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ABS TRACT 

Two compressor s t a g e s ,  each comprising a r o t o r  and a s t a t o r ,  were 

designed w i t h  d i f f e r i n g  mean work l e v e l s  and corresponding r a d i a l  work 

g r a d i e n t s .  Data from t e s t s  o f  s l o t t e d  r o t o r  and s t a t o r  b l a d i n g  obtained 

under Con t rac t  NAS3-7603 were used t o  form t h e  b a s i s  f o r  t h e  s e l e c t i o n  

of l o s s ,  d e v i a t i o n ,  and incidence d i s t r i b u t i o n s .  The l o s s  d a t a  c o r r e l a -  

t i o n  w a s  modified t o  r e f l e c t  an assumed reduc t ion  i n  loss due t o  t h e  

a d d i t i o n  of b l ade  s l o t s  and w a l l  v o r t e x  g e n e r a t o r s .  
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SINGLE STAGE EXPERIMENTAL EVALUATION 
OF 

COMPRESSOR BLADING WITH SLOTS AND 
VORTEX GENERATORS 

PART I - ANALYSIS AND DESIGN OF 
STAGES 4 AND 5 

R. W. Rockenbach, J. A. Brent  and B. A. Jones 

S W R Y  

mo compressor s t a g e s ,  each comprising a r o t o r  and a s t a t o r ,  were 

designed wi th  d i f f e r i n g  mean work l e v e l s  and corresponding r a d i a l  work 

g r a d i e n t s .  Data from tes ts  o f  s l o t t e d  r o t o r  and s t a t o r  b l ad ing  obtained 

under Contract  NAS3-7603 were used t o  form t h e  b a s i s  f o r  t h e  s e l e c t i o n  

o f  l o s s  c o e f f i c i e n t ,  d e v i a t i o n  ang le ,  and inc idence  ang le  d i s t r i b u t i o n s .  

The l o s s  d a t a  c o r r e l a t i o n  w a s  modified t o  r e f l e c t  an  assumed reduc t ion  i n  

l o s s  due t o  t h e  a d d i t i o n  o f  b l ade  s l o t s  and secondary flow fences o r  

w a l l  v o r t e x  gene ra to r s .  

Both s t a g e s  were designed f o r  a r o t o r  t i p  v e l o c i t y  o f  757 f t / s e c  

(230.73 m/sec),  an  equ iva len t  flow o f  110 l b / s e c  (49 .894  kg/sec) and 

a r o t o r  i n l e t  h u b / t i p  r a t i o  o f  approximately 0.8. 

were designed w i t h  NACA 6 5 - s e r i e s  a i r f o i l  s e c t i o n s  wi th  A = 1.0 mean- 

l i n e s .  Table 1 shows t h e  d i f f e r e n c e s  i n  t h e  s t a g e s  4 and 5 design.  

A l l  r o t o r s  and s t a t o r s  

Table 1. Di f f e rences  i n  t h e  Design o f  Stages 4 and 5 

Fac to r s  Stage 4 Stage 5 

P res su re  Rat io  

Ad iaba t i c  E f f i c i e n c y  

Di f fus ion  Factor  

Rotor Hub 
S t a t o r  Hub 

1.325 1.375 

84% 8 2% 

0.74 0.82 
0.69 0.81 

S t r e s s  and v i b r a t i o n  analyses  were performed f o r  both s t a g e s .  Blade 

s l o t s  and w a l l  v o r t e x  gene ra to r s  were designed and analyzed only f o r  

s t a g e  4.  
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INTRODUCTION 

The e f f e c t i v e n e s s  o f  s l o t t e d  r o t o r  and s t a t o r  b l ad ing  as  a means f o r  

i n c r e a s i n g  the  al lowable loading l i m i t  o f  compressor b l ade  rows was 

i n v e s t i g a t e d  a t  t h e  F l o r i d a  Research and Development Center o f  P r a t t  & 

Whitney A i r c r a f t  under Contract  NAS3-7603 f o r  t h e  Nat ional  Aeronautics 

and Space Adminis t ra t ion (Reference 1). Resu l t s  obtained from t h e  s i n g l e  

s t a g e  tes ts  o f  t h r e e  s l o t t e d  r o t o r  and t h r e e  s l o t t e d  s t a t o r s  under t h a t  

program i n d i c a t e d  good performance f o r  t h e  b l ade  row midspan r eg ions  

b u t  poor performance near  t he  w a l l s  (References 3 through 8).  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 he  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 -  

ness near  t h e  w a l l  w a s  a t t r i b u t e d  t o  chordal  placement o f  t h e  s l o t s  and 

t h e i r  i n a b i l i t y  t o  reduce t h e  l a r g e  secondary flows i n  the  w a l l  regions.  

Consequently, t h e  d e s i g n  r a d i a l  work g r a d i e n t s  f o r  t h e  NAS3-7603 s l o t t e d  

r o t o r  b l ad ing  d i d  not  compensate f o r  t h e  high l o s s  g r a d i e n t s  t h a t  were 

measured nea r  t h e  w a l l s ,  which r e s u l t e d  i n  a h i g h l y  three-dimensional 

flow w i t h  low t o t a l  p re s su re  r a t i o  and e f f i c i e n c y  near t h e  w a l l s .  These 

f a c t o r s  i n d i c a t e d  t h a t  advanced compressor des ign  concepts f o r  t h e  

i n c r e a s e  o f  a l lowable s t a g e  loading and s t a b l e ,  low-loss o p e r a t i n g  range 

should be addressed t o  t h e  problem o f  secondary flow and a s s o c i a t e d  h igh  

l o s s e s  near t h e  w a l l .  

A s i n g l e  s t a g e  compressor i n v e s t i g a t i o n  was i n i t i a t e d  w i t h  t h e  

following t h r e e  approaches t o  reduce l a r g e  secondary flow l o s s e s  and 

improve blade element performance i n  the w a l l  r e g i o n  o f  highly-loaded 

compressor b l ade  rows: 

1. 

2. 

3 .  

Addit ion o f  b l a d e  end s l o t s  (upstream o f  the  e x i s t i n g  s l o t s ) ,  

and secondary flow fences t o  r o t o r  3 and s t a t o r  3 of  Con- 

t r a c t  NAS3-7603 

Design and tes t  o f  two new s t a g e s  (designated 4 and 5) 

w i t h  r e l a t i v e l y  high work inpu t  near  t h e  w a l l s  t o  com- 

pensate  f o r  h igh  l o s s e s  

Addit ion o f  b l ade  s l o t s  and secondary flow fences o r  w a l l  

v o r t e x  gene ra to r s  t o  s t a g e s  4 and 5 t o  reduce t h e  w a l l -  

a s s o c i a t e d  l o s s e s .  

2 



Discussion o f  t h e  des ign  mod i f i ca t ions  f o r ,  and the  experimental  

r e s u l t s  obtained w i t h ,  modified r o t o r  3 and s t a t o r  3 a r e  presented i n  

Reference 2 .  

The aerodynamic and mechanical d e s i g n  o f  s t a g e s  4 and 5 ,  and t h e  

des ign  o f  b l ade  s l o t s  and w a l l  v o r t e x  gene ra to r s  f o r  s t a g e  4,  are  t h e  

s u b j e c t  o f  t h i s  r e p o r t .  

w i t h o u t  s l o t s  o r  v o r t e x  gene ra to r s  precluded f u r t h e r  t e s t i n g  of s t a g e  5 ;  

t h e r e f o r e  s l o t  and v o r t e x  gene ra to r  d e s i g n  in fo rma t ion  f o r  s t a g e  5 

a r e  no t  included i n  t h i s  r e p o r t .  Stages 4 and 5 ,  each c o n s i s t i n g  o f  

a r o t o r  and s t a t o r  b l ade  row, were designed w i t h  d i f f e r e n t  work l e v e l s  

and correspondingly d i f f e r e n t  r a d i a l  g r a d i e n t s  o f  work inpu t .  S l o t t e d  

r o t o r  and s t a t o r  b l ad ing  tes t  d a t a  from References 3 through 8 were used 

a s  t h e  b a s i s  f o r  t h e  s e l e c t i o n  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  ang le ,  and 

incidence ang le  d i s t r i b u t i o n s .  

F a i l u r e  o f  r o t o r  5 dur ing  t h e  b a s e l i n e  test  

AERODYNAMIC ANALYSIS AND DESIGN 

General Cr i te r ia  f o r  Stage S e l e c t i o n  

The primary d e f i n i t i o n  of t h e  s t a g e s  i s  given i n  t a b l e  2. 

Table 2. Approximate Design Goals 

P res su re  Ra t io  1.35 

Rotor Tip Ve loc i ty ,  f t / s e c  (m/sec) 800 (243.83)  

Hub/Tip Ra t io  0.8 

Tip S o l i d i t y  1.0 (minimum) 

I n  a d d i t i o n  t o  t h e  goals  given i n  t a b l e  2 ,  t h e  designs were intended 

t o  meet seven o t h e r  c o n d i t i o n s ,  as follows: 

1. I n  o rde r  t o  reduce t h e  e f f e c t s  a t t r i b u t a b l e  t o  t h e  i n t e r -  

a c t i o n  of i n l e t  guide vane wakes w i t h  t h e  r o t o r  and s t a t o r ,  

i n l e t  guide vanes were n o t  t o  be employed 

2 .  S t a t o r  d i scha rge  flow d i r e c t i o n  should be a x i a l  

3 .  The average a x i a l  v e l o c i t y  r a t i o  should be maintained near  

u n i t y  ac ross  a l l  blade rows t o  ensu re  t h a t  b l ade  d i f f u s i o n -  

loading i s  achieved a s  a r e s u l t  o f  work i n p u t  o n l y .  

3 



4. 

5. 

6. 

7. 

The r o t o r  t i p  (10% span) i n l e t  r e l a t i v e  Mach number should 

be approximately 0.8 t o  avoid high l o s s e s  due t o  shock 

wave induced boundary l a y e r  s e p a r a t i o n  i n  t h e  r o t o r  b l ade  

rows 

The s t a g e s  were t o  b e  designed f o r  two d i f f e r e n t  l e v e l s  

o f  aerodynamic loading.  The hub (90% span from t i p )  

d i f f u s i o n  f a c t o r  f o r  t h e  most highly-loaded r o t o r  should 

be between 0.7 t o  0.8 t o  ensure t h a t  t h i s  s t a g e  i s  i n  

advance of  c u r r e n t  technology 

A s i n g l e  flow pa th  should b e  used f o r  both s t a g e s  

The s t a g e  e x i t  t o t a l  p r e s s u r e  should be cons t an t  a c r o s s  

t h e  span. 

Stage Aerodynamic Design Procedure 

The i n i t i a l  phase o f  t h e  des ign  w a s  t h e  c o r r e l a t i o n  o f  s l o t t e d  r o t o r  

and s t a t o r  b l ade  element performance d a t a  from References 3 through 8. 

These d a t a ,  which were used i n  t h e  d e s i g n  of t h e  two s u b j e c t  compressor 

s t a g e s ,  were comprised o f  l o s s  parameter,  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 r e f e r e n c e  incidence ang le  d a t a .  

Loss C o r r e l a t i o n  

Rotor and s t a t o r  l o s s  parameter d a t a  f o r  90, 100, and 110 pe rcen t  

of design r o t o r  speed from References 3 through 8 were p l o t t e d  ve r sus  

d i f f u s i o n  f a c t o r .  Minimum l o s s  d a t a  were used whenever a minimum 

l o s s  was c l e a r l y  d e f i n e d ,  Where a minimum l o s s  was no t  c l e a r l y  de f ined ,  

t h e  p o i n t  corresponding t o  t h e  midpoint o f  incidences t e s t e d  w a s  s e l e c t e d .  

Curves were drawn through t h e  l o s s  parameter d a t a  a t  each pe rcen t  span. 

Cross-plots  were made o f  loss  parameter vs pe rcen t  span a t  c o n s t a n t  

d i f f u s i o n  f a c t o r  va lues  of 0.5 and 0.7 t o  check t h e  spanwise l o s s  g r a d i e n t  

a t  c o n s t a n t  d i f f u s i o n  f a c t o r ,  The l o s s  c o r r e l a t i o n  curves were modified 

s l i g h t l y  t o  o b t a i n  a smooth d i s t r i b u t i o n  o f  l o s s  parameter w i t h  span. I n  

a n t i c i p a t i o n  o f  reduced l o s s e s  due t o  b l ade  s l o t s  and secondary flow 

4 



fences o r  w a l l  v o r t e x  g e n e r a t o r s ,  i t  w a s  necessary t o  select  design l o s s  

curves  f o r  s t a g e s  4 and 5 a t  l o s s  l e v e l s  lower than  t h e  c o r r e l a t e d  d a t a .  

The c o r r e l a t i o n  curves f o r  50% span i n  f i g u r e s  .1 and 2 were assumed t o  

r e p r e s e n t  t h e  c l o s e s t  approximation o f  a two-dimensional flow environ- 

ment p o s s i b l e  i n  a h igh  hub- t ip  r a t i o  compressor. 

are above t h e  i n d i c a t e d  two-dimensional cascade l o s s  curves i n  t h e  f i g -  

u r e s ,  t hey  r e p r e s e n t  reasonable  e x t r a p o l a t i o n s  o f  t h e  s i n g l e  s t a g e  com- 

p res so r  d a t a  from Reference 9 ,  which are  a l s o  i n d i c a t e d  i n  t h e  f i g u r e s .  

It was t h e r e f o r e  assumed t h a t  t h e  midspan l o s s  curves  r e p r e s e n t  a l i m i t i n g  

l o s s  f o r  o t h e r  span l o c a t i o n s .  The des ign  curves s e l e c t e d  f o r  s t a g e s  4 

and 5 cons i s t ed  o f  t h e  l o c i  of midpoints between t h e  l o s s  l e v e l  a t  each 

spanwise l o c a t i o n  and t h e  midspan l o s s  l e v e l ,  s i n c e  a 50% improvement 

between t h e  secondary flow l o s s e s  and t h e  low l i m i t  o f  l o s s  was considered 

t o  be a reasonable  goal  f o r  s l o t s  and fences o r  v o r t e x  gene ra to r s .  The 

l o s s  d a t a  c o r r e l a t i o n  curves and t h e  s e l e c t e d  des ign  l o s s  curves  f o r  

s t a g e s  4 and 5 are  compared i n  f i g u r e s  1 and 3a through 3d f o r  r o t o r s ,  

and f i g u r e s  2 and 4a through 4d f o r  s t a t o r s .  

Although t h e s e  curves 

Deviat ion Angle C o r r e l a t i o n  

P l o t s  denot ing t h e  d i f f e r e n c e  between p r e d i c t e d  and measured d e v i a t i o n  

ang le  ve r sus  d i f f u s i o n  f a c t o r  a t  each pe rcen t  span were made from t h e  d a t a  

i n  References 3 through 8 t o  determine i f  any adjustment t o  t h e  NASA dev i -  

a t i o n  ang le  c o r r e l a t i o n  (Reference 9) w a s  necessary.  Composite p l o t s  of 

the d e v i a t i o n  ang le  d a t a  are presented i n  f i g u r e s  5 and 6 f o r  r o t o r s  and 

s t a t o r s ,  r e s p e c t i v e l y ,  w i t h  pe rcen t  spans from the  t i p  i n d i c a t e d .  The 

r o t o r  d a t a  ( f i g u r e  5) g e n e r a l l y  centered around z e r o  d i f f e r e n c e  a t  a l l  

s t a t i o n s  a c r o s s  t h e  span and it  w a s  decided t h a t  no adjustment was r equ i r ed .  

The s t a t o r  d a t a  i n  f i g u r e  6 e x h i b i t  a l a r g e r  s c a t t e r  t han  t h e  r o t o r  d a t a ,  

t h e  gene ra l  l e v e l  o f  t he  d e v i a t i o n  d i f f e r e n c e  being approximately -3 deg 

(-0.05236 rad ) .  I n  view of  t he  s c a t t e r  and because the  s t a t o r  d e v i a t i o n  

ang le  a f f e c t s  on ly  t h e  d i scha rge  flow d i r e c t i o n  and no t  t h e  s t a g e  per-  

formance, i t  was decided t h a t  no c o r r e c t i o n  based on t h e s e  d a t a  should 

b e  appl ied.  Add i t iona l  d a t a ,  generated du r ing  t h e  t e s t s  o f  s t a g e s  4 and 

5 ,  w i l l  be used t o  b e t t e r  d e f i n e  t h e  s t a t o r  d e v i a t i o n  angle.  

5 



Reference Incidence C o r r e l a t i o n  

C o r r e l a t i o n  techniques s i m i l a r  t o  those  used on t h e  l o s s  c o e f f i c i e n t  

and d e v i a t i o n  ang le  d a t a  were app l i ed  t o  t h e  r e f e r e n c e  incidence ang le  

d a t a  t o  determine i f  any adjustment t o  t h e  P r a t t  & Whitney A i r c r a f t  

r e f e r e n c e  incidence c o r r e l a t i o n  was necessary.  Composite p l o t s  o f  

r e f e r e n c e  inc idence  ang le  adjustment f o r  r o t o r s  and s t a t o r s  w i t h  per-  

c e n t  spans from t i p  noted are given i n  f i g u r e s  7 and 8. Data s c a t t e r  

prevented c o r r e l a t i o n  of i nc idence  ang le  adjustment ve r sus  loading a t  each 

pe rcen t  span. However, i f  extreme r o t o r  and s t a t o r  d a t a  p o i n t s  were 

e l imina ted ,  t h e  average d i f f e r e n c e  i s  approximately -2 ( -0 .03491 rad) and 

0 degree  f o r  r o t o r s  and s t a t o r s ,  r e s p e c t i v e l y .  Consequently, r o t o r s  4 

and 5 were designed w i t h  2 deg (0.03491 rad)  less than r e f e r e n c e  incidence 

ac ross  t h e  span, and s t a t o r s  4 and 5 were designed a t  t h e  r e f e r e n c e  i n -  

c idence angle.  

Stage S e l e c t i o n  Process 

Following t h e  c o r r e l a t i o n  of  d a t a  from References 3 through 8, t h e  

s t a g e  s e l e c t i o n  w a s  made through success ive  i t e r a t i o n s  u n t i l  t h e  d e s i g n  

goals  p rev ious ly  o u t l i n e d  were s a t i s f i e d .  The s t a g e  s e l e c t i o n  process  

is  i l l u s t r a t e d  i n  f i g u r e  9. The i t e r a t i o n  procedure r equ i r ed  t h e  l o s s  

c o e f f i c i e n t  d i s t r i b u t i o n  t o  b e  i n p u t  i n t o  t h e  axisymmetric flow ca lcu -  

l a t i o n  computer program i n  accordance wi th  t h e  c a l c u l a t e d  d i f f u s i o n  

f a c t o r  d i s t r i b u t i o n  from t h e  previous i t e r a t i o n  and t h e  des ign  l o s s  

parameter curves desc r ibed  ear l ier .  During t h e s e  i t e r a t i o n s ,  t h e  

flow p a t h  was a l t e r e d  by varying t h e  o u t e r  w a l l  i n  o rde r  t o  ma in ta in  

a n e a r l y  c o n s t a n t  average a x i a l  v e l o c i t y .  The t i p  speed was c o n t r o l l e d  

t o  maintain the  d e s i r e d  (0.8) t i p  Mach number, and t h e  s t a g e  s p e c i f i c  

flow w a s  he ld  c o n s t a n t  a t  33 l b / s e c / f t  

i s  r e p r e s e n t a t i v e  o f  c u r r e n t  middle s t a g e  des ign  p r a c t i c e .  The des ign  

p r e s s u r e  r a t i o  was v a r i e d  t o  b r i n g  t h e  loading t o  t h e  d e s i r e d  levels 

(DF, max = 0.7 f o r  r o t o r  4 and DF, max = 0.8 f o r  r o t o r  5) and thus 

produce two s t a g e s  w i t h  va ry ing  degrees  o f  d i f f i c u l t y .  D i f f e r i n g  work 

g r a d i e n t s  f o r  t h e  two des ign  p r e s s u r e  r a t i o s  r e s u l t e d  because,  as average 

work c o e f f i c i e n t  and hence d i f f u s i o n  f a c t o r  i n c r e a s e s ,  t h e  r a d i a l  work 

g r a d i e n t  must be g r e a t e r  t o  compensate f o r  t h e  i n c r e a s i n g  s l o p e  o f  t h e  

des ign  l o s s  curves .  S ince  t h e  s t a t o r  e x i t  t o t a l  p re s su re  r a d i a l  p r o f i l e  

2 2 (161.11 kg/sec/m ) ,  a va lue  t h a t  

6 



was held approximately cons t an t  by varying r o t o r  r a d i a l  work d i s t r i b u -  

t i o n  t o  compensate f o r  both r o t o r  and s t a t o r  l o s s e s ,  t h e  d i scha rge  from 

the s t a g e  i s  s i m i l a r  t o  the  i n l e t  f low, as both a r e  of cons t an t  t o t a l  

p re s su re  and a x i a l  f low d i r e c t i o n .  The d i scha rge  t o t a l  temperature  

p r o f i l e ,  however, w i l l  no t  be uniform. 

Design Ve loc i ty  Diagram Data and P red ic t ed  Performance 

Design v e l o c i t y  diagram d a t a  and p r e d i c t e d  performance o f  t h e  s t a g e s  

s e l e c t e d  t o  f u l f i l l  t he  design Lntent a r e  summarized i n  t a b l e  3.  Stages 4 

and 5 have des ign  p r e s s u r e  r a t i o s  of 1.325 and 1.375, r e s p e c t i v e l y ,  a t  a 

design r o t o r  t i p  v e l o c i t y  of approximately 757 f t l s e c  (230.73 m/sec).  

D i f f u s i o n  f a c t o r  d i s t r i b u t i o n s  f o r  the two s t a g e s  a r e  presented i n  

f i g u r e  10. The average l e v e l  of loading f o r  r o t o r  4 and s t a t o r  5 a r e  

s imilar  t o  those of r o t o r  3 and s t a t o r  3 ,  (Reference 8 ) ,  which were t h e  

most highly-loaded r o t o r  and s t a t o r  under the  NAS3-7603 c o n t r a c t  i n v e s t i -  

g a t i o n  of s l o t t e d  b l ad ing .  The s t a g e  4 and 5 b l a d i n g ,  however, i s  com- 

p r i s e d  of a p r o p o r t i o n a l l y  more h i g h l y  loaded hub when compared t o  t h e  

r o t o r  3 and s t a t o r  3 loading d i s t r i b u t i o n .  

Spanwise lo s s  c o e f f i c i e n t  d i s t r i b u t i o n s  a r e  presented i n  f i g u r e  11 

f o r  both r o t o r s  and s t a t o r s .  The combined e f f e c t s  of t he  loading 

g r a d i e n t  and the  r a d i a l  g r a d i e n t  of l o s s  c o e f f i c i e n t  a r e  r e a d i l y  n o t e d ,  

i n  f i g u r e  11. The small v a r i a t i o n  of loading with r a d i u s  i n  the  t i p  

r eg ion  of t h e  r o t o r  r e s u l t s  i n  a p o s i t i v e  r a d i a l  loss  g r a d i e n t  a t  t he  

t i p ,  w h i l e  t he  nega t ive  r a d i a l  d i f f u s i o n  f a c t o r  g r a d i e n t  of t he  s t a t o r  

t i p  resul ts  i n  an  almost  cons t an t  t i p  loss .  

The flow path of t he  two s t a g e s  i s  dep ic t ed  schemat i ca l ly  i n  f i g -  

ure  12 .  The a r e a  c o n t r a c t i o n  from r o t o r  and s t a t o r  leading t o  t r a i l i n g  

edge i s  7.6 and 6.5 percent  r e s p e c t i v e l y .  The t i p  contour  f o r  t he  

s t a g e s  of Reference 1 i s  shown f o r  comparison. 

B l a d i n g  S e l e  c t i on 

Stages 4 and 5 r e p r e s e n t  a c o n t i n u a t i o n  of t he  work i n  Reference I, 
t h e r e f o r e ,  NACA 6 5 - s e r i e s  a i r f o i l  s e c t i o n s  were a l s o  s e l e c t e d  f o r  both 

r o t o r s  and s t a t o r s  of s t a g e s  4 and 5 .  The number of  r o t o r  and s t a t o r  

b l ades  s e l e c t e d  were 60 and 58, r e s p e c t i v e l y .  Table 4 l i s t s  those geo- 

me t r i c  v a r i a b l e s  a r b i t r a r i l y  determined o r  d i r e c t l y  r e l a t e d  t o  the  s e l e c -  

t i o n  of flow path and b l ade  number. 7 
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Table 4 .  Geometry S e l e c t i o n s  

Rot o r  S t a t o r  
Hub T i p  Hub T i p  

S o l i d i t y  1.285 1.025 1.226 0.994 

Thickness r a t i o ,  t / c  0.08 0.04 0.09 0.09 

Chord, i n .  (meters) 2.21(0.05613) 2.21 2 e 18(0.05537) 2.18 

The blade chord ang le  and camber were determined by s a t i s f y i n g  the  

v e l o c i t y  diagram va lues ,  t h e  c o r r e l a t i o n s  of d a t a  p rev ious ly  desc r ibed ,  

and t h e  camber, d e v i a t i o n  ang le ,  and incidence angle  c o r r e l a t i o n s  p re -  

s en ted  as equa t ions  286, 287, and 288 o f  Reference 9. 

The r e s u l t a n t  r a d i a l  d i s t r i b u t i o n s  of r o t o r  and s t a t o r  camber and 

blade chord a n g l e  are presented i n  f i g u r e s  13 and 14. The d a t a  p e r -  

t a i n i n g  t o  the  b l ad ing  geometry are presented i n  terms of a n  e q u i v a l e n t  

c i r c u l a r  a r c  meanline of t h e  same maximum camber as t h e  a c t u a l  (A = 1.0) 

meanline of t h e  65-Series  blade s e c t i o n s .  I n  a d d i t i o n ,  t h e  l ead ing  and 

t r a i l i n g  edge b l ade  ang le s  based on the  e q u i v a l e n t  c i rcu lar  a r c  meanline 

are  provided f o r  r e f e r e n c e  i n  f i g u r e s  15 and 1 6 .  Rotor and s t a t o r  i n -  

c idence and d e v i a t i o n  ang le s  are presented i n  f i g u r e s  1 7  and 18. Hub, 

midspan, and t i p  s e c t i o n s  of t he  s t a g e  4 and 5 b l ad ing  a r e  shown i n  f i g -  

u r e s  19 and 20. Blade element d a t a  a r e  summarized i n  t a b l e  3. 

P red ic t ed  Overa l l  Performance Without S l o t s  
O r  Vortex Generators 

The o v e r a l l  performance of s t a g e s  4 and 5 was p red ic t ed  f o r  t h e  

des ign  b l ad ing  geometry, o p e r a t i n g  with l o s s e s  equa l  t o  those of t he  

o r i g i n a l  d a t a  c o r r e l a t i o n s  i n  f i g u r e s  1 through 4 .  This g i v e s  t h e  

approximate performance t h a t  would be expected without  any improvement 

due t o  s l o t s  and f ences  o r  v o r t e x  g e n e r a t o r s .  For t h i s  c a l c u l a t i o n  i t  

was assumed t h a t  t h e  r o t o r  d e v i a t i o n  ang le  d i s t r i b u t i o n  would be the  

same as the des ign  d i s t r i b u t i o n ,  and t h a t  any s l i g h t  change i n  s t a t o r  

i nc idence  ang le  would not  a f f e c t  s t a t o r  minimum l o s s e s .  The r e s u l t i n g  

p red ic t ed  o v e r a l l  performance i s  given i n  t a b l e  5 .  

20 



Table 5.  P red ic t ed  Overa l l  Performance Without 
S l o t s  o r  Vortex Generators  

Rotor 4 

Rotor 5 

S tage  4 

S tage  5 

Pressure  Ra t io  Ad iaba t i c  E f f i c i ency ,  
Yo 

1.335 86.8 

1.401 87.3 

1.305 79.7 

1.353 78.1 

Design of S l o t s  and Vortex Generators  f o r  S tage  4 

The des ign  of b l ade  s l o t s  and t h e  s e l e c t i o n  and des ign  of w a l l  vor- 

tex gene ra to r s  f o r  s t a g e  4 were based on a pre l iminary  a n a l y s i s  of t h e  

d a t a  from t h e  s t a g e  4 b a s e l i n e  t e s t s  and t h e  r e s u l t s  of t h e  modified 

s t a g e  3 tes ts  of Reference 1. Vortex gene ra to r s  were chosen over  second- 

a r y  f low fences  because t h e  f ences  d i d  n o t  provide any apparent  per- 

formance improvement f o r  s t a g e  3 (Reference 2 ) .  Although compressors 

t h a t  u t i l i z e  vo r t ex  gene ra to r s  have n o t  been found i n  t h e  open l i t e r a t u r e ,  

t he  e f f e c t i v e n e s s  of vo r t ex  gene ra to r s  i n  o t h e r  a p p l i c a t i o n s  (and c r i -  

t e r ia  f o r  t h e i r  des ign)  are  wel l  documented. 

S l o t  Design 

Four f a c t o r s  were cons idered  f o r  t h e  s e l e c t i o n  of r o t o r  and s t a t o r  

s l o t  conf igu ra t ions :  

0 Spanwise e x t e n t  

e Chordal l o c a t i o n  

e Number 

0 Geometry 

Spanwise e x t e n t ,  chorda l  l o c a t i o n ,  and t h e  number of s l o t s  were 

based on t h e  s t a g e  4 b a s e l i n e  t e s t  r e s u l t s  ob ta ined  a t  near  des ign  

poin t  ope ra t ion  cond i t ions .  S l o t  geometry was based on the  r e s u l t s  of 

a two-dimensional p o t e n t i a l  f low a n a l y s i s .  

The es t imated  s t a l l e d  reg ions  on t h e  r o t o r  and s t a t o r  s u c t i o n  

s u r f a c e s  a t  near  des ign  ope ra t ing  cond i t ions  are  i l l u s t r a t e d  i n  f i g -  

ure  21. The spanwise e x t e n t  of t he  s t a l l e d  r eg ions  were es t imated  on 

t h e  b a s i s  of t h e  a x i a l  v e l o c i t y  and l o s s  c o e f f i c i e n t  d i s t r i b u t i o n s  

shown i n  t h e  f i g u r e ;  and t h e  shape of t h e  s t a l l e d  r eg ions  g e n e r a l l y  

21 



conforms t o  secondary flow p a t t e r n s  t h a t  have been observed on cascade 

a i r f o i l s .  The maximum spanwise e x t e n t  of t he  s l o t s  w a s  s e l e c t e d  t o  

cover the  e s t ima ted  spanwise e x t e n t  of t h e  s t a l l e d  r eg ions  on the suc- 

t i o n  s u r f a c e s .  The chordal  l o c a t i o n  of t he  s l o t s  w a s  s e l e c t e d  so t h a t  

a l l  of  t he  s l o t  flow would e n t e r  t h e  s u c t i o n  s u r f a c e  flow ahead o f  t h e  

e s t ima ted  flow s e p a r a t i o n  l i n e .  

i n d i c a t e d  by the  a x i a l  v e l o c i t y  d i s t r i b u t i o n  f o r  t he  r o t o r  (as opposed 

t o  those  i n d i c a t e d  f o r  t h e  s t a t o r ) ,  two rows of s l o t s  were s p e c i f i e d  

f o r  t he  r o t o r .  The upstream row (of lesser spanwise e x t e n t )  i s  i n -  

tended t o  move the  s t a r t i n g  po in t  of t h e  s t a l l e d  r eg ion  beyond t h e  down- 

s t ream row. 

Because of  t h e  l a r g e r  r a d i a l  flow g r a d i e n t s  

Any improvement i n  t h e  r o t o r  e x i t  v e l o c i t y  d i s t r i b u t i o n  by means 

of t h e  r o t o r  s l o t s  i m p l i e s  improvement t o  the  s t a t o r  i n l e t  v e l o c i t y  

d i s t r i b u t i o n .  The i n c r e a s e  i n  axial  v e l o c i t y  near  t he  walls w i l l  be 

accompanied by a reduced r a d i a l  f low s h i f t  through the  s t a t o r .  Based 

on t h i s  a n t i c i p a t e d  i n c r e a s e  i n  ax ia l  v e l o c i t y  and the  accompanying 

r educ t ion  i n  the  s t a l l e d  r eg ion  on the s t a t o r ,  only one row of s l o t s  

was considered necessa ry  f o r  t h e  s t a t o r .  The chordal  l o c a t i o n  of t h e  

upstream r o t o r  s l o t ,  and t h e  s t a t o r  s l o t ,  f a v o r s  o p e r a t i o n  above des ign  

inc idence ,  as one of t he  program o b j e c t i v e s  i s  t o  extend t h e  s t a b l e  

o p e r a t i n g  range of compressor s t a g e s .  Also ,  a l l  of t he  s l o t  rows ( a t  

the s u c t i o n  s u r f a c e )  are e i t h e r  a t  o r  downstream of t h e  minimum pres-  

s u r e  po in t  f o r  ope ra t ion  between design and s t a l l  incidence;  t hus  t h e  

s l o t  f low should n o t  adve r se ly  a f f e c t  t he  s t a b i l i z i n g  i n f l u e n c e  of t he  

f avorab le  p re s su re  g r a d i e n t  on t h e  s u c t i o n  s u r f a c e .  S l o t  l o c a t i o n s  

f o r  t h e  r o t o r  and s t a t o r  a r e  summarized i n  t a b l e  6 .  

Table 6 .  Rotor and S t a t o r  S l o t  Location 

Chordal Locat ion Spanwise Extent  
(Percent Chord) (Percent  from T i p )  

Rotor 20 0-20 ; 80-100 

45 0-30 ; 70-100 

S t a t o r  20 0-30 ; 80-100 

S l o t  geometry was evaluated on t h e  b a s i s  of c a l c u l a t e d  p r e s s u r e  

c o e f f i c i e n t  d i s t r i b u t i o n s  f o r  t h e  a i r f o i l  s e c t i o n  a t  85% span from the  

t i p  of s t a t o r  4 .  Two-dimensional, s t eady ,  incompressible ,  and i n v i s c i d  

'22 



p o t e n t i a l  f low was assumed f o r  t hese  c a l c u l a t i o n s .  The 85% span s e c t i o n  

was s e l e c t e d  as be ing  r e p r e s e n t a t i v e  of bo th  the  r o t o r  and s t a t o r  s e c t i o n  

geometry near  t h e  wal l .  S l o t  geometr ies  f o r  t h e  r o t o r  hub and t i p  and 

t h e  s t a t o r  t i p  s e c t i o n s  were made geomet r i ca l ly  similar t o  t h e  conf igura-  

t i o n  s e l e c t e d  f o r  t he  s t a t o r  a t  85% span. 

The s l o t  i s  r e q u i r e d  t o  t r a n s f e r  a s p e c i f i e d  amount of f low from 

t h e  p re s su re  s u r f a c e  t o  t h e  s u c t i o n  s u r f a c e  as e f f i c i e n t l y  as p o s s i b l e ,  

and wi th  as much a c c e l e r a t i o n  as p r a c t i c a l  wi thout  i n t roduc ing  seve re  

adverse  pressure  g r a d i e n t s  on t h e  s l o t  wa l l s .  The s l o t  des ign  t h a t  

evolved from t h e  annu la r  cascade t e s t s  of Reference 10 was eva lua ted  

i n i t i a l l y .  The p r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n  f o r  t h i s  s l o t ,  l oca t ed  

a t  20% chord i n  t h e  85% span s e c t i o n  of s t a t o r  4 ,  i s  shown i n  f i g u r e  2 2 .  

The s l i g h t  d i f f u s i o n  on the  forward w a l l  of t h e  s l o t  and t h e  h igh  ra te  

of d i f f u s i o n  immediately downstream of  t h e  s l o t  were cons idered  unaccept- 

a b l e .  Subsequent changes were made t o  t h e  s u r f a c e  cu rva tu re  on t h e  

forward and r e a r  walls of t he  s l o t  t o  provide a smooth pressure  d i s t r i -  

bu t ion  through t h e  s l o t  wi thout  s eve re  l o c a l  adverse  p re s su re  g r a d i e n t s .  

E ight  conf igu ra t ions  were analyzed.  The h igh  degree of convergence i n  

the  i n i t i a l  c o n f i g u r a t i o n  l e d  t o  d i f f u s i o n  on t h e  p re s su re  s u r f a c e  ahead 

of t he  s l o t .  The r e v i s e d  s l o t  had e s s e n t i a l l y  ze ro  convergence, and gave 

a smoother t r a n s i t i o n  through t h e  s l o t .  The s e l e c t e d  c o n f i g u r a t i o n  and 

a s s o c i a t e d  pressure  d i s t r i b u t i o n  are  shown i n  f i g u r e  2 3 .  The s l i g h t  

sp ike  i n  pressure  c o e f f i c i e n t  on the  rear w a l l  of t h e  s l o t  i s  n o t  con- 

s ide red  t o  be of any consequence because of t h e  l a r g e  a c c e l e r a t i o n  a f t e r  

t he  sp ike .  

S l o t s  a t  50% chord were eva lua ted  wi th  t h e  s e l e c t e d  s l o t  a t  20% 

chord. The s e l e c t e d  c o n f i g u r a t i o n  of t he  second s l o t ,  and t h e  pressure  

c o e f f i c i e n t  d i s t r i b u t i o n  wi th  both  s l o t s  i n  t h e  a i r f o i l ,  are shown i n  

f i g u r e  2 4 .  F i n a l  s l o t  c o n f i g u r a t i o n  and l o c a t i o n s  a re  shown f o r  s e v e r a l  

spanwise s e c t i o n s  of t h e  r o t o r  i n  f i g u r e s  25a and 2 5 b ,  and f o r  t h e  

s t a t o r  i n  f i g u r e  2 6 .  

Vortex Generator  Design 

Base l ine  t e s t  r e s u l t s  i n d i c a t e d  seve re  secondary f lows i n  t h e  end 

reg ions  o f  both the  r o t o r  and s t a t o r  b lade  rows and t h e r e f o r e ,  i t  was 

concluded t h a t  vo r t ex  gene ra to r s  should be designed f o r  t h e  i n n e r  and 
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o u t e r  walls of both b l ade  rows. The v o r t e x  gene ra to r s  are intended,  

by means of t u r b u l e n t  mixing, t o  induce high momentum a i r  from t h e  main- 

s t ream i n t o  t h e  w a l l  boundary l a y e r  flow and low momentum a i r  from t h e  

w a l l  r e g i o n  i n t o  t h e  mainstream flow. This  mixing h e l p s  t o  unload the  

blades i n  the w a l l  r e g i o n  and load t h e  midspan region.  

Vortex gene ra to r  des ign  c r i t e r i a  presented i n  References 11 and 12 

were used as a g u i d e l i n e  f o r  t h e  des ign  of t hese  w a l l  vo r t ex  g e n e r a t o r s .  

The v o r t e x  gene ra to r s  f o r  t h e  r o t o r  were loca t ed  approximately 20 boundary 

l a y e r  t h i cknesses  upstream o f  the  r o t o r  l e a d i n g  edge and pos i t i oned  sym- 

m e t r i c a l l y  i n  p a i r s  t o  produce c o u n t e r - r o t a t i n g  v o r t i c e s .  A boundary 

l a y e r  t h i ckness  of 0.41 i n .  (0.010 m) was determined from r o t o r  i n l e t  

t o t a l  p r e s s u r e  t r a v e r s e  d a t a  obtained during the b a s e l i n e  tests. Vortex 

gene ra to r  h e i g h t  was se t  equa l  t o  1.1 boundary l a y e r  t h i cknesses ,  and 

they were e q u a l l y  spaced 2.7 h e i g h t s  apart  a t  25% chord. The chord 

l eng th  w a s  s e t  equa l  t o  approximately twice the h e i g h t .  The r e s u l t i n g  

c o n f i g u r a t i o n  i s  shown i n  f i g u r e s  27a and 27b. Based on the  above c r i -  

t e r i a ,  a chord of 0.910 i n .  (0.0231 m) was d e s i r e d .  S i x t y - f i v e  series 

a i r f o i l  s t o c k  w i t h  a 0.983 i n .  (0,02497 m) chord was a v a i l a b l e ,  and 

w a s  used t o  exped i t e  f a b r i c a t i o n .  This  s t r i p  s tock  had a maximum th i ck -  

ness-to-chord r a t i o  of 9%, and a camber (based on an  e q u i v a l e n t  c i r c u l a r  

a r c  meanline) of 25 deg (0.4363 r a d ) .  To produce t h e  maximum l i f t - d r a g  

r a t i o ,  a n  ang le  of a t t a c k  of 14 deg (0.2443 rad)  was s e l e c t e d .  

Design of t he  s t a t o r  vo r t ex  g e n e r a t o r s  was n o t  s t r a igh t - fo rward  

because no c l e a r l y  de f ined  boundary. l a y e r  e x i s t s  downstream of the  r o t o r ,  

and the  u p s t r e a m  d i s t a n c e  from a "separat ion" po in t  (such as t h e  s t a l l e d  

r eg ions  on t h e  s t a t o r  vanes) f o r  placement of t he  gene ra to r s  i s  l i m i t e d ,  

A pseudo-boundary l a y e r  t h i ckness  was t h e r e f o r e  de f ined  as one-twent ie th  

of t he  maximum d i s t a n c e  a v a i l a b l e  f o r  gene ra to r  placement u p s t r e a m  of 

t he  s t a t o r  mid-chord. Thus, with t h e  vo r t ex  gene ra to r  h e i g h t  s e t  a t  

1.1 boundary th i cknesses ,  t he  r e q u i r e d  d i s t a n c e  f o r  t u r b u l e n t  mixing i s  

provided between the  g e n e r a t o r s  and t h e  "separat ion" po in t  ( s t a t o r  mid- 

chord, i n  t h i s  case). One p a i r  of c o u n t e r - r o t a t i n g  vo r t ex  g e n e r a t o r s  was 

provided f o r  each s t a t o r  vane passage. The vo r t ex  gene ra to r  chord l eng th  

was twice t h e  h e i g h t ,  and they  were e q u a l l y  spaced a t  25% chord. These 

v o r t e x  gene ra to r s  w i l l  be  f a b r i c a t e d  from 0.020 i n .  (0.000508 m) s h e e t  s t o c k  
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because of t h e i r  s m a l l  s i z e .  They w i l l  be  cambered 20 deg (0.3491 r ad )  

and i n s t a l l e d  a t  an  a n g l e  of a t t a c k  of 10 deg (0.1745 r a d ) .  The chord 

ang le  w i l l  b e  set based on t h e  s t a t o r  i n l e t  a i r  a n g l e s  measured du r ing  

t h e  t e s t i n g  of s l o t t e d  s t a g e  4 w i t h  i n l e t  v o r t e x  gene ra to r s .  

i ng  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  27c.  

The r e s u l t -  

MECHANICAL DESIGN 

Steady-State  Stress Analysis  

A s t e a d y - s t a t e  stress a n a l y s i s  w a s  performed f o r  r o t o r s  4 and 5 and 

s t a t o r s  4 and 5 f o r  d e s i g n  p o i n t  cond i t ions .  A computer program t h a t  

calculates a i r l o a d ,  s e c t i o n  p r o p e r t i e s ,  and t h e  r e s u l t i n g  stress d i s -  

t r i b u t i o n s  w a s  used i n  t h i s  a n a l y s i s .  

c a n t i l e v e r e d  beam because s l i g h t  movement of t h e  s t a t o r  i n n e r  shroud i s  

p o s s i b l e ,  and t h i s  d e f i n i t i o n  r e s u l t e d  i n  l a r g e r  s t r e s s e s  than those  f o r  

a beam f ixed  r i g i d l y  a t  both ends. The i n f l u e n c e  o f  c e n t r i f u g a l  fo rces  

on gas bending l o a d s  w a s  accounted f o r  i n  t h e  r o t o r  stress c a l c u l a t i o n .  

Hub s e c t i o n  bending stresses were evaluated a t  t h e  l ead ing  and t r a i l i n g  

edge and a t  t h e  p o i n t  of maximum t h i c k n e s s  on t h e  convex s u r f a c e .  

The s t a t o r  w a s  t r e a t e d  as a guided, 

Calculated s t e a d y - s t a t e  b l ade  stress d i s t r i b u t i o n s  f o r  r o t o r  4 and 5 

a r e  presented i n  f i g u r e  28. The combined stresses shown a r e  t h e  sum 

of t h e  n e t  gas bending and t h e  c e n t r i f u g a l  t e n s i l e  stress. The maximum 

stress f o r  r o t o r  4 was 19,800 p s i  (0.1365 x 10  N/m ) a t  t h e  t r a i l i n g  

edge of t h e  hub s e c t i o n .  The maximum stress f o r  r o t o r  5 w a s  17,300 p s i  

(0.1193 x 10 The c a l -  
9 2 

cu la t ed  s t r e s s  f o r  r o t o r  4 wi th  two s l o t s  was 27,500 p s i  (0.1896 x 10 N/m ) 

and occurred a t  t h e  l ead ing  edge of t h e  middle a i r f o i l  segment i n  t h e  hub 

s e c t i o n .  The s e c t i o n  of primary i n t e r e s t  f o r  s t a t o r  stress e v a l u a t i o n  

was the  j u n c t i o n  o f  t he  a i r f o i l  and attachment t runnion.  For t h i s  s e c t i o n  

the c a l c u l a t e d  bending s t r e s s e s  were 33,700 p s i  (0.2324 x 10 N/m ) and 

40,100 p s i  (0.2765 x 10 N/m ) f o r  s t a t o r s  4 and 5 r e s p e c t i v e l y .  S t a t o r  

4 s l o t s  d i d  no t  a f f e c t  t h e  s t r e s s e s  s i n c e  t h e i r  l o c a t i o n  d id  no t  a l t e r  

the a i r f o i l / t r u n n i o n  i n t e r f a c e  s e c t i o n  modulus. Both the  r o t o r  and 

s t a t o r  b l ad ing  w i l l  be machined from m a t e r i a l s  having a 0.2% y i e l d  

s t r e n g t h  of 110,000 p s i  (0.7584 x lo9  N/m2); t h e  above c a l c u l a t e d  stresses 

a r e  w e l l  w i t h i n  the  des ign  l i m i t s  f o r  t hese  m a t e r i a l s .  

9 2 

9 2 
N / m  ) a t  t h e  t r a i l i n g  edge 90% of  span from the t i p ,  

9 2 

9 2 
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Design ana lyses  of r o t o r  d i s k  stresses, r o t o r  and s t a t o r  b l ade  a t t a c h -  

ment stresses, and r o t o r  c r i t i c a l  speed were no t  performed because t h e  

r o t o r  and s t a t o r  assemblies  are s imi l a r  t o  those r epor t ed  i n  Reference 1. 

The b l ade  at tachment  stress a n a l y s i s  i n  Reference 1 3  thus a p p l i e s  t o  t h e  

s t a g e  4 and 5 b lad ing .  

V ib ra t ion  Analysis 

Bending and t o r s i o n a l  v i b r a t i o n  frequencies  were c a l c u l a t e d  f o r  t h e  

s t a g e  4 and 5 b l ad ing  and t h e  r e s u l t s  are  presented i n  terms o f  frequency 

ve r sus  r o t o r  speed i n  f i g u r e s  29 and 30. 

r o t o r  frequency (E) a r e  shown i n  t h e  f i g u r e s  t o  p e r m i t  i d e n t i f i c a t i o n  of 

Lines r e p r e s e n t i n g  f a c t o r s  of 

any e x c i t a t i o n  f r equenc ie s  w i t h i n  t h e  planned o p e r a t i n g  range. A s  i n d i c a t e d  

i n  f i g u r e  29, t h e  c a l c u l a t e d  r o t o r  b l ade  n a t u r a l  f requencies  a r e  g r e a t e r  

t han  s i x  times t h a t  o f  r o t o r  frequency f o r  speeds between z e r o  and 110% 

des ign  c o r r e c t e d  r o t o r  speed. This l e v e l  o f  frequency i s  considered ade- 

qua te  f o r  s a f e  r o t o r  o p e r a t i o n  as no d i s t u r b a n c e s  are expected a t  t h i s  

frequency l e v e l .  The c a l c u l a t e d  s t a t o r  f i r s t  bending f r equenc ie s ,  shown 

i n  f i g u r e  30, do n o t  i n d i c a t e  resonance a t  t he  r o t o r  pas s ing  frequency f o r  

t h e  planned range of o p e r a t i n g  c o n d i t i o n s ,  t h e r e f o r e  no v i b r a t i o n  problems 

are a n t i c i p a t e d  f o r  t h e  s t a t o r .  Values were no t  c a l c u l a t e d  f o r  t h e  s l o t t e d  

b l a d i n g  because t h e  change i n  frequency has been noted i n  o t h e r  s imilar  

c a l c u l a t i o n s  t o  be w i t h i n  t h e  accuracy o f  t h e  c a l c u l a t i o n  (Reference 13) .  

Blade v i b r a t i o n  and f a t i g u e  l i f e  bench tes ts  were conducted t o  determine 

t h e  a c t u a l  n a t u r a l  f r equenc ie s ,  t h e  locus of maximum stress p o i n t s ,  and t h e  

f a t i g u e  l i f e  o f  t h e  blading.  The measured v i b r a t i o n  frequencies  a r e  sum- 

marized i n  t a b l e  7 and shown i n  f i g u r e  29 f o r  comparison w i t h  t h e  c a l c u l a t e d  

va lues  e 

Table 7. Measured Vib ra t ion  Frequencies 

Configurat ion 

Rotor 4 
Rotor 5 

S t a t o r  4 

S t a t o r  5 

F i r s t  Bending Frequency 
Uns l o t t e d  S l o t t e d  

F i r s t  Torsion Frequency 
Unslot t ed  S l o t t e d  

CPS ( r ad / sec )  cps  ( r a d / s e c )  cps  ( r a d l s e c )  c p s  ( r ad / sec )  

443 (2783.4) 403 (2532.1) 1465 (9204.8) 1360 (8545.1) 
490 (3078.7) - 1500 (9424.8) - 

- 2100 (13194) - - 
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The measured bending frequencies  f o r  r o t o r s  4 and 5 are lower than  

t h e  c a l c u l a t e d  frequencies  a t  ze ro  rpm ( f i g u r e  2 9 ) .  Assuming t h a t  t h e  

a c t u a l  b l ade  frequency w i l l  have a s i m i l a r  d i s t r i b u t i o n  wi th  r o t o r  speed 

as t h e  c a l c u l a t e d  b l ade  frequency, r o t o r  4 would c l o s e l y  approximate a 

6E resonance a t  des ign  c o r r e c t e d  r o t o r  speed. 

support  s t r u t s  i n  t h e  compressor i n l e t  flowpath, t h e  6E  v i b r a t i o n  frequency 

w a s  o f  l i t t l e  concern because the  s t r u t s  are unequally spaced and t h e i r  

wakes are  s u b s t a n t i a l l y  d i s s i p a t e d  ahead o f  t he  r o t o r .  The measured t o r -  

s i o n a l  mode v i b r a t i o n  frequencies  a t  des ign  speed are  no t  c l o s e  t o  any 

apparent  e x c i t a t i o n  frequencies .  

Although t h e r e  are  s i x  

The r e s u l t s  o f  t h e  f a t i g u e  l i f e  tests are p resen ted  i n  t a b l e  8. 

These f a t i g u e  t e s t  r e s u l t s  were obtained by imposing bending o r  t o r s i o n a l  

stresses a t  t h e  predetermined n a t u r a l  f requencies  s t a r t i n g  wi th  35,000 p s i  

(0.2413 x 10 N/m ) and i n c r e a s i n g  t h e  level i n  5,000 p s i  (0.3447 x 10 N / m  ) 

increments a f t e r  10 x 10 cyc le s  (0.6238 x 10 rad)  u n t i l  f a i l u r e  occurred. 

9 2 8 2  

6 8 

The c a l c u l a t e d  s t r e s s e s  and f a t i g u e  t e s t  r e s u l t s  i n d i c a t e  t h a t  both 

t h e  s l o t t e d  and u n s l o t t e d  r o t o r  and s t a t o r  b l ad ing  have s u f f i c i e n t  s t r e n g t h  

t o  wi ths t and  t h e  loads a n t i c i p a t e d  du r ing  t h e  t es t  program. 

F l u t t e r  Analysis 

The bending and t o r s i o n a l  s t a l l  f l u t t e r  c h a r a c t e r i s t i c s  o f  r o t o r s  4 
and 5 were analyzed and c a l c u l a t e d  f l u t t e r  v a r i a b l e s  were compared w i t h  

c o r r e l a t e d  experimental  f l u t t e r  d a t a .  The f l u t t e r  v a r i a b l e s  a r e  a reduced 

v e l o c i t y  parameter,  de f ined  as , 
3.82V1 

K =  
C O  

and inc idence  parameter,  de f ined  as 
- i  - im m r e f  f(im> - 

Low-Loss Incidence Range 

Where V i ,  c y  i i 

a i r f a i l  s e c t i o n s  loca t ed  a t  25% span from t h e  t i p .  The low-loss incidence 

range and i were determined from the  PWA cascade d a t a  c o r r e l a t i o n .  

and low-loss incidence range a r e  t h e  values  f o r  m’ m r e f  

m r e f  

The f l u t t e r  v a r i a b l e s ,  c a l c u l a t e d  f o r  des ign  o p e r a t i n g  cond i t ions  and 

f o r  t h e  e s t ima ted  nega t ive  and p o s i t i v e  incidence o p e r a t i n g  l i m i t s ,  a r e  

shown i n  r e l a t i o n s h i p  t o  c o r r e l a t e d  f l u t t e r  d a t a  f o r  f i r s t  bending and 
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f i r s t  t o r s i o n a l  v i b r a t i o n  f r equenc ie s  i n  f i g u r e s  31 and 32 ,  r e s p e c t i v e l y .  

The r eg ion  l abe led  "poss ib l e  - i  f l u t t e r  region" i s  n o t  w e l l  de f ined  

by experimental  d a t a  and t h e  boundary ind ica t ed  i s  simply a mi r ro r  image 

of t he  s t a l l  f l u t t e r  boundary. Nei ther  t h e  des ign  p o i n t s  nor t h e  ope ra t ing  

envelopes appear t o  i n d i c a t e  a f l u t t e r  problem wi th  r e s p e c t  t o  t h e  f l u t t e r  

regions shown i n  t h e  f i g u r e s .  

m 
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FD 38116 

Figure  9 .  S tage  S e l e c t i o n  Process  
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DF 78775, 

Figure 10. Rotor and S t a t o r  D i f fus ion  Fac tor  D i s t r i b u t i o n s  
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DF 78774 

Figure  11. Rotor and S t a t o r  Loss D i s t r i b u t i o n s  
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DF 78790 

Figure 13.  Rotor Camber and Blade Chord Angle Distributions 
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DF 78786 
Figure 14. S t a t o r  Camber and Blade Chord Angle Di s t r ibu t ions  
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DF 78792 
Figure 15. Rotor Leading and T r a i l i n g  Edge Metal Angle 

D i s t r i b u t i o n s  
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DF 78794 
Figure 17 .  Rotor Incidence and Devia t ion  Angle D i s t r i b u t i o n s  
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DF 78787 
Figure 18, S t a t o r  Incidence and Deviat ion Angle D i s t r i b u t i o n s  
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DF 78789 

Figure 22.  P re s su re   coefficient^ D i s t r i b u t i o n  fo r  S l o t t e d  
S t a t o r  4 ,  Conf igura t ion  1 
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DF 78799 

Figure 23. Pressure Coefficient Distributions for Slotted 
Stator 4 ,  Final Slot Configuration 
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DF 78800 
Figure 24. Pressure Coefficient Distribution for Double 

Slot Configuration 
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Figure 25a. Rotor  4 S l o t  Loca t ion  
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(Reference Figure 25a) 
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Figure 25b, Rotor 4 Slot Conf igura t ion  
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Figure 26. Stator 4 Slot Configuration 
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Figure 27b. Rotor Vortex Generator Design 
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Figure 27c. S t a t o r  Vortex Generator Design 
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DF 78801 

Figure  28.  Calcu la ted  Rotor Blade Stresses 
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Fi r s  t Bending 
I 

/ Calculated 

0 8  n Rotor 5 Measured / 24E / { y e e d  

I 

. ZL"" .  Y ~ - - 
7- 

6-- 
I 

3 5-- 
x 

3 
P 4 -  

s 3-- 
k i  

2-- 

1- 

0-L 

- 

/f J- Rotor 5 
I 

// / / Rator 4 

I 

OO- 1000 2000 3000 4000 5000 6000 
ROTOR SPEED - s p m  

t I I I 
0 25 0 5 00 750 

ROTOR SPEED - rad lsec  
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Figure 30. 
DF 78796 

S t a t o r  Resonance Diagram f o r  F i r s t  Bending 
Mode Vibration 
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APPENDIX A 
DEFINITION OF SYMBOLS AND DESIGN VARIABLES 

AA 

a; 
C 

C 

d 
P 

DF 

m ' i  

M 

N 

0 

0 ik 

P 

PR 

P 
S 

W 

P 
A B  

Y 

Y O  

6 

- 6 "  

6, 

K 

P 

D e  f i n i  t i o n  o f Symbols 

2 
Flowpath annu la r  a r e a ,  f t  

I n l e t  r e l a t i v e  s t a g n a t i o n  v e l o c i t y  o f  sound, f t f s e c  

Chord l e n g t h ,  i n .  

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

Diameter 

D i f fus ion  f a c t o r  

Incidence ang le ,  degrees  (based on e q u i v a l e n t  c i r c u l a r  a r c  
meanline) 

Absolute Mach number 

Rotor speed, rprn 

Minimum b l a d e  passage gap, i n .  

C r i t i c a l  b l ade  passage gap, i n .  

To ta l  p r e s s u r e ,  p s i a  

P res su re  r a t i o  

S t a t i c  p re s su re ,  p s i a  

Blade spac ing ,  i n .  

Blade maximum th i ckness ,  i n .  

T o t a l  temperature ,  O R  

Rotor speed, f t f s e c  

Ve loc i ty ,  f t / s e c  

Actual f l owra te ,  l bm/sec .  

A i r  ang le ,  degrees  from a x i a l  d i r e c t i o n  

Flow t u r n i n g  ang le  

Rat io  o f  s p e c i f i c  h e a t s  

Blade-chord angle ,  degrees  from a x i a l  d i r e c t i o n  

Ra t io  of t o t a l  p re s su re  t o  NASA s t anda rd  sea l e v e l  p r e s s u r e  
o f  14.694 p s i a  (101,312.2 N/m2) 

Deviat ion angle ,  degrees  ( r ad ians )  

Ra t io  o f  t o t a l  temperature t o  NASA s t anda rd  sea l e v e l  
temperature  o f  518.7"R (288.138"IC) 

Blade m e t a l  ang le ,  degrees  from a x i a l  d i r e c t i o n  (based on 
equ iva len t  c i r c u l a r  arc meanline) 

Densi ty ,  l b f - s e c  / f t  
2 4  
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Solgd i ty ,  CIS 

Blade camber ang le ,  K1 - K 2 ,  degrees  

Frequency, r a d i a n s l s e c  

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

- 0 c o s  Pte Loss parameter 

2 6  

S u b s c r i p t s  : 

b 

fs 

i d  

l e  

L 

t e  

t 

z 

e 

S u p e r s c r i p t s  : 

Eending 

Free stream va lue  

I s e n t r o p i c  c o n d i t i o n  

Leading edge 

Local 

T r a i l i n g  edge 

Tors iona l  

Axial  component 

Tangen t i a l  component 

1 Related t o  r o t o r  b l ade  

- Mass average va lue  

r e f  Minimum loss  
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D e f i n i t i o n  o f  Design Variables  

Incidence Angle: 

Rotor: im = oie - Kle 

D i f f u s i o n  Factor :  

S t a t o r :  i - m - 'le - '(le 

- d VB 
Rotor: DF = 1 -- + t eve t e le  t e  

vie  (die + dte)UVie 

- d V8 'te + dteVBte l e  l e  

'1 e (die + d te )uVle  
S t a t o r :  DF = 1 -- 

Deviat ion Angle: 

Rotor: - - Qte  K t e  Pte  - 'te S t a t o r :  = 

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

- - ' teid 
1 

Rotor: W = - .  

where: 
Y 

Y -1 
- 

PI = Pie  t e i d  
O l e  

Y - 1  PI  i s  found from p /P '  = [l + 7 -  -I%"] 1 
2 

and M' i s  c a l c u l a t e d  us ing  t r igonomet r i c  func t ions  and t h e  measurements 

of U, 6 ,  P,  and p. 

-- 'fs - 'te 

'fs - 'le 
S t a t o r :  W = 
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S t a t i c  P res su re  C o e f f i c i e n t :  

PL - Pfs c =  
P 11 2 PfSV2fS 

Pressu re  Rat io:  

- 
' rotor t e  

'rotor l e  
Rotor: 

Corrected Flow: 

Corrected Rotor Speed: 

w7 
Adiabat ic  E f f i c i ency :  

Y - 1  
( P R j Y  - 1 

Rotor: - 
Tte/518.7 - 1 

I 

' s t a to r  t e  

' rotor l e  
Stage : 

7-1 
( P R ) Y  - 1 

Tte/518.7 - 1 
- Stage : 

- 
Where Tte r e f e r s  t o  the  mass averaged t o t a l  temperature a t  s t a t o r  t r a i l i n g  

edge. 
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