o p e r a t i n g  range is  

d i f f i c u l t  because of t h e  l a c k  of comparative d a t a  f o r  u n s l o t t e d  blades 

o p e r a t i n g  i n  compressor s t a g e s .  For t h i s  reason,  t he  comparison p r e -  

sented h e r e i n  i s  wi th  the  range p r e d i c t e d  f o r  u n s l o t t e d  b l ad ing  by a 

p r o p r i e t a r y  P&WA c o r r e l a t i o n  of compressor cascade d a t a .  A l imi t ed  

amount of a v a i l a b l e  u n s l o t t e d  blade element d a t a  f o r  t h e  c o n t r a c t  

b l ad ing  i s  a l s o  included t o  provide information on d i f f e r e n c e s  between 

cascade and s t a g e  d a t a  as w e l l  as d i r e c t  comparison between s l o t t e d  and 

u n s l o t t e d  b l ad ing .  Operating range has  been de f ined ,  f o r  t h i s  comparison, 

as t h e  inc idence  range i n  which t h e  l o s s  c o e f f i c i e n t  i s  w i t h i n  0.04 of 

the  minimum va lue  a t  a c o n s t a n t  r e l a t i v e  i n l e t  Mach number. The mean 

va lue  of t h i s  Mach number f o r  each speed l i n e  w a s  used f o r  t he  s t a g e  

b l ade  element d a t a  a t  each spanwise l o c a t i o n .  

The cascade p r e d i c t i o n  and the  range d a t a  f o r  s l o t t e d  S t a t o r  2 a t  

50% of span are presented i n  f i g u r e  29, which i l l u s t r a t e s  t h i s  comparison. 

The o r d i n a t e  scale i s  the  b l a d e  element incidence range as de f ined  i n  

the foregoing paragraph. The t rend toward dec reas ing  range as r e l a t i v e  

i n l e t  Mach number i s  inc reased  i s  apparent  from t h e s e  d a t a  and i s  

c l o s e l y  t h a t  p r e d i c t e d  from t h e  cascade d a t a .  The s c a t t e r  i n  t h e  d a t a  

i s ,  however, s u f f i c i e n t  t o  make a conclusion as t o  the  e f f e c t  of t he  

s l o t  on range d i f f i c u l t  i n  t h i s  ca se .  

S i m i l a r  information f o r  a l l  conf igu ra t ions  f o r  which a c l e a r l y  

de f ined  inc idence  range w a s  d i s c e r n a b l e  from t h e  d a t a  (without ex t r apo la -  

t i o n )  i s  summarized i n  f i g u r e  30. Although the  range i t s e l f  is  s t r o n g l y  

dependent upon r e l a t i v e  i n l e t  Mach number, i t  may be noted from t h i s  

f i g u r e  t h a t  t h e  d i f f e r e n c e  between t h e  observed (da t a )  and p red ic t ed  

(cascade) ranges is n o t  Mach number dependent. Furthermore, no c o r r e l a -  

t i o n  of t h i s  d i f f e r e n c e  w i t h  spanwise l o c a t i o n  i s  apparent  from t h e  

l i m i t e d  d a t a  a v a i l a b l e .  The average d i f f e r e n c e  between the  observed and 

p r e d i c t e d  range i s  +1.3 degrees ,  i n d i c a t i n g  a l a r g e r  range f o r  t h e  s l o t t e d  

b l ad ing  than p r e d i c t e d  from u n s l o t t e d  cascade r e s u l t s .  The u n s l o t t e d  

blade d a t a  from t h i s  program, al though s p a r s e ,  average 0 . 7  degree l a r g e r  

range than t h e  cascade p r e d i c t i o n .  Thus, both e x h i b i t  more range than 

p r e d i c t e d  and the  s l o t t e d  b l ad ing  shows 112 t o  1 degree l a r g e r  range than 

the  u n s l o t t e d  b l ad ing .  The r e s u l t  cannot be construed as conc lus ive ,  how- 
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ever, because of t h e  d a t a  s c a t t e r  apparent  and the  pauc i ty  of u n s l o t t e d  

b l ade  d a t a  d i r e c t l y  comparable wi th  t h a t  of t h e  s l o t t e d  b l ades .  

Performance of S t a t o r  1 With and Without S l o t s  

S t a t o r  1 w a s  used i n  t h r e e  of t h e  s ix  s t a g e s  t e s t e d  i n  t h i s  program 

and i s  t h e  only b l a d e  row which w a s  operated e x t e n s i v e l y  both w i t h  and 

without  s l o t s .  For t h i s  r eason ,  t he  most d i r e c t  de t e rmina t ion  of t h e  

e f f e c t  of t h e  s l o t s  i s  a v a i l a b l e  through a n a l y s i s  of S t a t o r  1 performance. 

The t h r e e  s t a g e s  t o  be considered are: 

IGV and Rotor S t a t o r  

S l o t t e d  Rotor 1 S t a t o r  1 (Unslot ted)  

S l o t t e d  Rotor 2 S t a t o r  1 (Unslot ted)  

Flow Generation Rotor (FGR) S l o t t e d  S t a t o r  1 

The two sets  of b l ade  element d a t a  f o r  S t a t o r  1 wi thou t  s l o t s  d i f f e r  

cons ide rab ly  because of t he  d i f f e r e n t  i n l e t  flow f i e l d  generated by 

s l o t t e d  Rotors 1 and 2 .  The s e l e c t i o n  of t h e  d a t a  t o  be compared 

wi th  the  s l o t t e d  s t a t o r  d a t a  w a s  based on the s i m i l a r i t y  of s t a t o r  

incidence and Mach number and i n  t h e  r a d i a l  g r a d i e n t s  of t hese  two 

q u a n t i t i e s .  The s t a t o r  incidence and Mach number d i s t r i b u t i o n s  are 

given i n  f i g u r e  31 f o r  t hese  t h r e e  s t a g e s  a t  t h e i r  d e s i g n  r o t o r  speed 

and nea r  z e r o  inc idence ,  It i s  r e a d i l y  observable  t h a t  t h e  incidence 

and incidence g r a d i e n t  of t he  u n s l o t t e d  s t a t o r  du r ing  the  tes t  wi th  

s l o t t e d  Rotor 1 c l o s e l y  corresponds t o  t h a t  of t h e  s l o t t e d  s t a t o r  du r ing  

tes ts  wi th  t h e  Flow Generation Rotor. The maximum d i f f e r e n c e  i s  only 

about one degree.  During the  test  wi th  s l o t t e d  Rotor 2 , a  s u b s t a n t i a l  

g r a d i e n t  of s t a t o r  incidence i s  noted,  w i th  the  hub and t i p  r eg ion  about 

e i g h t  degrees  of incidence c l o s e r  t o  s t a l l  than t h e  midspan b l ade  element. 

This marked d i f f e r e n c e  i n  incidence d i s t r i b u t i o n  i s  expected t o  have a 

s t r o n g  in f luence  on t h e  r a d i a l  flow and loading d i s t r i b u t i o n  and thus w i l l  

complicate  comparisons with the  s l o t t e d  s t a t o r .  

wh i l e  of less importance, a l s o  i n d i c a t e s  t h a t  t h e  most d i rec t  comparison 

of s l o t t e d  s t a t o r  performance is  wi th  the  u n s l o t t e d  d a t a  of t h e  t e s t  

wi th  s l o t t e d  Rotor 1. For t h e s e  r e a s o n s , t h e  comparison is made between 

t h e s e  two d a t a  sets. 

The i n l e t  Mach number, 

The r a d i a l  d i s t r i b u t i o n s  of l o s s  c o e f f i c i e n t ,  d e v i a t i o n  angle ,  and 
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d i f f u s i o n  f a c t o r  are presented i n  f i g u r e  32 f o r  S t a t o r  1 both wi th  and 

without  s l o t s .  The d a t a  p o i n t s  used f o r  t h i s  comparison were s e l e c t e d  

a t  d i f f e r e n t  i n l e t  c o r r e c t e d  a i r f l o w s  t o  produce a s t a t o r  incidence 

ang le  c l o s e  t o  ze ro  i n  both cases. The loading and d e v i a t i o n  d i s t r i b u -  

t i o n s  are s u b s t a n t i a l l y  t h e  same; however, the loss c o e f f i c i e n t  of t he  

s l o t t e d  c o n f i g u r a t i o n  i s  s u b s t a n t i a l l y  lower (0.05 vs  0 .13)  than t h a t  of 

t he  u n s l o t t e d  b l a d e  i n  t h e  midspan r eg ion .  These d a t a  provide a d i r e c t  

measure of t he  b e n e f i c i a l  e f f e c t  of t he  s l o t s  because of the s i m i l a r i t y  

of t he  i n l e t  Mach number, incidence,and loading.  Near both w a l l s  (10 

and 90% of span) t h i s  improvement i n  performance due t o  the s l o t s  i s  

n o t  e v i d e n t  and t h e  l o s s  l e v e l s  are v i r t u a l l y  i d e n t i c a l .  

A second comparison of b l ade  element performance f o r  t h i s  s t a t o r  

i n  these  two s t a g e s  w a s  made near  s t a l l  and i s  presented i n  f i g u r e s  33 

and 34.  The incidence ang le s  f o r  t h e  two d a t a  se t s  are no t  as w e l l  

matched as those near zero incidence b u t  only d ive rge  near  the hub. 

The loading and loading d i s t r i b u t i o n ,  an important f a c t o r ,  are n e a r l y  

the s a m e ;  h igher  d e v i a t i o n  i s  noted f o r  t he  s l o t t e d  b l ade  near the w a l l s ,  

p a r t i c u l a r l y  t h e  hub. This  t rend toward high d e v i a t i o n  f o r  t h e  s l o t t e d  

blade i s  a l s o  e v i d e n t  a t  t h e  lower incidence ang le  ( f i g u r e  3 2 ) .  A t  

midspan,a s m a l l  improvement i n  d e v i a t i o n  i s  ev iden t .  The midspan lo s s  

of t h e  s l o t t e d  c o n f i g u r a t i o n  i s  s i g n f i c a n t l y  lower than t h a t  of the 

s a m e  u n s l o t t e d  b l ade ,  confirming the  midspan improvement shown a t  the  

lower incidence of f i g u r e  3 2 .  A t  t he  w a l l s , t h i s  improvement w a s  no t  

r e a l i z e d .  

I n  ana lyz ing  the d a t a  f o r  t h e s e  tes ts  as presented i n  the  d a t a  and 

performance r e p o r t s ,  it w a s  found t h a t  t h e  b l ade  element loading tended 

t o  be i n c o n s i s t e n t  w i th  the tu rn ing ,  i nc idence ,  and loss c o e f f i c i e n t .  

These i n c o n s i s t e n c i e s  are a t t r i b u t a b l e  t o  the  measurement of s t a t i c  

p re s su re  and are a l s o  manifested i n  d i f f e r e n c e s  between t h e  measured 

and i n t e g r a t e d  weight flows, as noted i n  these  r e p o r t s .  The d i f f u s i o n  

f a c t o r s  used i n  the foregoing comparisons w e r e  determined by s c a l i n g  

the  v e l o c i t i e s  a t  t he  s t a t o r  i n l e t  and d i s c h a r g e  as r equ i r ed  t o  match 

the  i n t e g r a t e d  flows with t h e  measured flows. I n  s c a l i n g  t h e  vec to r  

diagrams, i t  w a s  assumed t h a t  t h e  d e n s i t y  remained c o n s t a n t  and t h a t  

t he  s t a t o r  i n l e t  and d i scha rge  a i r  ang le s  were unchanged. The a x i a l  
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v e l o c i t i e s  were then changed i n  the  r a t i o  of t h e  measured flow t o  the  

i n t e g r a t e d  flow. 

Comparison of Annular Cascade and Single-Stage T e s t i n g  

The d a t a  from t h e  annu la r  cascade tests of s l o t t e d  b l ades  (Ref- 

e r ence  2) provided c l e a r  evidence of t he  a b i l i t y  of s l o t s  t o  reduce 

the l o s s  c o e f f i c i e n t .  The b e s t  s l o t  c o n f i g u r a t i a n  w a s  found ( f i g u r e  35) 

t o  reduce the  midspan l o s s  c o e f f i c i e n t  from a v a l u e  of 0 ,071 ( u n s l o t t e d )  

t o  a va lue  of 0.012 ( s l o t t e d ) .  With these  d a t a  i n  mind, dramatic  changes 

i n  performance w e r e  expected f o r  t he  s l o t t e d  b l ade  compressor s t a g e s .  

In f a c t ,  t h e  observed performance of t h e s e  s t a g e s  i s  n o t  p r i m a r i l y  con- 

t r o l l e d  by t h e  e f f e c t  of t h e  s l o t ,  b u t  r a t h e r ,  t h e  e f f e c t  of t he  s l o t  i s  

q u i t e  tenuous. The preceding p o r t i o n s  of t h i s  d i s c u s s i o n  of s l o t t e d  

b l ade  e l e n e n t  performance have shown t h a t  t he  s l o t s  do tend t o  inc rease  

the  b l ade  u n s t a l l e d  ope ra t ing  range and reduce t h e  minimum loss  c o e f f i c i e n t .  

Fu r the r  n o t i c e a b l e  improvement has been shown f o r  s l o t t e d  S t a t o r  1 com- 

pared wi th  the  s a m e  s t a t o r  without  t he  s l o t .  These b e n e f i c i a l  e f f e c t s ,  

however, have been noted i n  t h e  midspan r eg ion  b u t  n o t  a t  t h e  w a l l s .  

Furthermore, i t  has been noted t h a t  very l a r g e  l o s s e s  were incu r red  i n  

the w a l l  r eg ion  i n  s p i t e  of t h e  employment of boundary l aye r  bleed on 

r o t o r  t i p  and s t a t o r  hub and t i p  w a l l s .  Thus t h e  f avorab le  performance 

of the s l o t s  i n  t h e  cascade i s  similar t o  the midspan e f f e c t s  noted 

du r ing  t h e  t es t  of t h e  s i n g l e - s t a g e  compressor. 

s l o t t e d  and u n s l o t t e d  annular  cascade and S t a t o r  1 d a t a  a t  midspan is  

A comparison of t he  

presented i n  f i g u r e  36 i n  t h e  format used f o r  f i g u r e s  27 and 28. Both 

sets of d a t a  show s u b s t a n t i a l  improvement, i n  t h e  form of reduced l o s s e s ,  

due t o  t h e  s l o t s .  The magnitude of t he  improvement shown f o r  S t a t o r  1 

exceeds t h e  improvement of t h e  annu la r  cascade s l i g h t l y .  However, t h e  

l o s s e s  of t h e  u n s l o t t e d  s t a t o r  w e r e  much l a r g e r  than those of t h e  un- 

s l o t t e d  annu la r  cascade b l ad ing ,  and thus t h e  percentage change is  n o t  

s o  g r e a t  as f o r  t he  cascade blade.  

The f a c t  t h a t  t h e  annular  cascade d a t a  q u a l i t a t i v e l y  f o r e c a s t  t h e  

r e s u l t s  of t h e  s t a g e  test of s l o t t e d  b l ades  a t  midspan may be expected 

because of t h e  geometric s i m i l a r i t y .  It is  e q u a l l y  obvious t h a t  t he  

b l ade  elements i n  the  compressor w a l l  r eg ions  w e r e  n o t  b e n e f i c i a l l y  

a f f e c t e d  by t h e  s l o t  and thus t h a t  t h e  cascade test  w a s  n o t  t y p i c a l  of 

t h i s  region.  



This  may have r e s u l t e d  from t h e  s e l e c t i o n  of t h e  chordal  l o c a t i o n  

of t h e  s l o t s  i n  t h e  s u b j e c t  b lade  rows on t h e  b a s i s  of the  annular  (mid- 

span) cascade d a t a .  

of compressor b lad ing  i n  t h e  w a l l  r eg ion  has been wide ly  documented (e .g . ,  

References 11 and 12)  and leads  t o  s e p a r a t i o n  i n  t h e  co rne r  between t h e  

w a l l  and b l ade  s u c t i o n  su r face .  This  s e p a r a t i o n  i s  shown i n  f i g u r e  3 7 ,  

which p resen t s  a lampblack t race of t h e  boundary l a y e r  flow i n  cascade. 

I n  f i g u r e  3 7 ,  t h e  s e p a r a t i o n  i s  shown t o  occur on t h e  s u c t i o n  s u r f a c e  

a t  about  30% of  chord a t  t h e  w a l l  and t o  progress  somewhat l i n e a r l y  t o  

the  t r a i l i n g  edge a t  midspan. This  r e s u l t s  i n  t h e  p o s s i b i l i t y  t h a t  t h e  

chordal  l o c a t i o n  of t h e  b l ade  s l o t s  f o r  t h e s e  tes ts  w a s  c o r r e c t  t o  

suppress  s e p a r a t i o n  i n  t h e  midspan loca t ions  because t h e  l o c a t i o n  w a s  s o  

def ined  by t h e  annular  cascade tests.  Under t h e  in f luence  of the  secondary 

flow, however, t h e  s e p a r a t i o n  p o i n t  w a s  forced much c l o s e r  t o  the  lead ing  

edge i n  t h e  w a l l  r eg ion .  The s l o t ,  a t  t h e  same chorda l  p o s i t l o n  as a t  mid- 

span, w a s  consequent ly  loca t ed  w e l l  behind t h e  s e p a r a t i o n  and w a s  i n -  

e f f e c t i v e .  

The in f luence  of t h e  secondary flow on t h e  performance 

S t a l l e d  Operat ion of S l o t t e d  Rotors  

The s t a l l  of t h e s e  s t a g e s  w a s  cha rac t e r i zed  as an ab rup t  development 

of a s i n g l e  r o t a t i n g  s t a l l  ce l l ,  as desc r ibed  i n  References 3 and 4 .  

This c e l l  comprised approximately one-half  t h e  flow annulus and r o t a t e d  

a t  20% of t h e  r o t o r  speed r e l a t i v e  t o  t h e  compressor case. This r e l a t i v e l y  

low angular  v e l o c i t y  impl ies  a r e l a t i v e l y  high angular  v e l o c i t y  of t h e  

s t a l l  c e l l  r e l a t i v e  t o  t h e  r o t o r  b l ad ing  ( i . e . ,  80% of wheel speed) .  

Following t h e  onse t  of r o t a t i n g  s t a l l ,  t h e  p re s su res  w i t h i n  t h e  compressor 

become h igh ly  nonsteady, i n d i c a t i n g  t h a t  flow r e v e r s a l  (surge)  probably 

occurs .  High stresses were developed a t  t h i s  t i m e ,  thus  prec luding  

s t e a d y - s t a t e  s t a l l e d  ope ra t ion  of t h e  compressor r i g .  The ab rup t  s t a l l  

may be a c h a r a c t e r i s t i c  t h a t  i s  accentua ted  by t h e  b lade  s l o t s  because 

the  presence of t h e  s l o t  w i l l  tend t o  s u r p r e s s  s e p a r a t i o n  on the  b lad ing  

u n t i l ,  a t  h igh  loading ,  t h e  s e p a r a t i o n  p o i n t  f i n a l l y  moves upstream of 

the  s l o t ,  a t  which t i m e  t h e  s l o t  l o s e s  i t s  e f f e c t i v e n e s s  and t h e  b l ade  

ope ra t e s  l i k e  an u n s l o t t e d  b lade  i n  deep s t a l l .  
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CONCLUDING D I S C U S S I O N  

The d i s c u s s i o n  of t h e  r e s u l t s  of t h i s  program l e a d s  t o  t h r e e  major 

conclusions.  

F i r s t ,  it: may b e  concluded t h a t  t he  s l o t s  are capable  of reducing 

the lo s s  incu r red  by h igh ly  cambered b l ades  i n  t h e  midspan r eg ion .  

This conclusion i s  based on (1) t h e  r e s u l t s  of t h e  annular  cascade 

tes ts ,  (2 )  t h e  comparison of d a t a  wi th  and without  s l o t s  f o r  S t a t o r  1, 

and (3)  t he  comparison of l o s s  parameter,  as a f u n c t i o n  of loading,  f o r  

t he  s l g t t e d  a i r f o i l s  and the  experience l e v e l  r epor t ed  i n  Reference 9 

f o r  u n s l o t t e d  b l ades .  

The second conclusion i s  t h a t  a t r end  toward a l a r g e r  u n s t a l l e d  

o p e r a t i n g  range f o r  s l o t t e d  b l ades  than f o r  convent ional  blades i s  

e v i d e n t  from t h e s e  d a t a .  The u n c e r t a i n t y  i n  e s t a b l i s h i n g  t h e  u n s t a l l e d  

o p e r a t i n g  range of a b l ade  element from t h e  d a t a  i s  of t h e  same  o rde r  of 

magnitude as t h e  improvement and, t hus ,  a s t a k i s t i c a l  eva lua t ion  of t h i s  

p o t e n t i a l  b e n e f i t  i s  r e q u i r e d .  Although the u n s t a l l e d  ope ra t ing  range 

of t he  s l o t t e d  b l ad ing  of t h i s  program averaged 0.6 degree more than the 

u n s l o t t e d ,  t h e  number of d a t a  p o i n t s  a v a i l a b l e  w a s  n o t  s u f f i c i e n t l y  l a r g e  

t o  permit a d e f i n i t e  c ~ n c l u s i o n .  

The t h i r d  conclusion is  t h a t  t h e  secondary flow and a s s o c i a t e d  

w a l l  s t a l l  w e r e  major f a c t o r s  i n  t h e  performance of a l l  of t h e  program 

blade rows. High l o s s e s  were incu r red  n e a r  t h e  w a l l s ,  probably as a 

r e s u l t  of s u b s t a n t i a l  s u c t i o n  s u r f a c e  s e p a r a t i o n ,  and the  s l o t s  had no 

apparent  b e n e f i c i a l  e f f e c t  i n  t h i s  r eg ion ,  nor d i d  the  w a l l  boundary 

l a y e r  b l e e d ,  This  poor performance i n  t h e  w a l l  r eg ion  l ed  t o  r a d i a l  

flow components toward midspan and unloaded t h e  c e n t e r  s e c t i o n  of t h e  

blading,  thus prevent ing achievement of t he  program goa l s  w i th  regard 

t o  loading l e v e l .  

induce s e p a r a t i o n  i n  t h e  co rne r  formed by t h e  s u c t i o n  s u r f a c e  and t h e  

w a l l .  

annular  cascade tests,  i t  i s  l i k e l y  t h a t  t h e  s l o t  w a s  behind the  separa-  

t i o n  p o i n t  near t h e  w a l l  and w a s  n o t  e f f e c t i v e  f o r  t h i s  reason. 

The c l a s s i c a l  e f f e c t  of t he  secondary flow i s  t o  

Because the  s l o t  l o c a t i o n  w a s  based on midspan d a t a  from t h e  

The poor performance i n  the  w a l l  r e g i o n  w a s  probably enhanced by 

the  s e l e c t i o n  of a n t i c i p a t e d  l o s s e s  du r ing  the  d e s i g n  phase. This 

27 



s e l e c t i o n  w a s  based on achievement of low ( s l i g h t l y  above cascade)  

l o s s e s  as a r e s u l t  of t h e  s l o t s  and t h e  use  of boundary l a y e r  bleed t o  

e f f e c t i v e l y  e l i m i n a t e  w a l l  induced l o s s e s ,  A s  a consequence, i n s u f f i c i e n t  

b l ade  camber w a s  p r e s e n t  i n  t h e  w a l l  r eg ion  t o  main ta in  a r e l a t i v e l y  

uniform t o t a l  p r e s s u r e  p r o f i l e  f o r  t h e  level of end w a l l  l o s s e s  t h a t  

a c t u a l l y  occurred.  The occurrence of a r e l a t i v e l y  low p r e s s u r e  r i s e  

a t  t h e  w a l l s  l ed  t o  low flow and h igh  inc idence  and thus  had a compounding 

e f f e c t  on l o s s .  
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Figure 9. Inlet Guide Vane-Slotted Rotor Overall Performance; 
100% Design Equivalent Rotor Speed; Comparison of 
*and vs @ for All Slotted Rotor Configurations 
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Figure  10. Axial Veloc i ty  R a t i o  and Deviat ion f o r  S l o t t e d  
Rotors ;  100% Design Equiva len t  Rotor Speed 
a t  Midspan 
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Figure  11. Stage  Overa l l  Performance Data, 100% Design 
Equiva len t  Rotor Speed; Comparison of Jr and 
7)vs $J f o r  A l l  IGV-Flow Generat ion Rotor- 
S l o t t e d  S t a t o r  Conf igura t ions  
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Figure  1 2 .  Blade Element Performance, S l o t t e d  Rotor 1 
Composite Data f o r  Design Speed a t  Design 
Incidence 
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Figure  13. Blade Element Performance, S l o t t e d  Rotor  2 
Composite Data f o r  70% of Design Speed a t  
Design Incidence 
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Figure  14. Blade Element Performance, S l o t t e d  Rotor 3 
Composite Data f o r  90% of Design Speed a t  
Design Incidence 
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Figure  15. Blade Element Performance, S l o t t e d  S t a t o r  1 
Composite Data f o r  Design Speed a t  Design 
Incidence 
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Figure  16 .  Blade Element Performance, S l o t t e d  S t a t o r  2 
Composite Data f o r  Design Speed a t  Design 
Incidence 
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Figure 17. Blade Element Performance,Slotted Stator 3 
Composite Data for Design Speed at Design 
Incidence 
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Figure  19 .  Comparison of S l o t t e d  Blade Designs With 
D e H a l l e r  Wall S t a l l  C r i t e r i o n  
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Figure  20. Hub and Tip Di f fus ion  Fac to r  as a Function of 
Midspan Di f fus ion  Fac to r  - S l o t t e d  Rotor 1, 
Design Speed 
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Figure  21. Hub and Tip Di f fus ion  Fac to r  as a Funct ion 
of  Midspan Di f fus ion  Fac to r  - S l o t t e d  Rotor 2 ,  
70% of  Design N / a  

49 



Figure  22. Hub and Tip D i f f u s i o n  Fac to r  as a Funct ion 
of Midspan Di f fus ion  Fac to r  - S l o t t e d  Rotor 3 ,  
90% of Design N / f i  
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F i g u r e  2 3 .  Hub and Tip  Di f fus ion  Fac to r  as a Funct ion 
of Midspan Di f fus ion  Fac to r  - Flow Generat ion 
Rotor  ( S l o t t e d  S t a t o r  3 T e s t ) ,  Design N / f i  
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Figure  24. Hub and Tip  Di f fus ion  Fac to r  as a Funct ion of 
Midspan Di f fus ion  Fac to r  - S l o t t e d  S t a t o r  1, 
Design Speed 
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Figure  25. Hub and Tip Di f fus ion  Fac to r  as a Funct ion 
of Midspan Di f fus ion  Fac tor  - S l o t t e d  
S t a t o r  2,  Design Speed 
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Figure  26. Hub and Tip Dif fus ion  Fac tor  as a Funct ion of 
Midspan Di f fus ion  Fac to r  - S l o t t e d  S t a t o r  3 ,  
Design Speed 
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Figure 27. Rotor Blade Element Performance Comparisons 
at Minimum Loss 
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Figure 28. Stator Blade Element Performance Comparisons 
at Minimum Loss 
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Figure  31. I n l e t  Conditions t o  S t a t o r  1 €or Tests With 
and Without S l o t s  - 100%N/'Design 
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Figure 32. Comparison of Performance of Slotted and 
Unslotted Stator 1 - Incidence Angle 
Approximately Zero 
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Figure  33. I n l e t  Condi t ions t o  S t a t o r  1 f o r  Tests With 
and Without S l o t s  - 100%N/\/BDesign Near 
S t a l l  Incidence 
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Figure  34. Comparison of Performance of S l o t t e d  and 
Uns lo t ted  S t a t o r  1 Near S t a l l  Incidence 
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APPENDIX A 

Information r e l a t i n g  t o  t h e  des ign  geometry and des ign  vec to r  

diagrams i s  t abu la t ed  i n  t h i s  appendix. The o rde r  of p re sen ta t ion  

is  : 

Rotor 1 

Rotor 2 
Rotor 3 

S t a t o r  1 

S t a t o r  2 

S t a t o r  3 

66 
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APPENDIX B 

The composite blade element performance a t  10, 30, 50, 70, and 90% 

of span a t  t he  p o i n t  of minimum l o s s  i s  presented i n  t h i s  appendix i n  

f i g u r e s  B - 1  through B-6 .  The performance is  denoted a s  the incidence 

ang le ,  d i f f u s i o n  f a c t o r ,  d e v i a t i o n  ang le ,  and l o s s  c o e f f i c i e n t .  I t  

should be noted t h a t  t he  cond i t ions  s o  desc r ibed  do n o t  s imultaneously 

occur ,  and the p l o t t e d  p o i n t s  have n o t  been joined by curves t o  remind 

the  reader  of  t h i s  f a c t .  
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Figure B-1. Composite of Blade Element Performance for 
Reference Incidence - Slotted Rotor 1 
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Figure B-2. Composite of Blade Element Performance f o r  
Reference Incidence - S l o t t e d  Rotor 2 
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Figure  B-3. Composite of Blade Element Performance f o r  
Reference Incidence - S l o t t e d  Rotor 3 
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Figure  B - 4 .  Composite o f  Blade Element Performance f o r  
Reference Incidence - S l o t t e d  S t a t o r  1 
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Figure  B-5. Composite of Blade Element Performance f o r  
Reference Incidence - S l o t t e d  S t a t o r  2 
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Figure  B-6. Composite of  Blade Element Performance f o r  
Reference Incidence - S l o t t e d  S t a t o r  3 
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APPENDIX D 
DEFINITION OF SYMBOLS 

A .  GENERAL NOMENCLATURE 

AA 
C 

Flowpath annular  area, i n .  2 

Chord l e n g t h ,  i n .  

S p e c i f i c  h e a t  a t  c o n s t a n t  p re s su re ,  Btu/lbmoR cP 
D . Dif fus ion  f a c t o r  

g G r a v i t a t i o n a l  c o n s t a n t  , 32.2 lb, f t / l b f  sec2 

i m  

J 

M 

0 

OJC 

P 

P 

S 

S 

t 

T 

U 

V 

W 

P 
Y 

Y" 
6 

6" 

Ah 

fla d 
e 

Inc idence  a n g l e ,  deg (based on equ iva len t  
c i r c u l a r  a r c  meanline) 

Mechanical equ iva len t  of h e a t ,  778.2 f t - l b f /  
Btu 

Absolute Mach number 

Minimum blade passage gap, i n .  

C r i t i c a l  b lade  passage gap,  i n .  
T o t a l  p r e s s u r e ,  l b f / i n .  2 

2 S t a t i c  p re s su re ,  l b f / i n .  

P re s su re  equ iva len t  o f  t h e  v e l o c i t y  head, 
I b f / i n . 2  

Blade spac ing ,  i n .  

Blade span,  i n .  

Blade maximum th i ckness ,  i n .  

T o t a l  temperature  , "R 

Rotor speed,  f t / s e c  

Ve loc i ty ,  f t / s e c  

Actua l  f l o w r a t e ,  lb,/sec 

A i r  a n g l e ,  deg from a x i a l  d i r e c t i o n  

Ra t io  o f  s p e c i f i c  h e a t s  

Blade-chord ang le ,  deg from a x i a l  d i r e c t i o n  

Ra t io  o f  t o t a l  p re s su re  t o  NASA s tandard  sea  
l e v e l  p r e s s u r e  of  2116 psf  

Devia t ion  ang le ,  deg 

S p e c i f i c  en tha lpy  r i s e ,  f t  lbf/Pb, 

Ad i ab a t i c  e f f i c  i e nc y 

R a t i o  o f  t o t a l  temperature  t o  NASA s tandard  
sea  l e v e l  temperature  of 518.7"R 
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K 

P 
Q 

G 
Subsc r ip t s :  

0 

1 

2 

2A 

3 

f 

h 

S u p e r s c r i p t s  : 
I 

B. SLOT NOMENCLATURE 

A2 
R 

RP 
r l  

r 2  
t 

Y1 

y2 

G 

Blade metal  a n g l e ,  deg from a x i a l  d i r e c t i o n  
(based on e q u i v a l e n t  c i r c u l a r  a r c  meanline) 

Densi ty  , lbm/ f t 

S o l i d i t y ,  c /S  

Blade camber ang le ,  K1 - Y2, deg;or flow 
c o e f f i c i e n t  V,o/U 

Loss c o e f f i c i e n t  
Y - 1  

JgcpTs td  [ ( ~ ) T  3 - 11 Pressu re  c o e f f i c i e n t  , 
U L  m 

8 
- 

Guide vane i n l e t  

Rotor i n l e t  

Rotor e x i t  

S t a t o r  e x i t  

S t a t o r  e x i t  (1 .0  chord l eng th  downstream from 
S t a t i o n  2A) 

Force 

Hub 

Mean o r  mass 

T i p  

Ax i a  1 component 

Tangen t i a l  component 

Related t o  r o t o r  blade 

Mass average va lue  

2 S l o t  t h r o a t  a r e a ,  i n .  

Coanda r a d i u s ,  i n .  

P re s su re  s u r f a c e  edge r a d i u s ,  i n .  

S l o t  l ead ing  edge r a d i u s ,  i n .  

S l o t  t r a i l i n g  edge r a d i u s ,  i n .  

Blade th i ckness  a t  i n t e r s e c t i o n  of s l o t  
c e n t e r l i n e  and mean camber l i n e ,  i n .  

S l o t  cap tu re  dimension, i n .  

S l o t  t h r o a t  dimension, i n .  

Angle formed by s l o t  c e n t e r l i n e  and mean 
camber l i n e  , deg 
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