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ABSTRACT 

S t a g e  5 of a  s e r i e s  of h ighly- loaded s l o t t e d  s t a g e s  was t e s t e d  wi th -  

o u t  s l o t s  o r  v o r t e x  g e n e r a t o r s  t o  e s t a b l i s h  a  performance b a s e l i n e  f o r  

comparison w i t h  t h e  r e s u l t s  of subsequen t  t e s t s  planned w i t h  t h e  a d d i t i o n  

of s l o t s  and v o r t e x  g e n e r a t o r s .  F a i l u r e  of t h e  r o t o r  due t o  bending 

f l u t t e r  a t  h igh  n e g a t i v e  i n c i d e n c e  a n g l e s  precluded t h e  l a t t e r  s e r i e s  o f  

t e s t s .  The r o t o r  had a n  i n l e t  h u b l t i p  r a t i o  of 0 .8  and a d e s i g n  t i p  

v e l o c i t y  of 757 F e e t  per second. A t  d e s i g n  e q u i v a l e n t  r o t o r  speed ,  t h e  

r o t o r  ach ieved  a  maximum e f f i c i e n c y  of approx imate ly  84% and a c o r r e -  

sponding p r e s s u r e  r a t i o  of 1.365. High s t a t o r  l o s s e s  r e s u l t e d  i n  sub- 

s t a n t i a l l y  lower s t a g e  performance.  
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SINGLE STAGE EXPERIMENTAL EVALUATION 
OF 

COMPRESSOR BLADING WITH SLOTS AND 
VORTEX GENERATORS 

PART I1 - DATA AND PERFORMANCE FOR STAGE 5  
WITHOUT SLOTS OR VORTEX GENERATORS 

J. A. BRENT AND B.  A. JONES 

PUTT & WHITNEY AIRCRAFT 
FLORIDA RESEARCH AND DEVELOPMENT CENTER 

SUMMARY 

An 0.8  h u b / t i p  r a t i o ,  s i n g l e - s t a g e ,  s u b s o n i c  compressor was des igned  

and t e s t e d  t o  e s t a b l i s h  b a s e l i n e  performance d a t a  f o r  comparison w i t h  t h e  

r e s u l t s  of subsequen t  t e s t s  planned f o r  t h i s  s t a g e ,  w i t h  s l o t s  added t o  t h e  

r o t o r  and s t a t o r  b l a d e s ,  and v o r t e x  g e n e r a t o r s  added t o  t h e  walls. A r o t o r  

b l a d e  f a i l u r e  occur red  n e a r  t h e  end of t h e  b a s e l i n e  t e s t  program. Because 

of t h e  poor performance of t h e  s t a g e  and t h e  r o t o r  b l a d e  f a i l u r e ,  t h e  t e s t  

program w i t h  s l o t s  and v o r t e x  g e n e r a t o r s  f o r  t h i s  s t a g e  was cance led .  

The s t a g e  was des igned  w i t h  ze ro  r o t o r  p r e w h i r l ,  a x i a l  d i s c h a r g e  f low,  

and c o n s t a n t  e x i t  t o t a l  p r e s s u r e  a c r o s s  t h e  span.  It was assumed t h a t  

t h e  r o t o r  and s t a t o r  b l a d e  element l o s s e s  would b e  reduced by t h e  a d d i t i o n  

of s l o t s  and v o r t e x  g e n e r a t o r s ,  and t h e  d e s i g n  v e l o c i t y  diagrams and 

p r e d i c t e d  performance were based on t h i s  assumption.  Accordingly ,  t h e  

r o t o r  d e s i g n  p r e s s u r e  r a t i o  was 1.414 and t h e  p r e d i c t e d  a d i a b a t i c  e f f i -  

c i ency  was 89.3% a t  a r o t o r  t i p  v e l o c i t y  o f  757 f e e t  p e r  second. The 

s t a g e  d e s i g n  p r e s s u r e  r a t i o  (wi th  s l o t s  and v o r t e x  g e n e r a t o r s )  was 1.375 

and t h e  s t a g e  p r e d i c t e d  a d i a b a t i c  e f f i c i e n c y  was 81.7%. Without s l o t s  

and v o r t e x  g e n e r a t o r s  t h e  r o t o r  p r e d i c t e d  p r e s s u r e  r a t i o  was 1.404 and 

t h e  a d i a b a t i c  e f f i c i e n c y  was 87.3%. The s t a g e  p r e d i c t e d  p r e s s u r e  r a t i o  

and a d i a b a t i c  e f f i c i e n c y  were 1.353 and 78..1%, r e s p e c t i v e l y .  The r o t o r  

and s t a t o r  b l a d i n g  were des igned w i t h  6 5 - s e r i e s  a i r f o i l  s e c t i o n s .  Blade 

a s p e c t  r a t i o s ,  s o l i d i t i e s ,  and maximum t h i c k n e s s  d i s t r i b u t i o n s  were  gen- 

e r a l l y  c o n s i s t e n t  w i t h  d e s i g n  p r a c t i c e  f o r  a  compressor middle  s t a g e .  

A t  d e s i g n  e q u i v a l e n t  r o t o r  speed ,  t h e  r o t o r  ach ieved  a maximum a d i a b a t i c  

e f f i c i e n c y  of approx imate ly  84%, and a cor responding  p r e s s u r e  r a t i o  of 

1.365. High s t a t o r  l o s s e s  r e s u l t e d  i n  a  s t a g e  maximum e f f i c i e n c y  o f  70% 



and corresponding pressure ratio of approximately 1.30. Rotor failure 

occurred during operation at 110% of design equivalent rotor speed and 

was attributed to high blade stresses caused by bending flutter at high 

negative incidence angles. 

INTRODUCTION 

Experience with highly loaded, axial flow compressors has shown that 

the region of the flow path most critical to achieving high performance 

is that area adjacent to the walls. In the wall region, the three- 

dimensional aspects of the flow are extremely significant, whereas at 

midstream the flow is more nearly two-dimensional. The three-dimensional 

effects present with a highly-loaded stage result in a marked reduction 

in adiabatic efficiency and associated low total pressure ratio and flow 

near the wall. Because these factors generally represent a conversion 

of kinetic energy into internal energy at an increase in entropy, the 

diffusion limits for a conventional blade row are reached near the wall 

and stall or compressor surge is induced. Further, the wall diffusion 

limits prevent the utilization of the full-loading capacity of the mid- 

stream portion of the blade, as the stalled regions near the walls cause 

an increase of the midspan velocity with a corresponding decrease in 

midspan loading. These factors indicated that advanced compressor design 

concepts for the increase of allowable stage loading and stable, low-loss 

operating range should be addressed to the problem of three-dimensional 

flow near the walls. 

Previous attempts to increase allowable stage loading limits by 

means of slotted blading under NASA Contract NAS3-7603 (Reference 1) 

indicated good performance for the blade midspan regions, but poor per- 

formance near the walls. The relative effectiveness of the slots at 

midspan and their ineffectiveness near the wall was attributed to the 

chordal placement of the slots and their inability to sufficiently re- 

duce the three-dimensional flows in the wall region. To attain the 

full potential of highly loaded blading, methods must be developed to 

reduce the three-dimensional flow losses in this region. 

A single-stage experimental investigation was initiated with the 

following three approaches for the improvement of blade element perform- 

ance in the wall region. 
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1. Addi t ion  of b l a d e  end s l o t s  and secondary f low f e n c e s  t o  

S tage  3 of C o n t r a c t  NAS3-7603 

2.  Design and t e s t  o f  two new s t a g e s ,  d e s i g n a t e d  4 and 5 ,  

w i t h  r e l a t i v e l y  h i g h  work i n p u t  (b lade  camber) n e a r  t h e  

w a l l s  t o  compensate f o r  t h e  h igh  l o s s e s  

3. E v a l u a t i o n  of b l a d e  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  added 

t o  S t a g e s  4 and 5 t o  reduce t h e  w a l l  l o s s e s .  

Exper imental  r e s u l t s  o b t a i n e d  w i t h  S t a g e  3, modif ied w i t h  b l a d e  end 

s l o t s  and secondary f low f e n c e s ,  and i n c l u d i n g  d i s c u s s i o n  o f  t h e  d e s i g n  

m o d i f i c a t i o n s ,  a r e  p r e s e n t e d  i n  Reference 2 .  D i s c u s s i o n  of t h e  aerody-  

namic and mechanical  d e s i g n  of S t a g e s  4 and 5 i s  p r e s e n t e d  i n  Reference 3. 

Th is  r e p o r t  p r e s e n t s  t h e  d a t a  and performance o b t a i n e d  w i t h  S t a g e  5 wi th -  

o u t  b lade  s l o t s  o r  w a l l  v o r t e x  g e n e r a t o r s .  Rotor 5 f a i l e d  d u r i n g  t e s t  

due t o  bending f l u t t e r  a t  high n e g a t i v e  i n c i d e n c e  a n g l e s .  Because of t h e  

poor performance of t h i s  s t a g e ,  i t  was dec ided  n o t  t o  r e b u i l d  t h e  b l a d i n g ,  

and t e s t s  w i t h  s l o t s  and v o r t e x  g e n e r a t o r s  were cance led  f o r  t h i s  s t a g e .  

TEST EQUIPMENT 

F a c i l i t y  

A schemat ic  of t h e  compressor t e s t  f a c i l i t y  i s  shown i n  f i g u r e  1. 

The compressor i s  d r i v e n  by a s i n g l e - s t a g e  t u r b i n e ,  powered by exhaus t  

g a s e s  from a 575 s l a v e  e n g i n e ,  w i t h  compressor speed c o n t r o l l e d  by means 

of t h e  eng ine  t h r o t t l e .  The s l a v e  eng ine  exhaus t  gas  i s  a l s o  used t o  

power a n  e j e c t o r  f o r  compressor w a l l  boundary l a y e r  s u c t i o n .  A i r  e n t e r s  

t h e  compressor test  r i g  th rough  a 103- f t  combined i n l e t  d u c t ,  plenum 

and bel lmouth i n l e t ,  and i s  exhausted through a n  e x i t  d i f f u s e r  t o  t h e  

atmosphere.  The i n l e t  d u c t  c o n t a i n s  a f low measuring o r i f i c e  des igned  

and i n s t a l l e d  i n  accordance w i t h  ASME s t a n d a r d s .  An a r e a  c o n t r a c t i o n  

r a t i o  from plenum t o  compressor i n l e t  of approximately  1 0 : l  p rov ided  

s t a g n a t i o n  c o n d i t i o n s  i n  t h e  plenum. The i n l e t  d u c t  and plenum were  

mounted on a t r a c k  and cou ld  b e  r o l l e d  away from t h e  compressor r i g  

i n l e t  t o  f a c i l i t a t e  c o n f i g u r a t i o n  changes. 

Compressor T e s t  Rig 

A schemat ic  of t h e  s i n g l e  s t a g e  compressor r i g  i s  shown i n  f i g u r e  2 ,  

and t h e  f lowpath dimensions  a r e  g iven  i n  f i g u r e  3 .  The h u b / t i p  r a t i o  



a t  t h e  r o t o r  i n l e t  i s  0.798, t h e  t e s t  s e c t i o n  h a s  a  c o n s t a n t  hub d i a m e t e r  

of 32.85 i n c h e s ,  and t h e  o u t e r  w a l l  converges  from a  d iamete r  of 41.14 

i n c h e s  a t  t h e  r o t o r  l e a d i n g  edge t o  39.99 i n c h e s  a t  t h e  s t a t o r  e x i t .  

R e l a t i v e l y  h i g h  convergence w a s  p rov ided  a t  t h e  r o t o r  and s t a t o r  t i p  

t o  c o n t r o l  t h e  d i f f u s i o n  f a c t o r s .  Rotor b e a r i n g  l o a d s  a r e  t r a n s m i t t e d  

t o  t h e  r i g  s u p p o r t  through s t r u t s  l o c a t e d  i n  t h e  i n l e t  and exhaus t  

c a s e  assembl ies .  The i n l e t  s t r u t s  a r e  s u f f i c i e n t l y  f a r  upstream s o  

t h e i r  wakes a r e  d i s s i p a t e d  ahead of t h e  r o t o r .  The s t a g e  d e s i g n  

s p e c i f i c a t i o n s  o f  z e r o  r o t o r  p r e w h i r l  and a x i a l  d i s c h a r g e  f low e l i m i -  

n a t e d  t h e  need f o r  i n l e t  and e x i t  guide  vanes .  F lowra te  was v a r i e d  

w i t h  a s e t  of motor-dr iven t h r o t t l e  vanes  l o c a t e d  i n  t h e  exhaus t  c a s e .  

Porous  w a l l s  were  i n s t a l l e d  f o r  boundary l a y e r  s u c t i o n  a t  t h e  r o t o r  

t i p  and t h e  s t a t o r  hub and t i p  a s  shown i n  f i g u r e  4.  The porous w a l l  

was 0.060-inch t h i c k ,  and had 0.066-inch d iamete r  h o l e s  on 0.187-inch 

c e n t e r s ,  p rov id ing  a n  11% open a r e a .  

I n s t r u m e n t a t i o n  

I n s t r u m e n t a t i o n  was provided t o  o b t a i n  o v e r a l l  and b l a d e  e lement  

performance d a t a  f o r  each b l a d e  row. The l o c a t i o n s  of a x i a l  ins t rumen-  

t a t i o n  s t a t i o n s  a r e  i n d i c a t e d  i n  f i g u r e  3 .  A x i a l  and c i r c u m f e r e n t i a l  

l o c a t i o n s  o f  t h e  i n s t r u m e n t a t i o n  a r e  shown i n  f i g u r e  5.  

Ai r f low was measured w i t h  t h e  ASME s t a n d a r d  t h i n  p l a t e  o r i f i c e  l o -  

c a t e d  i n  t h e  i n l e t  d u c t .  Rotor  speed was measured w i t h  a n  e l e c t r o m a g n e t i c  

s e n s o r  mounted a d j a c e n t  t o  a  60-tooth g e a r  on t h e  r o t o r  s h a f t .  Gear 

t o o t h  p a s s i n g  f requency  was d i s p l a y e d  a s  rpm on a d i g i t a l  computer. 

Rotor rpm was a l s o  recorded  on magnet ic  t a p e .  I n l e t  t o t a l  t empera tu re  

was measured i n  t h e  i n l e t  plenum by means of s i x  h a l f - s h i e l d e d  t o t a l  

t empera tu re  p robes ;  i n l e t  t o t a l  p r e s s u r e  was measured i n  t h e  plenum 

by means of f i v e  Kie l - type  t o t a l  p r e s s u r e  p robes .  S i x  e q u a l l y  spaced 

s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  t h e  i n n e r  and o u t e r  w a l l s ,  

upst ream of t h e  r o t o r  ( s t a t i o n  0 ) .  From a  r i g  c a l i b r a t i o n  o v e r  a  wide 

range  of weight  f lows ,  a  c o r r e l a t i o n  between t h e s e  s t a t i c  p r e s s u r e s  and 

weight  f low was d e r i v e d  and used t o  check subsequent  weight  f low measure- 

ments. 



S t a g e  e x i t  t o t a l  t empera tu re  was measured a t  n i n e  r a d i a l  p o s i t i o n s  

a t  each of f o u r  c i r c u m f e r e n t i a l  l o c a t i o n s ,  u s i n g  s h i e l d e d  thermocouples  

i n s t a l l e d  i n  r a d i a l  r a k e s  a t  s t a t i o n s  2A and 3.  The s t a g e  e x i t  temper- 

a t u r e  d i s t r i b u t i o n s  measured w i t h  t h e s e  r a d i a l  r a k e s  were used f o r  r o t o r  

performance c a l c u l a t i o n s .  Redundant t o t a l  t empera tu re  measurements a t  

s t a t i o n s  1, 2 ,  and 2A were p rov ided  by means of thermocouples i n  t h e  

20-degree wedge t r a v e r s e  p robes  l o c a t e d  a t  each o f  t h e s e  s t a t i o n s .  

One 20-degree wedge t r a v e r s e  probe was provided a t  s t a t i o n  1 t o  

measure r o t o r  i n l e t  t o t a l  p r e s s u r e  and a i r  a n g l e .  Two 20-degree wedge 

t r a v e r s e  probes were l o c a t e d  a t  s t a t i o n  2  ( r o t o r  e x i t )  f o r  t o t a l  p r e s s u r e  

and a i r  a n g l e  measurement; r o t o r  e x i t  t o t a l  p r e s s u r e  was a l s o  measured a t  

f i v e  r a d i a l  pos i . t ions  a t  one c i r c u m f e r e n t i a l  l o c a t i o n  w i t h  a  K i e l  head 

r a k e .  Three c i r c u m f e r e n t i a l  t o t a l  p r e s s u r e  r a k e s  were i n s t a l l e d  a t  

s t a t i o n  2A ( s t a t o r  e x i t )  f o r  t o t a l  p r e s s u r e  measurement. One probe had 

c i r c u m f e r e n t i a l  r a k e s  l o c a t e d  a t  5 ,  30,  and 85% span ;  t h e  second probe 

had r a k e s  a t  15 ,  50 ,  and 95% span ;  and t h e  t h i r d  probe had r a k e s  a t  10 ,  

70, and 90% span.  Two 20-degree wedge probes  were l o c a t e d  a t  s t a t i o n  2A 

f o r  t h e  measurement of s t a t o r  e x i t  a i r  a n g l e .  F ive  r o t o r  b l a d e s  were 

each ins t rumented  w i t h  t h r e e  s t r a i n  gages .  These s t r a i n  gage o u t p u t s  

were d i s p l a y e d  on o s c i l l o s c o p e s  and v i s u a l l y  monitored d u r i n g  t e s t s .  

Gage l o c a t i o n s  were determined w i t h  t h e  a i d  of s t r e s s c o a t  and v e r i f i e d  

by a  f a t i g u e  t e s t .  

S t a t i c  p r e s s u r e s  a t  s t a t i o n s  1, 2 ,  and 2A were measured by means of 

8-degree wedge t r a v e r s e  probes .  Four i n n e r  w a l l  and f o u r  o u t e r  w a l l  

s t a t i c  p r e s s u r e  t a p s ,  approximately  e q u a l l y  spaced,  were l o c a t e d  a t  

each of t h e s e  a x i a l  s t a t i o n s .  The p r e s s u r e  t a p s  ahead of and beh ind  

t h e  s t a t o r  were  l o c a t e d  on e x t e n s i o n s  o f  t h e  midchannel s t r e a m l i n e s .  

S t a t i o n s  2 and 2A a l s o  had f o u r  i n n e r  and f o u r  o u t e r  w a l l  t a p s  i n s t a l l e d  

a c r o s s  a vane  gap t o  measure t h e  s t a t i c  p r e s s u r e  v a r i a t i o n  a c r o s s  t h e  

gap. Twenty s t a t i c  p r e s s u r e  t a p s  were  e q u a l l y  spaced between 20 and 

83% chord a t  1 0  and 90% span on two s t a t o r  b l a d e s ,  as shown i n  f i g u r e  6.  

T o t a l  p r e s s u r e  and t empera tu re  r a k e s  a r e  shown i n  f i g u r e  7 .  A 

t y p i c a l  c i r c u m f e r e n t i a l  t o t a l  p r e s s u r e  rake  i s  shown i n  f i g u r e  8.  Twenty- 

degree  and 8-degree wedge t r a v e r s e  probes  a r e  shown i n  f i g u r e  9 .  Steady- 

s t a t e  p r e s s u r e  d a t a  were measured w i t h  a  m u l t i c h a n n e l  p r e s s u r e  t r a n s d u c e r  



scanning system t h a t  inc ludes  automatic  da t a  recording on computer cards .  

S teady-s ta te  temperature measurements were a l s o  au toma t i ca l ly  recorded on 

computer cards  by a  multichannel scanning system i n  conjunct ion with a  

temperature re ference  oven and a  d i g i t a l  vol tmeter .  Traverse and t r an -  

s i e n t  pressure  da t a  were recorded on magnetic tape,  a t  up t o  600 samples 

per  minute per  channel. Two s t a t i c  pressure  taps  l oca t ed  i n  the plenum, 

two of the  o u t e r  wa l l  p ressure  t aps  a t  s t a t i o n  0 ,  and the t o t a l  p ressure  

r a d i a l  rake a t  s t a t i o n  2A (188 degrees i n  f i g u r e  5 ) ,  were close-coupled 

t o  t ransducers  f o r  t r a n s i e n t  record ing  during opera t ion  i n t o  and o u t  of 

s t a l l .  A high-response pressure  t ransducer ,  mounted i n  a  t o t a l  p ressure  

probe a t  10% span from the  t i p  behind the r o t o r  was used t o  d e t e c t  the  

i n i t i a t i o n  of r o t a t i n g  s t a l l .  The K i s t l e r  output  was recorded on magnetic 

tape and c o r r e l a t e d  i n  time with the t r a n s i e n t  recording of bellmouth 

s t a t i c  and s t a g e  e x i t  t o t a l  p ressures .  

Blading Design 

Design Approach 

An important  premise f o r  t h e  Stage 5 b lad ing  design was the  assump- 

t i o n  t h a t  s l o t s  and vo r t ex  genera tors  would reduce t h e  r o t o r  and s t a t o r  

b lade  element l o s s e s  below the  l e v e l s  of l o s s  t h a t  were e s t ab l i shed  a s  

a  func t ion  of loading from t h e  d a t a  of Reference 4 through 9 ( s ee  Ref- 

e rence  3 ) .  Addi t iona l lyL it was s p e c i f i e d  t h a t  t h e  r o t o r  i n l e t  and 

s t a t o r  e x i t  v e l o c i t i e s  were t o  be a x i a l ,  and t h a t  the s t a t o r  e x i t  

t o t a l  p re s su re  was t o  be cons tan t  ac ros s  t he  span. A des ign  r o t o r  t i p  

v e l o c i t y  of 757 f e e t  per  second provided t h e  des i r ed  t i p  i n l e t  r e l a t i v e  

Mach number of approximately 0.8,  

The des ign  v e l o c i t y  diagrams were c a l c u l a t e d  by means of a  computer 

program which so lves  t h e  con t inu i ty ,  energy, and r a d i a l  equi l ibr ium 

equat ions f o r  an  axisymmetric flow. Radial  g rad ien t s  of enthalpy and 

entropy were included i n  t h e  c a l c u l a t i o n ,  and t h e  in f luence  of w a l l  and 

s t r eaml ine  cu rva tu re  on t h e  r a d i a l  d i s t r i b u t i o n  of s t a t i c  p re s su re  were 

taken i n t o  account.  

Rotor and s t a t o r  design v e l o c i t y  diagrams were s e l e c t e d  i n  accordance 

w i t h  t h e  foregoing  assumption, design requirements and c a l c u l a t i o n  pro- 

cedure. NBCA s e r i e s  55 b lade  s e c t i o n s  wi th  A = 1.0 meanlines were se- 

l e c t e d  f o r  t h e  r o t o r  and s t a t o r  b lad ing  t o  be cons i s t en t  wi th  the  b lad ing  

6 



used under t h e  C o n t r a c t  NAS3-7603 program (Reference 1 ) .  Other  b l a d e  

geometry v a r i a b l e s  such as chord l e n g t h ,  a s p e c t  r a t i o ,  s o l i d i t y ,  and 

maximum t h i c k n e s s  were  t h e  same a s ,  o r  v e r y  similar t o ,  t h o s e  f o r  t h e  

NAS3-7603 b l a d i n g  ( s l i g h t  d e p a r t u r e s  i n  a s p e c t  r a t i o  and h u b / t i p  r a t i o  

r e s u l t e d  from t h e  w a l l  convergence a t  t h e  r o t o r  and s t a t o r  t i p  t h a t  

was provided t o  l i m i t  t h e  d i f f u s e r  f a c t o r s ) .  

Design i n c i d e n c e  (minimum l o s s )  and d e v i a t i o n  a n g l e s  were c a l c u l a t e d  

u s i n g  t h e  a p p r o p r i a t e  e q u a t i o n s  i n  Refe rence  10 .  For  t h e  r o t o r ,  two 

d e g r e e s  were  s u b t r a c t e d  from t h e  c a l c u l a t e d  i n c i d e n c e  a n g l e s  i n  accord-  

ance w i t h  t h e  minimum l o s s  i n c i d e n c e  r e s u l t s  o b t a i n e d  under t h e  NAS3-7603 

program. 

Rotor  and s t a t o r  d e s i g n  v e l o c i t y  diagram d a t a ,  b l a d e  e lement  geometry 

d a t a ,  and p r e d i c t e d  performance f o r  Stage 5 ,des igned  on t h e  assumption 

t h a t  t h e r e  would b e  reduced l o s s e s  due t o  s l o t s  and v o r t e x  g e n e r a t o r s ,  

a r e  p r e s e n t e d  i n  Refe rence  3 .  

Design P r e d i c t i o n s  Without S l o t s  
And Vortex G e n e r a t o r s  

V e l o c i t y  diagrams and o v e r a l l  performance were c a l c u l a t e d  f o r  t h e  

S t a g e  5  b l a d i n g  w i t h o u t  assuming reduced l o s s e s  due t o  s l o t s  and v o r t e x  

g e n e r a t o r s  t o  p r o v i d e  comparat ive  d a t a  f o r  t e s t  r e s u l t s  o b t a i n e d  w i t h  

t h e  b a s e l i n e  s t a g e .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  t o g e t h e r  w i t h  

t h e  Refe rence  3  d e s i g n  geometry d a t a ,  a r e  p r e s e n t e d  i n  t a b l e s  B 1  and B 2  

of  appendix^. Symbols and performance v a r i a b l e s  a r e  d e f i n e d  i n  Appen- 

d i x  A .  

PROCEDURES 

T e s t  P rocedures  

Wall  Bleed Flow S e l e c t i o n  

P r o v i s i o n  was made f o r  w a l l  boundary l a y e r  b l e e d  a t  t h e  r o t o r  t i p  

and t h e  s t a t o r  hub and t i p .  S i n c e  t h e  r o t o r  and s t a t o r  b l e e d  f lows  

were independen t ly  c o n t r o l l e d ,  t h e  r o t o r  b l e e d  f low was s e l e c t e d  p r i o r  

t o  de te rmin ing  t h e  s t a t o r  b leed  f low,  With t h e  compressor o p e r a t i n g  a t  

n e a r  d e s i g n  c o n d i t i o n s ,  t o t a l  p r e s s u r e s  a t  5% span from t h e  t i p  down- 

s t r e a m  of t h e  r o t o r ,  and 5 and 95% span  downstream of t h e  s t a t o r ,  were 



monitored as t h e  r o t o r  and t h e n  t h e  s t a t o r  b l e e d  f lows  were v a r i e d  be- 

tween zero  and maximum. The maximum b l e e d  f low ( l i m i t e d  by t h e  p e r f o r -  

a t e d  shroud e f f e c t i v e  f low a r e a s )  p rov ided  t h e  l a r g e s t  improvement i n  

t h e  observed t o t a l  p r e s s u r e s  and was t h e r e f o r e  s e l e c t e d  f o r  b o t h  t h e  

r o t o r  and s t a t o r .  

Performance T e s t s  

O v e r a l l  and b l a d e  element performance d a t a  were o b t a i n e d  a t  50,  

70, 90 and 100% of  d e s i g n  e q u i v a l e n t  r o t o r  speed.  Four d a t a  p o i n t s  

were recorded  on each of t h e  50 and 70% speed l i n e s ,  s i x  on t h e  90% 

speed l i n e ,  and t e n  on t h e  100% speed l i n e  t o  d e f i n e  s t a g e  performance 

between maximum a t t a i n a b l e  f low and n e a r  s t a l l .  The n e a r  s t a l l  p o i n t  

was determined on  t h e  b a s i s  of f low,  s t a g e  e x i t  p r e s s u r e ,  and b l a d e  

s t r e s s e s  monitored on o s c i l l o s c o p e s .  At each test point, t r a v e r s e  s u r v e y s  

were fol lowed by t h e  r e c o r d i n g  of f i x e d  p r e s s u r e  and t empera tu re  i n s t r u -  

menta t ion  d a t a  w i t h  t h e  t r a v e r s e  p robes  withdrawn. Blade s t r e s s e s  were  

moni tored d u r i n g  s t e a d y - s t a t e  and s t a l l  t r a n s i e n t  o p e r a t i o n  a t  a l l  r o t o r  

speeds .  

The i n f l u e n c e  of w a l l  boundary l a y e r  b l e e d  f low on performance was 

e v a l u a t e d  a t  d e s i g n  e q u i v a l e n t  r o t o r  speed.  O v e r a l l  and b l a d e  e lement  

d a t a  were recorded  f o r  t h r e e  b l e e d  v a l v e  p o s i t i o n s  ( f u l l y  open,  h a l f  

open, and c l o s e d )  w i t h  t h e  t e s t  r i g  t h r o t t l e  vanes p o s i t i o n e d  f o r  s t a g e  

o p e r a t i o n  a t  n e a r  des ign  f low w i t h  maximum b l e e d  flow. O v e r a l l  and b l a d e  

element d a t a  were a l s o  recorded  f o r  two b l e e d  v a l v e  p o s i t i o n s  ( f u l l y  

open and h a l f  open) w i t h  t h e  t h r o t t l e  vanes p o s i t i o n e d  f o r  s t a g e  opera-  

t i o n  a t  n e a r  s t a l l  f low w i t h  maximum b l e e d .  S t a b l e  o p e r a t i o n  of t h e  

s t a g e  a t  t h e  l a t t e r  t h r o t t l e  vane p o s i t i o n  cou ld  n o t  be main ta ined  w i t h  

z e r o  b l e e d .  

T r a n s i e n t  measurements of be l lmouth  s t a t i c  p r e s s u r e ,  r o t o r  speed ,  

and s t a t o r  e x i t  t o t a l  p r e s s u r e  were recorded  t e n  t imes  p e r  second t o  

d e f i n e  s t a l l  c h a r a c t e r i s t i c s  a s  t h e  s t a g e  was o p e r a t e d  i n t o  and o u t  o f  

s t a l l .  The o u t p u t  from a  K i s t l e r  p r e s s u r e  t r a n s d u c e r ,  mounted i n  a  

t o t a l  p r e s s u r e  p robe  behind t h e  r o t o r ,  was a l s o  recorded  and c o r r e l a t e d  

i n  t ime  w i t h  t h e  o t h e r  t r a n s i e n t  measurements t o  d e t e c t  t h e  i n i t i a t i o n  

of r o t a t i n g  s t a l l .  A t y p i c a l  p l o t  of t h e  t r a n s i e n t  d a t a  i s  compared 

w i t h  a n  o s c i l l o g r a p h  r e c o r d  of t h e  K i s t l e r  t r a n s d u c e r  s i g n a l  i n  f i g u r e  10.  



Data Reduction Procedures 

Steady-State Data 

Data reduction was accomplished in two steps. The first step involved 

the use of two computer programs to: (1) convert millivolt readings to 

appropriate engineering units, and (2) provide a tabulated and plotted 

arrray of pressure, temperature and air angle data at each axial station. 

Conversion of data to absolute values, appropriate Mach number correc- 

tions, and correction of pressures and temperatures to NASA standard day 

conditions were performed in the second computer program. 

The second step in the data reduction procedure involved the calcu- 

lation of overall and blade element performance variables for the rotor 

and stator blades. The array of data provided in step one above was 

analyzed for the selection of radial distributions of pressure, temper- 

ature and air angle at each axial station for the overall and blade 

element performance computer program. 

Pressure ratios were calculated for the rotor, and the rotor-stator 

stage. The rotor and stator exit total pressures were weighted according 

to local mass flow to obtain average values. The stator wake total 

pressures at each radial measuring station were mass averaged using the 

local total pressure in the wake and the 8-degree wedge probe static 

pressure to define local Mach number. Mass flux was then obtained from 

the relationship 

where T is the measured total temperature and A is the flow area assoc- 

iated with each total pressure tube. With the radial distribution of 

total pressure and mass flux calculated, the total pressures were mass- 

averaged in the radial direction. Behind the rotor, the total pressures 

obtained with the 20-degree wedge probes and the one Kiel probe were 

arithmetically averaged and the resulting radial distribution was mass- 

flow-averaged using the 8-degree wedge probe static pressure and stator 

exit radial temperature distribution to define weight flow, 



Wall s t a t i c  p r e s s u r e  d a t a  a t  each  s t a t i o n  was used t o  check t h e  8- 

d e g r e e  wedge p robe  d a t a .  I n  a d d i t i o n  t o  t h e  f o u r  equal ly-spaced s t a t i c  

p r e s s u r e  t a p s  i n  t h e  o u t e r  w a l l  a t  s t a t i o n s  2 and 2A, f o u r  t a p s  were  

spaced a c r o s s  one  s t a t o r  gap t o  check t h e  s t a t i c  p r e s s u r e  g r a d i e n t  

a s s o c i a t e d  w i t h  s t a t o r  l e a d i n g  edges  and /or  wakes. These w a l l  s t a t i c  

p r e s s u r e s  a r e  compared w i t h  t h e  8-degree wedge probe d a t a  e x t r a p o l a t e d  

t o  t h e  w a l l  i n  f i g u r e  11. The e x t r a p o l a t e d  p r e s s u r e s  g e n e r a l l y  a g r e e  

f a v o r a b l y  w i t h  t h e  l o c a l  w a l l  s t a t i c  p r e s s u r e .  

S t a t o r  e x i t  t o t a l  t empera tu res  were used f o r  t h e  c a l c u l a t i o n  of 

r o t o r  b l a d e  e lement  d a t a  and r o t o r  e f f i c i e n c y .  

Performance and v e l o c i t y  diagram c a l c u l a t i o n s  were performed f o r  each  

b l a d e  row a l o n g  d e s i g n  s t r e a m l i n e s  t h a t  pass  through 5 ,  10 ,  15,  30, 50,  70, 

85,  90 ,  and 95% span  a t  t h e  r o t o r  e x i t  i n s t r u m e n t a t i o n  s t a t i o n .  The meas- 

u red  s t a t i c  p r e s s u r e s  were used i n  c o n j u n c t i o n  w i t h  measured t o t a l  p r e s -  

s u r e s ,  t o t a l  t e m p e r a t u r e s ,  and f low a n g l e s  t o  d e f i n e  t h e  v e l o c i t y  d i s t r i -  

b u t i o n s  a t  each a x i a l  s t a t i o n .  The performance and v e l o c i t y  diagram d a t a  

were c a l c u l a t e d  d i r e c t l y  from t h e  measurements o b t a i n e d  a t  t h e  i n s t r u m e n t a -  

t i o n  s t a t i o n s .  T r a n s l a t i o n  of t h e s e  measurements t o  t h e  blade-row l e a d i n g  

and t r a i l i n g  edges  was n o t  cons idered  n e c e s s a r y  because ,  w i t h  t h e  s m a l l  

wall convergence,  t h e  d a t a  a t  t h e  i n s t r u m e n t a t i o n  s t a t i o n s  ve ry  n e a r l y  

approximates  t h a t  a t  t h e  l e a d i n g  and t r a i l i n g  edges .  

S t a l l  T r a n s i e n t  Data 

Bellmouth s t a t i c  p r e s s u r e  a t  i n c i p i e n t  s t a l l  was determined from 

p l o t s  s i m i l a r  t o  t h e  one shown i n  f i g u r e  1 0 ,  and t h e  cor responding  weigh t  

f l o w  was determined from t h e  c o r r e l a t i o n  of be l lmouth  s t a t i c  p r e s s u r e  

and o r i f i c e  f l o w  shown i n  f i g u r e  12.  S t a g e  e x i t  t o t a l  p r e s s u r e ,  a l s o  

o b t a i n e d  from p l o t s  s i m i l a r  t o  t h e  one shown i n  f i g u r e  1 0 ,  were a r i t h -  

m e t i c a l l y  averaged t o  o b t a i n  t h e  g e n e r a l  shape  of t h e  p r e s s u r e  r a t i o -  

f low c h a r a c t e r i s t i c  up t o  t h e  p o i n t  of i n c i p i e n t  s t a l l .  The s t e a d y - s t a t e  

d a t a  were  e x t r a p o l a t e d  t o  t h e  s t a l l  f low u s i n g  t h e  shape of t h e  t r a n s i e n t  

d a t a  c u r v e  a s  a gu ide  l i n e .  I n c i p i e n t  s t a l l  p o i n t s  were determined i n  

t h i s  manner f o r  each r o t o r  speed.  



PRESENTATION OF DATA 

O v e r a l l  Performance 

O v e r a l l  performance d a t a  a r e  p r e s e n t e d  i n  terms of p r e s s u r e  r a t i o  

and a d i a b a t i c  e f f i c i e n c y  a s  f u n c t i o n s  o f  c o r r e c t e d  weight  f low (W \ /8/6 

and e q u i v a l e n t  r o t o r  speed (N/ J8) .  D e f i n i t i o n  o f  t h e  symbols and per -  

formance v a r i a b l e s  a r e  p r e s e n t e d  i n  Appendix A.  O v e r a l l  performance f o r  

t h e  r o t o r  and s t a g e  a r e  p r e s e n t e d  i n  f i g u r e s  1 3  and 14.  The s o l i d  symbol 

on t h e  s t a l l  l i n e  i s  t h e  s t a l l  p o i n t  determined from t h e  t r a n s i e n t  d a t a .  

Also shown i n  t h e s e  f i g u r e s  i s  t h e  e f f e c t  o f  boundary l a y e r  b l e e d  f l o w  

on o v e r a l l  performance.  O v e r a l l  performance and b l e e d  f low d a t a  f o r  t h e  

s t e a d y - s t a t e  d a t a  p o i n t s  a r e  p resen ted  i n  t a b l e  B-3 of Appendix B .  

The r o t o r  ach ieved  a n  e f f i c i e n c y  of 83.5% and a  p r e s s u r e  r a t i o  o f  

1 . 3 5 1  a t  d e s i g n  e q u i v a l e n t  r o t o r  speed and d e s i g n  c o r r e c t e d  f low 

(110 l b / s e c ) .  Maximum r o t o r  e f f i c i e n c y  and cor responding  p r e s s u r e  r a t i o  

were 84% and 1.365 r e s p e c t i v e l y ,  compared w i t h  r e s p e c t i v e  d e s i g n  v a l u e s  

(wi thout  s l o t s  and v o r t e x  g e n e r a t o r s )  of 87.3% and 1.404. The s t a g e  

p r e s s u r e  r a t i o  and e f f i c i e n c y  a t  d e s i g n  e q u i v a l e n t  r o t o r  speed and f low 

c o n d i t i o n s  ( s e e  f i g u r e  14)  were 1.277 and 66.8%, r e s p e c t i v e l y ,  and 

maximum s t a g e  e f f i c i e n c y  and p r e s s u r e  r a t i o  were  70% and 1.30. P r e d i c t e d  

p r e s s u r e  r a t i o  i s  1.353 and e f f i c i e n c y  i s  78.1% f o r  S t a g e  5  w i t h o u t  s l o t s  

and v o r t e x  g e n e r a t o r s .  The r e l a t i v e l y  poor  r o t o r  and s t a g e  performance 

is  a t t r i b u t e d  t o  h i g h  t o t a l  p r e s s u r e  l o s s  a t  t h e  r o t o r  hub and t i p ,  a t  t h e  

s t a t o r  t i p ,  and reduced midspan work due t o  t h e  i n c r e a s e d  midspan a x i a l  

v e l o c i t y  caused by t h e  h i g h  l o s s e s  n e a r  t h e  w a l l .  As i n d i c a t e d  i n  

f i g u r e  13,  b l e e d  f low had l i t t l e  e f f e c t  on r o t o r  p r e s s u r e  r a t i o .  The 

improvement i n  e f f i c i e n c y  between z e r o  and maximum b l e e d  i s  a t t r i b u t e d  

t o  a  d e c r e a s e  i n  mass average  t empera tu re ,  t h e  r e s u l t  of b l e e d i n g  h i g h  

t empera tu re  a i r  a t  t h e  w a l l s .  The i n d i c a t e d  improvement i n  e f f i c i e n c y  

i n c l u d e s  t h e  e f f e c t  of b o t h  r o t o r  and s t a t o r  b l e e d  f low,  s i n c e  s t a t o r  

e x i t  t empera tu re  w a s  used t o  c a l c u l a t e  r o t o r  e f f i c i e n c y .  Both t h e  

p r e s s u r e  r a t i o  and t h e  e f f i c i e n c y  of t h e  s t a g e  were improved w i t h  

b l e e d  f low,  a s  shown i n  f i g u r e  14.  The improvement i n  s t a g e  p r e s s u r e  

r a t i o  was due t o  a r e d u c t i o n  of t h e  s t a t o r  l o s s e s  w i t h  i n c r e a s e d  b l e e d  

flow. 



Rotor  Blade Element Performance 

The r o t o r  r e l a t i v e  i n l e t  a i r  a n g l e  and Mach number d i s t r i b u t i o n s  f o r  

d e s i g n  e q u i v a l e n t  r o t o r  speed a r e  shown i n  f i g u r e  15.  The d e s i g n  d i s -  

t r i b u t i o n s  (wi thou t  s l o t s  and v o r t e x  g e n e r a t o r s )  a r e  i n c l u d e d  f o r  com- 

p a r i s o n  and,  as i n d i c a t e d ,  t h e  t e s t  d a t a  f o r  n e a r  d e s i g n  c o r r e c t e d  weigh t  

f low (110.97 l b / s e c )  a g r e e s  c l o s e l y  w i t h  t h e  d e s i g n  v a l u e s  between 

1 0  and 90% span. Within  5% span from t h e  w a l l s ,  t h e  r e l a t i v e  air  

a n g l e  i n c r e a s e s  r a t h e r  s h a r p l y  due t o  t h e  low a x i a l  v e l o c i t i e s  i n  

t h e  w a l l  boundary l a y e r .  

Rotor  d i f f u s i o n  f a c t o r ,  d e v i a t i o n  a n g l e ,  and l o s s  c o e f f i c i e n t  a r e  

shown as f u n c t i o n s  of i n c i d e n c e  a n g l e  i n  f i g u r e s  16 th rough  24. The 

l o s s e s  i n  t h e  hub and t i p  r e g i o n s  (15% of  t h e  span  from e i t h e r  w a l l )  

a r e  h i g h ,  w i t h  l o s s  c o e f f i c i e n t s  o f  0.25 t o  0.35. Corresponding d i f -  

f u s i o n  f a c t o r s  approximate  v a l u e s  between 0.7 and 0.8. Between 30 and 

70% span,  t h e  l o s s e s  and d i f f u s i o n  f a c t o r  a r e  s u b s t a n t i a l l y  lower .  

D e v i a t i o n  a n g l e s  a r e  3 t o  6  d e g r e e s  g r e a t e r  t h a n  t h e  i n d i c a t e d  d e s i g n  

v a l u e s  a c r o s s  t h e  span.  

An i n f l u e n c e  of r o t o r  speed on l o s s  c o e f f i c i e n t  i s  i n d i c a t e d  f o r  t h e  

d a t a  f o r  t h e  o u t e r  50% of span.  The h i g h e r  l o s s  c o e f f i c i e n t s  a t  t h e  

h i g h e r  r o t o r  speed i s  probably  due t o  t h e  c o n t r i b u t i o n  o f  l o c a l  shock- 

induced l o s s  a t  i n l e t  r e l a t i v e  Mach numbers above t h e  c r i t i c a l  Mach 

number. For t h e  b l a d e  s e c t i o n  i n  t h e  t i p  r e g i o n ,  t h e  e s t i m a t e d  average  

c r i t i c a l  Mach number i s  0.68. At t h i s  Mach number, t h e  l o s s  c o e f f i c i e n t  

i s  40% l a r g e r  t h a n  t h e  l o s s  c o e f f i c i e n t  a t  a  Mach number o f  0.40 (based 

on unpubl ished P r a t t  & Whitney A i r c r a f t  cascade  d a t a  c o r r e l a t i o n ) .  The 

i n l e t  r e l a t i v e  Mach number over  t h e  o u t e r  50% span  i s  e q u a l  t o  o r  g r e a t e r  

t h a n  0.68 f o r  t h e  d a t a  t h a t  cor responds  t o  90 and 100% of d e s i g n  equiv-  

a l e n t  r o t o r  speed.  

The v a r i a t i o n  o f  l o s s  c o e f f i c i e n t  w i t h  t h e  lower r o t o r  speeds  (50 

and 70% of d e s i g n  e q u i v a l e n t  r o t o r  speed)  i n  t h e  o u t e r  15% span  r e g i o n  

( f i g u r e s  1 6 ,  1 7 ,  and 18)  may have been caused by t h e  r o t o r  t i p  b l e e d .  

A t  t h e  lower c o r r e c t e d  f lows  a s s o c i a t e d  w i t h  t h e  lower e q u i v a l e n t  r o t o r  

s p e e d s ,  t h e  p e r c e n t a g e  of b l e e d  f low was h i g h e r ,  a s  shown i n  f i g u r e  25. 

A second p o s s i b l e  c a u s e  f o r  t h e  l a r g e  v a r i a t i o n  of l o s s  c o e f f i c i e n t  w i t h  



equivalent rotor speed in the outer 15% span region could be simply a 

Mach number dependency of secondary flow development in the wall adjacent 

flow at Mach numbers below the critical Mach number. 

The effect of rotor tip bleed flow on blade element performance is 

indicated in figures 16, 17, and 18. Bleed flow resulted in a reduction 

of loss coefficient in the tip region, the amount of the reduction 

diminishing to zero at approximately 15% span. Examination of rotor 

inlet axial velocities and relative air angles in the tip region indi- 

cates that the higher bleed flows resulted in larger rotor incidence 

angles at a constant flow. However, it was observed at 5% span from 

the tip that the axial velocity ratio across the rotor, V,~/V,~, in- 

creased as the bleed flow was increased (Table I). 

The corresponding loss coefficients at 5% span (see figure 16) vary 

from 0.43 at an incidence angle of -12.4 degrees for 0.12% bleed flow, 

to 0.265 at an incidence angle of -8.8 degrees for 1.24% bleed flow. 

Table I. Rotor Axial Velocity Ratios at 5% Span From the Tip 

Orif ice 
Flow 

Rotor Tip Bleed 
Flow 

(% Orifice Flow) vz2/vz1 

ikBleed valve leakage in closed position 

Loss parameter versus diffusion factor is presented in figures 26 

through 30. Correlation curves for the minimum loss data of References 4 

through 9 and the Stage 5 design curves, are included in the figures 

for comparison with the data. The design curves are more optimistic 

than the data correlation curves because of the expected improvement 

from slots and wall vortex generators. For design equivalent rotor 

speed, the loss parameter values at 30 and 50% of span from the tip 

that correspond to minimum loss in figures 19 and 20 are approximately equal 

to the corresponding data correlation values. At the other span loca- 

tions, the minimum loss parameter values are larger than the data 

correlation values. 



S t a t o r  Elade Element Performance 

The s t a t o r  i n l e t  Mach number and a i r  a n g l e  d i s t r i b u t i o n s  f o r  d e s i g n  

e q u i v a l e n t  r o t o r  speed a r e  shown i n  f i g u r e  31. The s t a t o r  was o p e r a t i n g  

w i t h  less t h a n  d e s i g n  i n c i d e n c e ,  a t  25 t o  75% span over  t h e  e n t i r e  f low 

range.  Design i n c i d e n c e  a t  t h e  t i p  s e c t i o n  occur red  a t  a  f low of 

116.37 pounds p e r  second whereas d e s i g n  i n c i d e n c e  a t  t h e  hub s e c t i o n  

o c c u r r e d  a t  a f low of 110.97 pounds p e r  second. 

S t a t o r  d i f f u s i o n  f a c t o r ,  d e v i a t i o n  a n g l e ,  and l o s s  c o e f f i c i e n t  a r e  

p r e s e n t e d  as f u n c t i o n s  of i n c i d e n c e  a n g l e  i n  f i g u r e s  32 through 40. 

The d i f f u s i o n  f a c t o r s  a r e  lower t h a n  t h e  i n d i c a t e d  d e s i g n  v a l u e s  a c r o s s  

t h e  e n t i r e  span ,  p r i m a r i l y  because  o f  t h e  r e l a t i v e l y  l a r g e  d e v i a t i o n  

a n g l e s  s e e n  i n  t h e  f i g u r e s  and t h e  a s s o c i a t e d  h i g h  e x i t  t a n g e n t i a l  

v e l o c i t i e s  ( s e e  Tab le  B-4 o f  Appendix B). The low d i f f u s i o n  f a c t o r s  

i n  t h e  hub r e g i o n  a r e  a l s o  a t t r i b u t e d  t o  r e l a t i v e l y  h i g h  a x i a l  v e l o c i -  

t i e s  compared t o  t h e  t i p  r e g i o n  v e l o c i t i e s  and t o  t h e  hub d e s i g n  a x i a l  

v e l o c i t y .  S t a t o r  l o s s e s  a r e  h igh  r e l a t i v e  t o  t h e  i n d i c a t e d  p r e d i c t e d  

l o s s e s  (wi thou t  s l o t s  and v o r t e x  g e n e r a t o r s )  a c r o s s  t h e  e n t i r e  span.  

There i s  a n  a p p a r e n t  Mach number e f f e c t  on t h e  minimum o r  choking i n c i -  

dence a n g l e  a t  a l l  r a d i a l  p o s i t i o n s ,  and t h e  e f f e c t  on minimum l o s s  

a p p e a r s  t o  be  minimal. 

The e f f e c t  of b l e e d  f low on s t a t o r  performance f o r  d e s i g n  e q u i v a l e n t  

r o t o r  speed i s  a l s o  i n d i c a t e d  i n  f i g u r e s  32 through 40. I n c r e a s i n g  t h e  

b l e e d  f low had l i t t l e  e f f e c t  on t h e  s t a t o r  t i p  r e g i o n  performance,  

a p p a r e n t l y  because  t h e  h i g h  r o t o r  t i p  l o s s  p rec luded  t h e  e f f e c t i v e n e s s  

of t h e  s t a t o r  t i p  b l e e d .  However, i n c r e a s i n g  t h e  b l e e d  f low produced 

a  n o t i c e a b l e  r e d u c t i o n  of l o s s  c o e f f i c i e n t  i n  t h e  hub r e g i o n .  

Loss parameter  i s  shown a s  a f u n c t i o n  of d i f f u s i o n  f a c t o r  i n  f i g -  

u r e s  4 1  through 45. C o r r e l a t i o n  curves  f o r  t h e  minimum l o s s  d a t a  of 

References  4  through 9 ,  and t h e  S t a g e  5  d e s i g n  curves  a r e  i n c l u d e d  i n  

t h e  f i g u r e s  f o r  comparison w i t h  t h e  d a t a .  The d e s i g n  c u r v e s  a r e  more 

o p t i m i s t i c  t h a n  t h e  d a t a  c o r r e l a t i o n  c u r v e s  because  of t h e  expec ted  i m -  

provement from s l o t s  and v o r t e x  g e n e r a t o r s .  For d e s i g n  e q u i v a l e n t  r o t o r  

speed ,  t h e  l o s s  parameter  v a l u e s  cor responding  t o  minimum l o s s  a r e  l a r g e r  

t h a n  t h e  d a t a  c o r r e l a t i o n  v a l u e s  e x c e p t  a t  midspan, where t h e y  a r e  approx i -  

mate ly  e q u a l .  

1 4  



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

a t  1 0  and 90% span  from t h e  t i p  a r e  shown i n  f i g u r e s  46 and 47. Data 

a r e  shown f o r  on ly  one of t h e  two s e t s  of s t a t i c  p r e s s u r e  t a p s  a t  10% 

span because  o f  t h e  d i f f e r e n c e  i n  l e v e l  between t h e  two s e t s .  A t  n e a r -  

d e s i g n  i n c i d e n c e ,  t h e  s t a t i c  p r e s s u r e  r i s e  a t  t h e  hub was g r e a t e r  t h a n  

t h e  s t a t i c  p r e s s u r e  r i s e  a t  t h e  t i p .  This  o b s e r v a t i o n  i s  c o n s i s t e n t  

w i t h  t h e  s t a t o r  l o s s  d a t a .  A s l i g h t  e f f e c t  of hub b l e e d  f low on p r e s s u r e  

rise i s  n o t i c e a b l e  i n  f i g u r e  47. A t  approximately  -5 d e g r e e s  i n c i d e n c e  

t h e  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  a t  83% chord i s  s l i g h t l y  g r e a t e r  t h a n  

t h e  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  w i t h o u t  b l e e d  f low.  The a b r u p t  change 

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  i n  t h e  midchord r e g i o n  i n  f i g u r e  47 i s  

thought  t o  b e  a s s o c i a t e d  w i t h  t h e  s t a t o r  vane s p i n d l e  a t t achment .  I n  

t h i s  r e g i o n  t h e  shroud b l e e d  h o l e s  a r e  blocked.  It i s  no ted  t h a t  t h e  

a b r u p t  change 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  does  n o t  occur  f o r  t h e  n e a r  

s t a l l  o r  z e r o  b l e e d  f low d i s t r i b u t i o n s .  

CONCLUSION 

Blade e lement  and o v e r a l l  performance d a t a  were  o b t a i n e d  over  a 

range  o f  r o t o r  speeds  from 50 t o  100% of  d e s i g n  e q u i v a l e n t  r o t o r  speed 

f o r  a r o t o r  and s t a t o r  t h a t  were h i g h l y  cambered n e a r  t h e  w a l l s  t o  com- 

p e n s a t e  f o r  h igh wall l o s s e s .  Poor performance of t h i s  s t a g e ,  and f a i l -  

u r e  of t h e  r o t o r  n e a r  t h e  end of t h e  b a s e l i n e  t e s t  program precluded t e s t -  

i n g  t h i s  s t a g e  a t  110% of  d e s i g n  e q u i v a l e n t  r o t o r  speed o r  subsequent  

t e s t s  of t h e  s t a g e  w i t h  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  added t o  reduce  

w a l l  l o s s e s .  The r o t o r  f a i l u r e  was a t t r i b u t e d  t o  high r o t o r  b l a d e  

s t r e s s e s  caused by bending f l u t t e r  a t  h igh n e g a t i v e  i n c i d e n c e  a n g l e s .  

The r o t o r  produced a maximum e f f i c i e n c y  and cor responding  p r e s s u r e  r a t i o  

of 84% and 1.365, r e s p e c t i v e l y ,  compared w i t h  r e s p e c t i v e  d e s i g n  p r e d i c -  

t i o n s  (wi thout  s l o t s  and v o r t e x  g e n e r a t o r s )  of 87.3% and 1 . 4 0 4 .  High 

s t a t o r  l o s s e s  r e s u l t e d  i n  a s t a g e  maximum e f f i c i e n c y  of 70% and c o r r e s -  

ponding p r e s s u r e  r a t i o  of 1.30 compared wi th  r e s p e c t i v e  d e s i g n  p r e d i c -  

t i o n s  (wi thou t  s l o t s  and v o r t e x  g e n e r a t o r s )  of 78.1% and 1.353. T h e r e f o r e ,  

t h e  r e l a t i v e l y  high b l a d e  work n e a r  t h e  w a l l s  f o r  r o t o r  5  d i d  n o t  ade-  

q u a t e l y  compensate f o r  t h e  secondary f low and a s s o c i a t e d  high l o s s e s  t h a t  

were g e n e r a t e d  i n  t h e s e  r e g i o n s .  The r e s u l t a n t  l o s s e s  i n  t h e  blade-end 

r e g i o n s  were l a r g e r  than  t h o s e  i n d i c a t e d  i n  t h e  c o r r e l a t i o n  of d a t a  

from References  4  through 9. 
15 
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STATION NUMBER 

225.0 - 

270.0 - 

315.0.- 

45.0 - 

90.0 - 

Bottom Center 

STATION NUMBER 

Symbol Definition 

0 Inner Wall Static 

@ Outer Wall Static 
Traverse Probe - 20° Wedge 

A Traverse Probe - 8 O  Wedge 

Kistler - 10% Span 

Total Pressure Radial Rake - 10, 30, 50, 70 and 90% Span 

Circumferential Total Pressure Rake - 15, 50 and 95% Span 

Circumferential Total Pressure Rake - 10, 70 and 90% Span 

0 Circumferential Total Pressure Rake - 5, 30 and 85% Span 

@ Total Temperature Radial Rake - 10, 30 70 and 90% Span 
Total Temperature Radial Rake - 5, 15, 50, 85 and 95% Span 

Note: 

All measurements in degrees 

F i g u r e  5 .  I n s t r u m e n t a t i o n  Layout 

20 
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Location of Heads 
Determined by 
Probe Position 

20.0 R 

0.162 
(Typ 15 Places) 
16 Sensors Each Head 

Note: 
Dimensions are in inches. 

Figure 8. Circumferential Total Pressure Rake 



L 0.058 

0.031 Hypo Tube - i--- 0.074 
0.060 "Lt' 

0.050 - - 
Pressure 

Note: 
All dimensions are in inches. 

I' 

~3 0.020 Dia 

8-deg Wedge Probe 

~hermocouple---\ 

20-deg Wedge Probe 

F i g u r e  9 .  Wedge T r a v e r s e  P robes  



High-Response Pressure Transducer Data 

F i g u r e  10. Typical  S t a l l  Trans ien t  Data 



.gure 11. Comparison of S t a t o r  I n l e t  and E x i t  Wall 
S t a t i c  P r e s s u r e s  a t  Near Design Flow Condi t ions  





DF 76996 

F i g u r e  13. Overa l l  Pe r fo rmance  - R o t o r  



DF 76995 

F i g u r e  1 4 .  O v e r a l l  P e r f o r m a n c e  - S t a g e  





F i g u r e  1 6 .  R o t o r  B l a d e  E lemen t  Pe r fo rmance  - 
5% Span From T i p  



Figure 17. Rotor Blade Element Performance - 
10% Span From Tip 



F i g u r e  18. Rotor  Blade Element Performance - 
15% Span From T i p  



F i g u r e  19 .  Ro to r  B lade  Element Per formance  - 
30% Span From T i p  



F i g  u r e  20 .  Ro to r  B lade  Element Per formance  - 
50% Span From T i p  



F i g u r e  21 .  Rotor  Blade Element Performance - 
70% Span From T i p  



F i g u r e  2 2 .  Rotor  Blade  Element Performance  - 
85% Span From T i p  



F i g u r e  23. Ro tor  Blade Element Performance - 
90% Span From Tip 



F i g u r e  24. Rotor  B lade  Element Performance  - 
95% Span From Tip  
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F i g u r e  32.  S t a t o r  B l a d e  Element  Pe r fo rmance  - 
5% Span From T i p  



F i g u r e  33. S t a t o r  B lade  Element  Per formance  - 
10% Span From T i p  



F i g u r e  34. S t a t o r  Blade Element Performance - 
15% Span From. T i p  



F i g u r e  35. S t a t o r  B lade  Element Per formance  - 
30% Span From T i p  



F i g u r e  36.  S t a t o r  Blade Element Performance - 
50% Span From T i p  , 



Figure 37. Stator Blade Element Performance - 
70% Span From Tip 



F i g u r e  38. S t a t o r  B lade  Element Per formance  - 
85% Span From T i p  



F i g u r e  39.  S t a t o r  Blade Element Performance - 
90% Span From Tip  



F i g u r e  40. S t a t o r  Blade Element Performance - 
95% Span From Tip  
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F i g u r e  46.  S t a t o r  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 s ,  10% Span From 
Tip ,  100% Design E q u i v a l e n t  Rotor Speed 



Figure  47. S t a t o r  S t a t i c  Pressure C o e f f i c i e n t s ,  90% Span 
From Tip, 100% Design Equivalent Rotor Speed 



APPENDIX A 
DEFINITION OF SYMBOLS 

AND PERFORMANCE VARIABLES 

Flowpath a n n u l a r  a r e a ,  f t 2  

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  of sound,  f t / 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 f u s i o n  f a c t o r  

I n c i d e n c e  a n g l e ,  deg (based  on e q u i v a l e n t  c i r c u l a r  
a r c  meanl ine)  

Abso lu te  Mach number 

Rotor  speed ,  rpm 

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

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

T o t a l  p r e s s u r e ,  p s i a  

S t a t i c  p r e s s u r e ,  p s i a  

Blade maximum t h i c k n e s s ,  i n .  

T o t a l  t empera tu re ,  O R  

S t a t i c  t empera tu re ,  O R  

Ro to r  speed ,  f t / s e c  

V e l o c i t y ,  f t / s e c  

A c t u a l  f  l o w r a t e ,  1bm/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  

R a t i o  of s p e c i f i c  h e a t s  

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

R a t i o  of t o t a l  p r e s s u r e  t o  NASA s t a n d a r d  s e a  l e v e l  
p r e s s u r e  of 14.694 p s i a  

D e v i a t i o n  a n g l e ,  deg 

A d i a b a t i c  e f f i c i e n c y  

R a t i o  of  t o t a l  t empera tu re  t o  NASA s t a n d a r d  s e a  l e v e l  
t empera tu re  of  5 1 8 . 7 " ~  



c( Blade meta l  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) 

6) Dens i ty ,  l b f  s e c 2 / f  t4 

B S o l i d i t y ,  c/S 

9 Blade camber a n g l e ,  K 1  - K2, deg - 
c3 Loss c o e f f i c i e n t  

z c o s  6 / 2 8  Loss parameter 

S u b s c r i p t s :  

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

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 e n g t h  downstream from 
S t a t i o n  2A) 

Force  

Free  s t r e a m  v a l u e  

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

Loca l  

Mean o r  mass 

Leading edge 

T r a i l i n g  edge 

S t a t i c  c o n d i t i o n  

A x i a l  component 

T a n g e n t i a l  component 

R e l a t e d  t o  r o t o r  b l a d e  

Mass average  v a l u e  



D e f i n i t i o n  of Overa l l  Performance Var iab les  

Pressure Rat io:  

P2 
Rotor: 

Corrected Flow 

Corrected S p e c i f i c  Flow: 

Equivalent Rotor Speed: 

Adiabat ic  E f f i c i ency :  

y-l 

Rotor: - 

' 2 ~  Stage:  

7 3  
2 A / 1 )  Y - 1 

Stage:  - 
~ ~ ~ 1 5 1 8 . 7  - 1 

Adiabat ic  E f f i c i ency :  

- J - L L  L 
Rotor : 'ad ~ ~ 1 5 1 8 . 7  - 1 

Poly t ropic  E f f i c i ency :  



D e f i n i t i o n  of  Blade Element Performance V a r i a b l e s  

I n c i d e n c e  Angle : 
1 

Rotor :  i = 8 - K l e  
m 

S t a t o r :  im = o2 - K l e  

D i f f u s i o n  F a c t o r :  

V; 
Ro to r :  D = 1 - - + d2V82 - d l V ~ l  

'i (dl  + d2)  V'P 
' 2 ~  

- d  V 
S t a t o r :  D = 1 - - + d2Vt12 2A 82A 

2  (d2 + dpA) V 2 6  

D e v i a t i o n  Angle : 

Rotor :  6 O  = 0 ;  - K t e  S t a t o r :  6' = P2A - K t e  

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

I P2id - P2 
Rotor :  W = -, 

where : 

P '  i s  found from PIP' = 1 + - [ Y ; 1 ~ 1 2 1 7 - 1  
and M' i s  c a l c u l a t e d  u s i n g  t r i g o n o m e t r i c  f u n c t i o n s  and t h e  measurements 
o f  U, P ,  P,  and p. 

- 

- P 2 1 - - P A  
S t a t o r :  O = 

p21 - p2 

where : 

P21 
= t h e  wake r a k e  f r e e s t r e a m  t o t a l  p r e s s u r e  

S t a t o r  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 :  



APPEKDIX B 
TABUTATED PE Kl'ORMANCE 

Rotor and s t a t o r  b l a d e  e lement  d e s i g n  d a t a  a r e  p resen ted  i n  t a b l e s  B - 1  

and B - 2 .  The o v e r a l l  performance,  r o t o r  performance,  and t h e  r o t o r  and s t a t o r  

b l e e d  f low r a t e s  a r e  p r e s e n t e d  i n  t a b l e  B-3 .  Table  E - 4  p r e s e n t s  b l a d e  

e lement  d a t a  f o r  each t e s t  p o i n t .  D e f i n i t i o n s  of v e l o c i t y  diagram and 

performance v a r i a b l e s  as t a b u l a t e d  i n  t h e  computer p r i n t o u t s  a r e  pre- 

s e n t e d  i n  Appendix A .  The s p a n  l o c a t i o n s  i n  t a b l e  B - 4  correspond t o  

d e s i g n  s t r e a m l i n e s .  



Table  B-1 .  Rotor  5 Blade Element Design Data Along 
Design S t r e a m l i n e s  

GEOMETRY DATA 

A i r f o i l :  NACA 65(A = 1.0) 
No. of Blades:  60 

Percen t  Span From Tip  
Leading T r a i l i n g  

Edge Edge 

Aspect Rat io :  1.820 
Chord Length: 2 .21  i n .  

VELOCITY DIAGRAM DATA 

Equivalent  Rotor Speed: 4210 rpm Corrected Weight Flow: 110 l b / s e c  

Pe rcen t  Span From Tip 
Leading T r a i l i n g  

t 1 I 
Edge Edge V' t 

' le 'zle 'ele 81e 'le :e 'zle 8 te  Bte 'te 

DESIGN PERFORMANCE DATA 

Pressure  Rat io :  1 .401 Ef f i c i ency  = 87.3% 

Percen t  Span from Tip 
Leading T r a i l i n g  t Loss P - 1 

Edge i t ? 
T t e  

Edge A 0  M l e  m D~ 
Parameter 6' p s l a  R 



Table  B - 2 .  S t a t o r  5 r,ladc Element Design Data 
Along Desi::n S t l-eamlines 

G EON11 SI:Y DA'I'A 

A i r f o i l :  NACA 65(A = 1.0)  
No. of Blades:  58 

Aspect Rat io :  1.689 
Chord Lengtll: 2.182 i n .  
Thickness ,  t j c  = 0.090 

Percen t  Span From Tip 
Leading T r a i l i n g  

Edge Edge l e  

VELOCITY DIAGRAM DATA 

Percen t  Span From Tip  
Leading T r a i l i n g  

Edge Edge 

DESIGN PERFORMANCE DATA 

Stage  Pressure  Ra t io :  1.353 
S tage  E f f i c i e n c y :  78.1% 

Percen t  Span From Tip 
Leading T r a i l i n g  

Edge Edge A 4  
Loss - 

Parameter 



Table B-3. O v e r a l l  Performance,  Rotor  5-S t a t o r  5 

C o r r e c t e d  
w 
o Weight Flow 

l b / s e c  

Rotor T ip  
Bleed Flow 
s e c  % 

S t a t o r  Hub & T ~ D  Rotor  
Bleed Flow P2 IPo %d 

l b / s e c  70 % 

50% Design E q u i v a l e n t  Rotor  Speed 

70% Design E q u i v a l e n t  Rotor  Speed 

90% Design E q u i v a l e n t  Rotor  Speed 

S t a g e  

P ~ A / P o  'ad ?P 
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Nomenclature Used f o r  Blade  Element 

E x i t  P e r c e n t  Span from Tip  

E x i t  Diameter 

Abso lu te  Flow Angle 

R e l a t i v e  Flow Angle 

Abso lu te  V e l o c i t y  

A x i a l  V e l o c i t y  

Abso lu te  T a n g e n t i a l  V e l o c i t y  

Relative V e l o c i t y  

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

Rotor  Speed 

Abso lu te  Mach Number 

R e l a t i v e  Mach Number 

R e l a t i v e  Turning Angle 

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

Loss  Parameter  

D i f f u s i o n  F a c t o r  

P o l y t r o p i c  E f f i c i e n c y  

A d i a b a t i c  E f f i c i e n c y  

I n c i d e n c e  

D e v i a t i o n  

T o t a l  P r e s s u r e  

T o t a l  Temperature 

Data  T a b u l a t i o n  

PCT SPAN 

DIA 

BETA 

BETA (PR) 

v 

vz 

V - THETA 

V (PR) 

V - THETA PR 

u 

M 

M (PR) 

TURN (PR) 

UUBAR 

LOSS PARA 

DFAC 

EFFP 

EFF 

I N C I D  

D EVM 

P 

T 

Note: Where a p p l i c a b l e  t h e  a p p r o p r i a t e  i n s t r u m e n t a t i o n  s t a t i o n  i s  no ted .  





Table B-4. Blade El .ement Performance (Continued) 

PWGKNT EQUIVALENT DESION SPEED 45.8 1 RUI~ALQIT ROTOR S P m  - 2097.00 CORRECTED WElGHT FLON = 66'.54 PRESSIRE RATIO ~1.0645 

1NLc.T PCT SPAN 96.42 91.17 86.46 
CIA 33.150 33.5SC 33.985 

STAT ION 0 BETA 0 0.000 0.OOC 0.000 
STITION 1 BETA 1 0.553 C.852 0.819, 

V 0 247.63 247.63 241.63 

PCT SPAN 
01 A 
BETA @ 
BETA 1 
v 0 
v 1 
VZ 0 
vz  1 
V-THFTA " 
V-THFTA 1 
n o 
n 1 
TURN 
UVRAR 
OF AC 
EFF P 
1 N C l O  
OEVR 

P P 
P 1 
1 0  
T 1 

v 1 
VZ 0 
V.? 1 
V-THETA 0 
V-THETA 1 
H 0 
n 1 
TURN 
UU8AR 
OFAC 
EFFP 
INC 10 
CEVH 
P 0 
P 1 
T 0 
T 1 

ROTGH 5 PC1 SPAN 
OlA 

STbTION 1 BETA 1 

PC1 SPAN 
01 A 
DETA 1 

STATION 2 BETA 2 
8ETAIPRI 1 
DETAIPR I 2 

BETA 2 
BET&(PR) 1 
DETAIPRI 2 
v 1 
v 2 

VZ 1 
v.? 2 
V-THETA 1 
V-TI-ETA 2 

V-THETA 1 
V-THETA 2 

VIPRI 1 
VIPRI 2 
VTHETA PR1 

V(PRI 1 
VIPRI 7 
VTHETA PRl 

VTHETA PR2 
U 1 

-61.6 -104.3 -131.5 -140.6 -135.2 -138.6 VTHETA PR2 
323.C8 339.32 354.79 367.09 370.66 374.73 U l  
321.62 335.65 349.69 360.21 363.73 367.23 U 2  
0.2488 0.2429 0.2370 0.2329 0.2294 0.2060 R 1 
0.3679 0.3460 0.3296 0.3184 0.3099 0.2915 H ? 
0.3804 0.3880 0.3955 0.4021 0.4028 0.3930 UIPRI 1 
0.2902 0.2926 0.2905 0.2805 0.2626 0.2495 M(PR1 2 
38.210 32.644 29.333 28.014 27.937 28.706 TURNIPR) 
0.0394 0.0398 0.0714 0.1415 0.2120 0.2136 UURAR 

U 2 
H 1 
n 2 
HIPHI  1 
HIPRI  2 
TURNIPR I 
UUBAR 
LUSS PARA 
CFAC 
EFFP 
EFF 
INC ID 
OEVH 
P 1 

6.0689 
0.6452 
0.864.2 
0.8624 

-10.789 
26.258 
14.556 
16.C28 

518.700 
535. c c c  

LGSS PARA 
OF AC 
EFF P 
EFF 
l t c t n  
OE VH 

P 1 

STATOR 5 PC1 SPAN 
CIA 

STATION 2 BETA 2 
STAT ION 2A BETA 2A 

PCT SPAN 
01 A 
BETA 2 
BETA 2A 

vz 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 

vz 2 
VZ 2A 
V-THETA 7 
V-THETA 2A 
M 2 

H 2A 
TURNIPRI 
UUB AR 
LOSS PARA 
OF AC 
EFF P 
EFF 
INClO 
OEVW 

H 2 
H 2A 
TURNIPR I 
UUBAR 
LOSS PARA 
OFAC 
EFFP 
E FF 
INC 10 
CEVH 
p 21 
P 2A 



Table  B-4. Blade E l e m e  ! n t  Per formance (Continued) 

PERLTQJT CPUIVALGHT D i S I O N  SPEED - 49.67 W I V A L B I T  IiO'KJR SPEKO " CORRECTED HEIGHT FLOW = 59.' 72 PRESSURE RATIO 

INLhT PCT SPAN 
c I A  

STAT ION 0 BETA 0 
STAT ION 1 EETA 1 

v 0 
v 1 
VL 0 
VZ 1 
V-THETA 0 
V-THETA 1 
H 0 
M 1 
TURN 
UUBAR 
OFAC 
EFFP 
INC 10  
OEVH 
P 0 
P 1 

51.17 
33.590 

0. COG 
C. t 4 6  

221.21 
245.22 
221.21 
245.15 

0. UL 
3.62 

6. I 585 
C.2207 
-0.85 

C. 0225  
-0.109 
C.9118 
C.OCO1 
-0. € 4 6  
14.b54 
12.685 

PC1 SPAN 
D I P  
BETA 0 
BETA 1 
v 0 

vz 1 
V-THETA ', 
V-THETA 1 

n 1 
TURN 
UURAR 
OFAC 
EFFP 
1 NClO 
OE VI( 

P 0 
P 1 
T Il 
T 1 

RGTCR 5 PC1  SPAN 95.01 5C.CC 85.01 
OIA 33.233 33.617 34.000 

STAT ION 1 BETA 1 0.525 O.E46 0.784 
STATION 2 8ETA 2 55.850 53.740 49.860 

BETAtPRl  1 52.t343 51 . i 05  51.085 
BETAIPRI 2 -8.566 0.136 6.291 

PC1 SPAN 
0 1  A 
BETA 1 
BETA 2 
BETA(PRI 1 
BETA(PRI 2 
v 1 
v Z 
VZ 1 
vz  2 
V-THETA 1 
V-THETA 7 
VIPRI 1 
V1"RI 2 
VTHETA PRl 
VTHETA PR2 
U 1 
u 7 
H 1 
n 2 
H l P R l  1 
M(PRI 2 
TLIRNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFFP 
EFF 
1 KID 
OE vn 

P 1 
P 2 
T 1 
T 2 

VL 2 
V-THETA I 
V-THETA 2 
V I P R I  1 
V t P R I  2 
VTHETA PR 1 
VTHETA PR2 
U 1 
U 2 
H 1 
H 2 
M(PRl  1 
H I P R I  2 
TUHN( PR ) 
UUdAR 
LOSS PARA 
OFAC 
EFFP 
EFF 
lNC 10 

o.otlc9 
C. 7333  
0.8553 
C. 8579  - 7.557 
22.434 
14.625 
16.102 

518.70C 
534. ECO 

STATOP 5 PCT SPAN - 94.46. $0.62-  85 .08  
O l d  33.250 33.520 33.915 

STAT ION 2 BETA 2 55.85C 53.74C 49.860 

P C 1  WAN 
0 1  A 
BETA BETA 2 2A 

v 2 
V 2A 
VZ 2 
VZ 2A 
V-THETA 2 
V-THETA ZA 
H 2 

n 2 4  
TURN1 PRI 
UURAR 
LDSS PARA 
OFAC 
EFF P 
EFF 
I t & l O  
OE VN 

p 2 1  
P 2A 
T 2 
T 2A 

STAT ION 2A BETA 2A 5.020 4. 736 4.390 
V 2 4C8.CB 379.73 371.29 
V 2A 266.52 262.97 263.54 
VL 2 229.08 224.58 239.34 
VZ 2A 265.49 262.07 262.77 
V-THETA 2 337.71 306.18 283.82 
V-THETA 2A 23.32 21.68 20.17 
M 2 0.3647 C.3390 0.3315 
M 2A C.2364 C.2334 0.2340 
TUHN(PR I 
UUBAR 
LOSS PARA 
OFAC 
EFFP 
EFF 
lNC I 0  
OEVH 
P 21 

0.612s - 0. 0 c o o  
- 10.450 

27.44C 
16 .a 
15.775 

534. e c o  
534. eoc 





Table  B-4 .  Blade Element Perform ance (Cont inued)  

PERCrJlf wIp.mT DESIGN SPEED - 70. C 7 EQUIVALENT ROTOR SPED = 2950.00 CCRPECTEO WEIGHT FLOW = 99.11 PRESSISE RATIO -1.0835 

INLhT PCT SPAN 
DIA 

STAT IUN 0 8ETA 0 
STAT ION 1 BETA 1 

v 0 
v 1 
VL 0 
VL 1 
V-Tt-ETA 0 
V-THETA 1 
H 0 
H 1 
TURN 
UUBAK 
CFAC 
EFFP 
INC 10 
OEVU 
P 0 
P 1 
T 0 
T 1 

29.30 13.25 8.59 3.28 PCT SPAN 
38.775 40.120 40.510 40. 955 O I A  

BETA 0 
BETA 1 
v n 
v 1 
VL  n 
v z  1 
V-WFTA n 
V-THFTA I 
H n 
M 1 
TURN 
UURAR 
OF AC 
EFF P 
I K I O  
OE VM 

P r 
P 1 
T T\ 
T 1 

ROTCR 5 PCT SPAN 
DIA 

STATION 1 BETA 1 
STATION 2 BETA 2 

BETAIPKI  1 
BETAIPR 1 2 
v 1 
v 2 
VL 1 
VL 2 
V-THETA 1 
V-ThETA 2 
V l P R l  1 
V IPR)  2 
VThETA Pi3 1 
VThtTA PK2 
U 1 
U 2 
H 1 
M 2 
H I P R I  1 
H I P H I  2 
TURNIPR ) 
UUBAK 
LOSS PARA 
CFAC 
EFFP 
EFF 
lNC l U  
OEVU 
P 1 
P 2 
T 1 
T 2 

30.01 15.02 10.01 5.02 PC1 SPAN 
38.218 39.368 39.752 40.135 D I A  

BETA 1 
BETA 7 
BETA(PR1 1 
BETAIPR) 2 
v 1 
v 2 
VL 1 
VZ 2 
V-THETA 1 
V-THETA 2 
V(PR1 1 
V(PR) 2 
VTHETA PRI 
VMETA PR2 
U 1 
u 2 
H I 
M 2 
HIPR) I 
HIPRI  7 
TURNIPR) 
UU8AR 
LCSS PARA 
OFAC 
EFFP 
EFF 
I N C l n  
DE VN 

P 1 
P 2 
T I 
T 2 

STATOR 5 PCT SPAN 
OIA 

STATIOh 2 BETA 2 

5.18 PC1 SPAN 
39.62C D l A  
38.476 BETA 2 
11.700 BETA 2A 
506.42 V ? 
452.23 V ?A 
396.31 VZ 2 
442.83 V Z Z A  
314.90 V-THFTA 2 

91.71 V-THETA 2A 
0.4527 M 2 
0.4025 M 2A 

STAT ION i A  BETA 2A 
v 2 
V 2A 
VL 2 
VL 2A 
V-THETA 2 
V-ThETA 2A 

TURNIPR) 36.030 
UUBAR 0.2685 
LOSS PARA 0.1092 
CFAC C.3e2b 
EFFP 0.C755 

22.800 22.299 24.224 26.748 TURNlPRl 
0.1632 0.1949 0.2171 0.2207 UUBAR 
0.0758 0.0925 0.1038 0.1063 LOSS PARA 
0.2170 0.2932 0.3454 0.3263 DFAC 

-1.3599 -0.4946 -0.3100 -0.4638 kFFP 
- 0 . 0 0 0 0 * * * * 4 * * * * 4 * * * 4 * * * * $ t 4 * * + r  EFF 
-23.780 -26.431 -25.736 -24.851 I N C I D  

23.620 27.690 29.290 31.100 OEVC 
16.462 16.035 15.871 15.802 
16.066 15.636 15,453 15.394 :b 

542.050 541.550 541.370 542.280 T 2 
542.050 541.550 541.370 542.280 T 2A 

EFF -0.CCOO 
lNC 10 - 20. EOO 
OEVH 31.890 
P 21 17 . I 7 1  



Table B - 4 .  Blade E l c  ?merit P e r  forma nce (Continued) 

WEIGHT R O W  1 89.55  PRESSURE R A T 1 0  =1.11?58 T EQUIVALENT D B I W  SPEED a t 2 9 3 1 . 0 0  CORRECTED 

INLQ PCT SPAN 
D I A  

S T A T l O N  0 BETA 0 
STAT ION 1 B E T A  1 

v 0 
v 1 

P C 1  SPAN 
0 1  A 
BETA D 
BETA 1 
v 0 
v 1 
VZ 0 
V L  1 
V-THETA 9 
V-THETA 1 
H 'I 
H 1 
TURN 
U b 8 A R  
OF A t  
E F F P  
1 K I D  
OEVH 

P 0 
P 1 
T 0 
T 1 

34C. 53 
375.96  

(I. CC 
-2.62 

C . J L 7 5  
C. 3 4 0 7  

0.4C 
-C. CCOL 

- 0 . 1 0 4  
1.OOOC 
C.0OOI 

C. r 3 0  
14 .634 
14.6S4 

518. ZOC 
518.73C 

V-THETA 0 
V-THETA 1 
H 0 
H 1 
TURN 
UUBAR 
CFAC 
EFFP 
INC I D  
OEVH 
P 0 
P 1 
T 0 
T 1 

ROTOR 5 PCT SPAN 
O I A  

S T A T I O N  1 @ETA 1 
S T A T I O N  2 BETA 2 

B E T A ( P R J  1 
B E T A I P R J  2 
v 1 
v 2 
VL 1 
vz 2 
V-THETA 1 
V-THETA 2 
V I P R I  1 
V I P R J  2 
V l h E T A  PR 1 
VTHETA P K 2  
U 1 
U 2 
n 1 
H 2 
H I P R J  1 
M ( P R I  2 
TURN(PR I 
UU8AR 

P C 1  SPAN 
01 A 
BETA 1 
B E T A  2 
B E T A I P R I  1 
B E T A ( P R 1  2 
v 1 
v 2 
vz  1 
V Z  2 
V-THETA 1 
V-THETA 7 
V I P R I  1 
V I P R I  2 
V M E T A  P R I  
VTHETA PR7 
U 1 
U 2 
n 1 
M 2 
MIPR)  1 
M(PRI  T U R N I P R I  2 

UUBAR 
LOSS PAPA 
DFAC 
E F F P  
E F F  
I W I D  
DEVC 

P 1 
P 2 
T 1 
T 7 

L O S S  PARA 
DFAC 
EFFP 
EFF 
1NC I D  
OEVH 
P 1 

P ~ T  SPAN 
0 1  A 

STATOR 5 P C T S P A N  
D I A  

STAT I O N  i BETA 2 
S r A T I O N  2A BETA 2A 

BETA 2 
BETA 2 A  

VZ 2 
VZ 2A 
V-THETA 2 

VZ 2 
V L  2 A  
V-THETA 2 

V-THETA 2A 
H 2 
Y 2A 
TURN ( PR I 
UUBAK 
L O S S  PARA 
DFAC 
EFFP 
EFF 
lNC I D  
OEVH 

p 2 1  
P 2A 
T 2 
T 2A 

V-THETA ? A  
n z 

t4 2 A  
T U R N I P R I  
UUR AR 
LOSS PARA 
DFAC 
E F F P  
E F F  
INClrJ  
D E V H  



e n t  Per formanc -e (Continued) 

2925.0C CORRECTED WEIGHT FLOW = 84.36 PRESSUF tE RATIO ~ 1 . 1 4 3 7  

IdWP PCT SPAN 
CIA 

STATION 0 dETA 0 
STATION 1 BETA 1 

v 0 
v 1 
VZ 0 
vz 1 
V-THETA 0 
V-THETA 1 
H 0 
H 1 
TURN 
UUBAR 

PC1 SPAN 
OIA 
BETA 0 
BETA 1 
v n 
v 1 
VZ 0 
VZ 1 
V-THETA 9 
V-THFTA 1 
n n 
n 1 
TURN 
UU8AR 
OF AC 
EFF P 
lNCI0 
OEVP 

P C 
P 1 
T 0 
T 1 

OFAC 
EFFP 
INC I 0  
CEVM 
P 0 
P 1 
T 0 
T 1 5 1  e. i c c  

WoTiin 5 P C T  SPAN 
0 I A  

STAT IUN 1 eETA 1 

5.02 PCT SPAN 
40.135 OIA 
-0.148 BETA 1 
49.930 BETA 2 
60.454 BETAIPRI 1 
27.391 dETAIPRI 2 
296.74 V l  

STATION 2 BETA 2 
8ETAIPR I 1 

v 2 
v z  1 
v z  2 
V-THETA 1 
V-THETA 2 
V I P R I  1 
V I P R I  2 
VTHtTA P K l  
VTHETA PR 2 
U 1 
U 2 
H 1 
H 2 
H I P R )  1 
HLPK l  2 
TUKNIPR I 
UUBAR 

300.08 VL 7 
-0.77 V-THETA 1 

356.74 V-THFTA 2 
601.7 VIPRI 1 
338.2 VIPRI 2 

-523.5 VTHETA PRI 
-155.5 VTHETA PR2 
522.70 U I 
512.23 U 7 

0.2997 H IPRI  2 
33.079 TURNIPRI 
0.2117 UU4AR 
0.0894 LOSS PAPA 
0.7176 OFAC 
5.8333 EFFP 
O.dZ94 EFF 

LOSS PARA 
CFAC 
EFFP 
EFF 
lNC lO 
OEVH 
P 1 
P 2 
T l  
T 2 

-16.148 l N € I O  
17.723 OEVM 

STATOR 5 PCT SPAN S4.4C 5 C . 0 2  85.08 
0 l A  33.250 33.526 33.915 

STATION 2 BETA 2 56.270 52.51C 48.22P 
STATION L A  B E T A  ZA 4.e20 4 . 4 2 ~  3 . 8 5 ~  

V 2 573.41 535.98 528.01 
V 2A 375.53 367.33 362.23 
VZ 2 j lE .40  323.29 351.77 
VL 2A 374.20 306.23 361.41 
V-THETA 2 476.89 427.47 393.71 

5.18 PCTSPAN 
39.62L U l A  
49.93C BETA 2 
10.176 BETA 2 6  

300.08 VZ 2 
370.1C VZ 2A 
356.74 V-THETA 2 

V-THETA 2A 31.55 28.31 24.32 
H 2 0.5116 C.4772 C.4705 
M 2A C.3302 L.3232 C.3191 

66.39 V-THFTA ZA 
G.4132 H 7 
0.3312 H 2A 
39.738 1URNf PRI 
0.1882 UUBAR 
0.05'10 LOSS PARA 
5.5028 DFAC 
0.4913 EFFP 

c + + L * * l l  EFF 
-13.392 1 W l O  

29.576 OEVF 
17.060 P 7 ,  
16.704 P ZA 

548.060 T 7 
548.060 1 2 8  

TURNIPRI 51.450 48.476 44.366 
UUBPX 0.2123 0.1883 0.1532 
L O S S  P A K A  0.0873 0.0781 0.0643 
OFAC 0.6t55 C. 6 L 5 0  0.6P89 
EFFP O.tC25 i. l C 5 4  C. 7037 
EFF -0.CCCC -C+ CCOL 0,0017 
INC 10 -10.C30 -5.454 -10.984 
OEVM 27.240 24. E40 22.456 
p 2 1  17.L31 17.25& 17.099 
P 2A 16.e47 16.175 16.736 
T 2 550.100 548. b > 6  547.310 
T 2A 550.10C 5sU.85C 547.310 



Table B-4. Blade Ele ment Per formal ace (Continued) 

PWCGWT EQUIVUEWT DFS1G-N SPEED - 70.24 1 V%OR SPEED - 2957.00 CORRECTEC I WEIGHT FLOU 76.47 PRESSME RATIO = l . l 5 4 0  

UInT PCT SPAN 56.42 
0 l A  33.15C 

STATION 0 BETA 0 C.CC0 
STATION 1 BETA 1 -0.C30 

V 0 286.90 
V 1 239.43 
V Z  0 286.90 
va 1 289.43 
V-THETA 11 0.CC 

91.17 
33.59L 

0.COL 
-C. C3C 
2 8 6 .  5C 
313.65 
286.5C 
313.65 

0.00 
-0.16 

C.2587 
C.2832 

0.03 
-L.OCOL 

-0. G93 
C. 9599  
0.00111 

0. C3C 
14.654 
14.694 

518.70C 
518.700 

5L. C C  
33.617 
-C. G3C 
58. OOL 
54.117 
-C.618 
313.65 
514. 95 
313.65 
272.87 
-G.16 

436.68 
535.1 
272.9 

-433.6 
2.9 

433.39 
433.74 
C.2832 
0.4575 
6.4832 
C.L427 
54.735 
C.3271 
b.13U2 
b. 8152  
0. do45  
C. 8C05 
-5. 783 
LL.382 
14.094 
17.200 

518.7uC 
548.52C 

29.30 13.25 8.59 3.28 PC1 SPAN 
38.775 40.120 40.510 40.955 OIA  
0.000 0.000 0.000 0.000 BETA 0 

-0.030 -0.030 -0.030 -0.030 BETA 1 
286.90 286.90 286.90 286.90 V A  
315.21 305.62 299.89 270.77 V !  
286.90 286.90 286.90 286.90 V Z O  
315.01 305.52 299.79 270.75 VZ I 

0.00 0.00 0.00 0.00 V-THETA F 
-0.16 -0.16 -0.16 -0.14 V-THETA 1 

0.2587 0.2587 0.2587 0.2587 n Q 
V-THETA 1 -C.15 
H 0 0.2587 
H 1 O.2t lG 
TURN 0.C3 
UUBAR 0.1E86 

0.2846 0.2758 0.2706 0.2640 M 1 
0.03 0.03 C. 03  0.03 TURN 

0.0210 0.0150 0.0284 0.1931 UUBAR 
-0.099 -0.065 -0.045 0.056 OFAC 
0.9103 0.9027 0.7702 -1.3824 EFFP 

~ - ~ 

OFAC -0. C09 
EFFP C.CE77 
LNCIO 0.0C01 
CEVH 0.C30 

PCTCR 5 PCT SPAN 
DIA 

STATION 1 @ETA 1 
STAT ION 2 BETA 2 

BETA(PR1 1 

PC1 SPAN 
D l  A 
BETA 1 
BETA 2 
BETAIPRI 1 
BETA(PRI 2 
v 1 
v 2 
v z  1 
vz  2 
V-THETA 1 
V-THETA 2 
V(PRI 1 
VIPRI 2 
VTHETA PRI 
VTHETA PR2 
U 1 
u ? 
n 1 
n 2 
MIPRI 1 
MIPRI 2 
TURNI PRI 
UURAR 
LOSS PARA 
OF lt 
EFFP 
EFF 
I h C I 0  
OEVH 

P 1 
P 2 
T 1 
7 2 

BETAIPR I 2 - 
v 1 
v 2 
VL 1 
VZ 2 
V-THETA I 
V-ThETA 2 
V l P R I  1 516.6 
V I P R I  2 282.7 
VTHETA P R l  -427.9 
VTHETA PK2 52.8 
U I 427.71 
U 2 428.78 
H 1 0.2610 
n 2 c.4555 
HIPR I 1 0.4659 

UUBAR 0 .2 t58  
LOSS PARA O.lC43 
OFAC 0.8204 
EFFP 6.9237 
EFF 0.9216 
INC 10 - L.lil7 
CtVH 20.231 

STATOR 5 PCT SPAN 94.40 PC1 SPAN 
D l  A 
BETA 2 
BETA 2A 
V 2 
V 2 6  
v z  ? 
VZ 7 6  
V-THETA 2 

014  33.250 
STAT ION 2 BETA 2 60.C3C 
STATION 2A BETA 2A 3.150 

v 2 555.54 
V 2A 337.09 
VZ 2 277.72 
VL 2A 336.35 
V-THETA 2 481.60 
V-THETA 2A 22.28 
H 2 0.4555 
H 2A 0.2559 
TURNI PR I 56.240 
UUBAR 0.2093 
LOSS PARA 0.0862 
OFAC 0.7345 
EFFP 0.6345 

V-THETA ZA 
n 2 

M 2A 
35.456 40.216 42.553 44.049 TURNIPRI 
0.lo6lr 0.1552 0.2071 0.1929, UURAR 
O.a% 0.0143 0 . l W  0.0938, LOSS PARA 
0.4905 0.5618 0.5722 0.5679 OFAC 
0.7255 0.5911 0.57RR 0.5647 EFFP 

-o.o000**r+r*******+r**r*******~**t***** EFF 
-13.444 -11.664 -10.547 -10.721 l w I n  

21.300 24.540 26.110 27.930 OEVY 
17.385 17.161 17.232 17.241 p 2 ,  
17.159 16.877 16.846 16.892 P ?A 

545.680 546.780 547.17C 548.390 T 2  
545.680 546.780 547.170 548.390 T 2A 

EFF -0.00C0 
INCID  -6.270 
OEVH 
p 21 
P 2A 



Table  B - 4 .  Blade Element Performance (Continued) 

P W W T  WUIVhLEHT DESIGN S P m  85s 7 9  6 3780.00 CORRECTEOWEIGHT FLOW = 115.65 PRESSURE RATIO -1.119P 

111~2  PC1 SPAN 
0 t h  

STATION 0 BETA 0 
STATION 1 BETA 1 

v 0 
v 1 
vz C 
vz 1 
V-THETA 0 
V-THETA 1 
n 0 
H 1 
TURN 
uunm 
OFAC 
EFFP 
l N C I 0  

70.64 49.46 29.30 13.25 8.59 3.28 PC1 SPAN 
35.310 37.385 38.775 40.120 40.510 40.955 OIA  

0.000 0.000 0.000 0.000 0.000 O.OOC BETA C 
0.370 0.298 0.232 0.178 n.162 0.145 B E T A 1  

457.37 457.37 457.37 457.37 457.37 457.37 V O 
v 1 
v z  P 
VZ 1 
V-THETA 0 
V-THETA 1 
H "  
n 1 
TURN 
UUeAR 
OF AC 
EFF P 
INCIO 
UEVU 

P I, 
P 1 
T 0 
T 1 

OEVH 
P 0 
P I 
T 0 
T l  

ROTGH 5 PCT SPAN 70.01 5C.01 30.01 15.02 10.01 5.02 PC1 SPAN 
OIA 

STATION 1 eETA 1 
35.150 36.684 38.218 39.368 39.752 40.135 0 1 4  

0.370 0.298 0.232 0.178 0.162 0.145 BETA 1 
STAT ION 2 BETA 2 

8ETAIPR l  1 
BETAIPRI 2 

VZ 1 
VL 2 
V-THETA 1 V-THFTA I 

V-THETA 2 
VIPRI 1 
ViPR) 7 
VTHFTA PRI 
VTHETb PR2 
U 1 
u 7 
H 1 
n 2 
H IPRI  1 
H IPRI  2 
TURN1 PR) 
UUBAR 

V-THETA 2 
V I P R I  1 
V l P R l  2 
VTHt rA  PR 1 

575.34 
7C5.7 
524.2 

-543.2 
27.2 

546.75 
548.12 
C.4103 
0.6563 
0.6427 
0.46S3 
53.3C5 
0.1516 
0.6753 
'2.5765 
6.8772 
0.8720 

-U).071 
28.C24 
14.C92 
18. ECG 

518.700 
565.760 

VTHETA PR2 
U 1 
U 2 
H 1 
n 2 
H I P R I  1 
H I P R I  2 
TUXNIPKI 
UUBAH 
LOSS PARA 
OFAC 
EFFP 
EFF 
INC lO 
OEVH 
P 1 
P 2 
T 1 
T 2 

LOSS PARA 
OF AC 
EFFP 
EFF 
I K l O  
OEVM 

P 1 
P 2 
T 1 
T 2 

STbTUK 5 PCT SPAN f 4 . 4 ~  
0 1A ??.250 

STATION 2 BETA 2 47.700 
S l A r  ION 2A BETA 2A 5.870 

V 2 777.88 
V 2A 669.29 

5.10 PCT SPAN 
39.62C. 0 1 4  
41.770 BETA 2 
12.726 BETA 2A 
645.39 V Z  
600.79 V 2A 
481.14 VZ 2 
586.C4 V 2 2 A  
429.73 V-THFTA 7 
132.29 V-THFTA 7A 
0.5762 H 7 
0.5341 n 2 A  

VZ 2 523.52 
VZ 2A 659.39 
V-THETA 2 575.34 
V-THETA 2A 114.73 
H 2 0.6563 ~. 
H ZA 0.5517 
TURNIPRI 37. f30 
UUBAR 0.31r72 
LOSS PARA 0-lh11 

TURN(PR) 
UURAR 
LOSS PARA 
OFAC 
EFF P 
EFF 
l M I 0  
OEVH 

P 2 1  
P ?A  
1 2  
T ?A 

CFAC 0.3839 
EFFP -0.2935 
E FF -0.OOCO 
INC 10 - ie .  o c c  
OEVH 32.250 
P 2 1  18.500 
P 2A 16.798 
T 2 565.760 
T 2A 565.760 



Table B-4, Blade Element Performance (Cont inued)  

PWCEXT gPUIVllLWT DESIGN SPEED = 8 5 - 0 3  EQUIVALIT F I h  SPEED 3782.03 CORRECTED WEIGHT FLOW = l l C . 2 3  PRESSlRE RATIO 

PCT SPAN 
0 1  A 
BETA C 
BETA 1 
v n 
v 1 

STAT ION 0 8ErA 0 0.CCO 0,LOC 0.COO 0.000 0.200 0.000 0 0  P.000 0.000 
STATION 1 8ETA 1 0.475 6.454 0.437 Cb.378 0.302 0.227 r .215 0,197 0.178 

V 0 431.74 431.74 431.74 431.74 431.74 431.74 431.74 431.74 431.74 
V 1 451.56 482.08 484.15 489.33 484.36 473.74 461.99 458.41 411.63 
VZ 0 431.74 431.74 431.74 431.74 431.74 431.74 431.74 431.74 431.74 
VZ 1 451.54 4d2.06 484.06 489.24 484.05 473.45 461.81 458.25 411.59 
V-THETA o C.LO 0. uc 0. oc 0.00 r.00 0.00 0.00 c. c o  0. oc. 
V-THETA 1 3.74 3.82 3.69 3.23 2.55 1.88 1.73 1.58 1.28 
M 0 0 .35L t  C.3526 C.3926 0.3926 0.3926 0.3926 0.3926 C.3926 0.392b 

V-THFTA P 
V-THE14 1 
M n 

H 1 0 0 4 1 1 3  
TURti -C.48 
UUBAR C. 1 5 7 1  
DFAC -0. C46 
EFFP C.3358 
INC I 0  O.CCC1 
GEVM -0.475 
P 0 14.694 
P 1 14.402 
T 0 518.7CO 
T 1 5 1  8.7CO 

n 1 
TURN 
UUeAR 
OF AC 
EFFP 
I N C I D  
DEVW 

P P 
P 1 
T I, 
T 1 

LGTCH 5 PC1 SPAN 95.C1 5 C . C C  85.Cl 70.01 50.01 30.01 15.02 10.01 5.02 
CIA 33.233 33.617 34.000 35.153 36.684 38.218 39.368 39.752 40.135 

STATION 1 BETA 1 0.475 C.454 0.437 0.378 0.302 0.227 0.215 0.197 0.178 
STAT ION 2 BETA 2 51.50G 47.6dC 43.800 38.520 36.370 36.330 41.620 45.330 49.060 

8 E T A I P R I l  50.27C 4d.791 49.014 49.825 51.541 53.421 55.031 55.507 58.61C 
B E T A l P R 1 2  - 4 . t 8 5  1 4  8.057 14.598 21.332 25.632 26.873 29.093 29.604 
V 1 451.56 482.0k 484.15 489.33 484.36 473.74 461.99 458.41 411.63 
V 2 744.75 712.75 706.42 702.03 667.87 644.72 623.28 595.37 587.50 
VL 1 451.54 482.Ob 484.06 489.24 484.35 473.45 461.83 458.25 411.59 

PC1 SPAN 
0 1  A 
BETA 1 
BETA 2 
BETAIPR) 1 
8ETAlPR) 2 

VZ 2 
V-THtTA 1 
V-ThETA 2 
V I P K I  1 
V IPRI  2 
VTHETA PA 1 
VTHETA PH2 
U 1 
U 2 
M 1 
H 2 
H ( P K I  1 

VZ 2 
V-THETA 1 
V-THFTA t 
VIPRI 1 
VIPRI 2 
VTHFTA PRI 
VTHFTA PR2 
U 1 
U 2 
n 1 
n 7 
HIPR) 1 
C((PRl 2 
TURNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFFP 
EFF 
l K l 0  
OEVM 

CIIPRI 2 
TURNIPR I 
UUBAK 
LOSS PAHA 
CFAC 
EFFP 
EFF 
l N C l 0  
CEVM 
P 1 
P 2 
T 1 
T 2 

STPTOR 5 PC1 SPAN 94.4C SZ.b i  85.08 70.31 5c.14 29.97 15.27 9.94 5.18 
CIA 33.250 33.526 33.915 34.970 36.410 37.85C 38.900 39.28P 39.62C, 

STAT ION 2 BETA 2 51.500 47. t 8 C  43.800 38.52P 36.370 36.330 41.620 45.330 49.060 

PC1 SPAN 
D 1 4  
BETA 2 

STAT IGN 2A BETA 2A 
v 2 
V 2A 
vz 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 

BETA 2A 
v 7 
V 2A 
v z  7 
VZ 2A 
V-THETA 7 
V-THFTA ZA 
H 2 

M ZA 
TURN1 PRI 
UURAR 
LOSS PARA 
OFAC 
EFFP 
EFF 
I H C I D  
DE VM 

M 2 
t4 2A 
TURNIPR I 
UUBAK 
LOSS PAHA 
OFAC 
EFFP 
EFF 
INC IO  
OEVM 

p 21 
P 2A 





Table  B-4. Blade E le  ment I 'er  formance (Continued) 

W'f PC7 SPAN 56.42 91.17 
OlA 33.150 33.550 

STAT ION 0 BETA 0 0.000 6.GJG 

PC1 SPAN 
0 1  A 
BETA 0 
BETA 1 
V 0 
V 1 
vz  f! 

v z  1 
V-THETA O 
V-THETA 1 
H n 
M 1 
TURN 
UUBAR 
OF A C  
EFFP 
I N C I O  
OEVR 

P n 
P 1 
T F 
T 1 

V-THETA 0 
V-THETA 1 
M 0 
H 1 
TURN 
UUBAR 
OFAC 
EFFP 
INC I D  
OEVH 
P 0 
P 1 
T 0 
T l  

ROT08 5 PC1 SPAN 95.01 5C.66 
0 I A  33.233 33.617 

K T  SPAN 
D l  A 
BETA 1 
BETA 2 
BETAIPQI 1 
BETAIPRI 2 
v 1 
V 2 
VL 1 

STCT ION 1 BETA 1 1.145 1.C73 
ST AT ION 2 BETA 2 58.680 55.60L 

BETAIPRI  1 53.669 52.103 
8ETA4PRl 2 -11.478 -C.S(iC 
V 1 397.28 425.23 
V 2 733.82 677.16 
VZ 1 357.20 425.15 
VZ 2 381.45 381.97 
V-THETA 1 7.54 7. $6 
V-THETA 2 626.89 555.11 

v z  2 
V-THETA 1 
V-THETA 2 
VIPRI  1 
VIPRI 2 

V t P R I  1 
V I P R I  2 
VTHETA P R 1  
VTHETA PR2 
U 1 
U 2 
H 1 
H 2 
H I P R I  1 
H t P R I  2 
T W N I P R )  
UUBPX 

VTHETA PRI 
VTHETA P92 
U 1 
U 2 
n i 
R Z 
HIP81 1 
n t P R l  2 
TURNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFFP 
EF F 
I N C l D  
OEVP 

P 1 
P 2 
T 1 
1 2  

LOSS PARA 
OFAC 
EFFP 
EFF 
INC I D  
CEVH 
P 1 

STATOR 5 PCTSPAN 94.40 90.62 
OIA 33.250 33.520 

PC1 SPAN 
0 1  A 
BETA 2 
BETA 2A 
V 2 
V 2A 

STAT ION 2 BETA 2 
ST AT ION 2 1  BETA 2A 

v 2 
v 2A 
VZ 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 
H 2 
H 2A 
TURN4 PR ) 

vz  2 
VZ 2A 
V-THETA Z 
V-THETA 2A 
n 2 

H 2A 
TLIRNI PA) 
UUBAR 
LOSS PARA 
OF AC 
EFFP 
EFF 
I NCIO 
DEVH 

; 2 
T 2 
T 2A 

UU8AR '0.2295 0.1917 
LOSS PARA 0.09L5 0.0820 
OFAC 0.7203 0.6755 
EFFP 0.5654 C.6500 
EFF - 0. OCOO -C. OC0C 



Table B-4. Blade Element Performance (Continued) 

P E R W T  EQUIB-T DFSI(I# e 56.62 WIVALENT ROTOR SPgFD 1 3815.00 CCRRECTED WEIGHT FLOW = 97.15 PRESSURE RATIO -1,2420 

INLP P C 1  SPAN 
0 I A  

STAT ION 0 BETA 0 

PCT SPAN 
0 1  A 
BETA n 
BETA 1 
v 
v 1 

33.59G 
C. OOG 
1.231 

372.98 
416.68 
372.98 
415.99 

C. JO 
8.94 

C. 3375  
C.378C 
-1.23 

0.0367 
-C. 116 
C. 8732  
C. 0 6 0 1  
-1.231 
l4 .6F4 
14.653 

51d. 700  
518. 700 

~ T B T I O N  1 BETA 1 
v 0 
v 1 
VZ L 
vz 1 
V-THETA 0 
V-THETA 1 
H 0 
H 1 
TURN 
UU8AR 
DFAC 
EFFP 
l N C l 0  
CEVH 
P 0 
P 1 
T 0 
T 1 

VZ 0 
VZ 1 
V-THETA 1 

V-THETA 1 
H P 
H 1 
TURN 
UURAR 
OF AC 
EFFP 
I NCl0  
OE VP 

P 0 
P 1 
1 r- 
T I  

HOTCR 5 PC1 SPAN 
CIA 

STATlON 1 BETA 1 

PC1 SPAN 
D I A  
BETA 1 
BETA 2 
BETAIPRI 1 
BETAIPRI 2 
v 1 
v 2 

STAT ION 2 BETA 2 
BETAIPR 1 1 
8ETA(PK I 2 
v 1 
v 2 
v 2  1 
VZ 2 
V-TI-ETA 1 
V-THETA 2 
V I P R I  1 
V I P R )  2 
VTHETA PR1 
VTHETA PRZ 
u 1 
U 2 
n i 
H 2 
H I P R I  1 
HIPK I 2 
TURNIPR I 
UUMAR 
LOSS PARA 
DFAC 
EFFP 
EFF 
lNC I 0  
OEb'H 
P 1 
P 2 
T 1 
T 2 

VZ 1 
VZ 2 
V-THFTA 1 
V-THFTA 7 
VIPRI 1 
VIPRI 2 
VWETA PRl 
VTHFTA PR2 
U 1 
U Z 
H 1 
H a 
HIPRI  1 
H IPRI  2 
TURN1PRl 
UU4AR 
LOSS PARA 
OFAC 
EFFP 
EFF 
l N C 1 0  

STATOR 5 PCT SPAN 
t l A  

S IPT ION 2 BETA 2 
STAT ION 2A BETA 2A 

v 2 
V 2A 
VL 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 
H 2 
H 2A 
TURNIPR I 
UUdAR 
LOSS PARA 
OFAC 
EFFP 
EFF 

PCT SPt 'I 
OIA 
BETA ? 
BETA 2A 
v 7 
V ? A  
v z  7 
VL ZA 
V-WFTA 2 
V-THFTA 2A 
H 7 

H TURNIPR) 2A 

UURAR 
LO55 PARA 
OFAC 
EFFP 
EFF 

lNC 10 -5.570 -4.044 -5.734 -8.847 -10.207 -13.144 -9.184 -8.126 -7.871 l N C I 0  
OEVH 24.580 23.35C 21.91C 18.770 18.780 21.640 24.510 26.000 2 7  6 6  OEVC 

p 2 1  19.2h2 19.164 18.978 18.991 19.1Ob 19.046 18.715 18.738 1 6 7 5 9  
P 2A 18.304 18.303 18.314 18.463 18.913 18.614 18.192 le .135 18.170 F;! 
T 2 570.250 5 o d . i l L  265.720 563.630 561.930 562.920 564.020 565.230 567.080 1 2  
T 2A 57C.25C 568.CIC 565.720 563.630 561.930 562.920 564.020 565.230 567.080 T 2A 



Table  B-4. Blade Element Performar Ice (Continued) 

RmaT B W X V W  DESION " 90.14 WIV*LWT R~TOR S g g D  - 3795,OO CORRECTED WEIGHT R O Y  = 95.88 PRESSURE RATIO 11.2453 

ULhl PC1 SPAN 
0 1A 

STAT IUN 0 BETA 0 
STATION 1 8ETA I 

v 0 
V 1 
vz 0 
VL 1 
V-THETA 0 
V-THETA 1 
n 0 
H 1 
TURN 
UU8AR 

PC1 SPAN 
O I A  
BETA F 
BETA 1 
v 0 
v 1 
v z  F 
vz  1 
V-THETA n 
V-THETA 1 
n n 
n 1 
TURN 
UUBAR 
DF AC 
EFFP 
I W l O  
OEVM 

P 0 
P 1 
1 0  
T 1 

PC1 SPAN 
0 1  A 
BETA 1 

C. c o c  
1.117 

367.48 
461.67 
367.48 
401 .6 i  

0. OC 
7.83 

G.3328 

OFAC -0.C18 -0.C93 -0.114 -0.113 -0.118 
EFFP 0.1755 C.5599 1.0000 0.9999 0.9999 
INC I D  O.OCC1 6.CC01 0.0001 0.0001 0.0001 
DEVH -1.145 -1.117 -1.093 -1.010 -0.918 
P 0 14.694 l r . 0 ~ 4  14.694 14.694 14.694 

POTCR 5 PC1 SPAN 
D I A  

STATION 1 BETA 1 
STAT ION 2 BETA 2 

8ETAIPR) 1 
BETAIPR I 2 

B E T A  2 
BETAIPRI 1 
BETAIPRI 2 
v 1 
v 2 
VZ 1 
VZ 7 
V-THETA 1 
V-THETA 7 
VIPRI  VIPRI 1 2 

VTHETA PRI 
VTHETA PR2 
U I 
U ? 
n I 
n 2 
H IPRI  1 
H I P R I  2 
TURNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFF P 
EFF 
1 M I 0  
OE VM 

P 1 
P 2 
T 1 
T 2 

VL 1 
VL 2 
V-THETA 1 
V-ThETA 2 
V I P R I  1 
V IPR)  2 
VTHtTA P R l  
VTHETA PR2 
U 1 
U 2 
H 1 
H 2 
H I P R I  1 
H IPKJ  2 
TURN1 PR I 
UU8AR 
LOSS PARA 
OFAC 
EFFP 
EFF 
INC I D  
OEVH 
P 1 
P 2 

STATOH 5 PCT SPAN 
D l h  

STATION 2 BETA 2 
STAT ION 2A BETA 2A 

v 2 

5.18 PC1 SPAN 
39.626 D l A  
56.380 B E T A 2  

7.760 BETA 2A 
582.65 V 2 
433.43 V 7A 
322.52 VL 2 
429.46 V Z Z A  
485.07 V-THETA 2 

58.52 V-THETA ZA 
0.5115 R 2 
0.3761 M 2A 

V 2A 
vz 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 

TURNIPR I 
UUBAR 
LOSS PARA 
DFAC 
EFFP 
EFF 
l N C l U  

36.186 44.647 46.164 48.60L TURNfPRI 
0.1263 0.1637 0.1934 0.1860 UURAR 
0.0589 0.0783 0.0935 0.0905 LOSS PARA 

0.5109 0.5976 0.6122 0.6191 OFAC 
0.6816 0.6369 0.6290 0.5640 EFFP 

-0.OCOOI***++**+****+sr++*******I*******t EFF 
-12.194 -7.523 -6.926 -6.946 I M l O  

21.820 24.250 25.560 2 7 1 6 6  OEVM 
19.086 18.745 18.788 18.787 p 2, 
18.646 18.247 18.199 18.231 P ZA 

562.940 564.930 566.920 568.356 1 2 
562.940 564.930 566.420 568.350 1 2A 

OEVH 

; 2 



Table B-4. Blade Eleme ~nt' Per formanc e (Continued) 

T WJ IIPPI(IJI - lCC.38 m A L W T  ROTOR SPEED 4226.00 CORRECT ED WEIGHT FLOW = 120.1 7 PRESSLRE RATIO 11.1365 

INLbT P C 1  SPAN 
CIA  

P C 1  SPAN 
01 A 
BETA 0 
BETA 1 
v 0 
v 1 
VZ 0 
VZ 1 
V-THETA 0 
V-THETA 1 
n 0 
ill 
TURN 
UUBAR 
DFAC 
EFFP 
I W I D  
OEVU 

P 0 
P 1 
T 0 
T 1 

STATION 0 @ETA 0 
STAT ION 1 BETA 1 

v 0 
v 1 
VZ 0 
v z  1 
V-THETA 0 
V-THETA 1 
n 0 
n 1 
TURN 
UUBAR 
OFAC 
EFFP 
INCIO 
OEVn 
P 0 
P 1 
T 0 
T 1 

RGTOR 5 PCT SPAN 95.61 SC.CC 85.01 
OIA 33.233 33.617 34.00G 

STATION 1 BETA 1 -0.710 -C. 71C -0.710 

PCT SPAN 
OfA  
BETA 1 
BETA 2 
BETAIPRI 1 
BETAIPR) 2 
v 1 
v 2 
VL 1 
VZ 2 
V-THETA 1 
V-THETA V IPRI  1 2 

V tPRI  2 
VMETA PR1 
VTHETA PRZ 
U 1 
U 2 
n i 
n 2 
U t P R I  1 
MIPRI 2 
TURN1 PRI 
UURAR 

STATION 2 BETA 2 
BETAIPRI 1 

V-THETA 1 
V-THETA 2 
V I P R I  1 
V(PRI  2 
VTHETA P A 1  
VTHETA PRZ 
U 1 
u 2 
n 1 
n 2 
M t P R I  1 
M I P R I  2 
TURNIPR I 
UUBAR 
LOSS PARA 
OFAC 
EFFP 

C.1440 0.1658 LOSS PARA 
0.5117 0.5879 DFAC 
0.7147 0.7062 EFFP 
C.7059 0.6971 EFF 

-18.830 -17.078 I NCIO 
EFF 
I N C l O  
CEVW 
P 1 
P 2 
T 1 
7 2 

16.448 19.262 OEVW 
14.662 14.120 P 1 
18.160 17.540 P 2  

518.700 518.700 1 1  
565.020 566.270 T 2 

STATQR 5 PCT SPAN 
014, 

STATION 2 BETA 2 50.100 
STATION 2A BETA 2A 8.220 

V 2 861.14 
V 2A 714.79 
VZ 2 552.38 
VZ 2A 707.45 
V-THETA 2 660.64 

90.62 
33.526 
4f.ZCE 

tl. t 2 0  
E64.4C 
752.14 
5Zb.11 
743.05 
644.34 
112.73 
0.1772 
0.66a6 

PC7 SPAN 
0 1  A 
BETA 2 
BETA 2 4  
v 2 
V 2A 
VL 2 
V Z  ZA 
V-THFTA 7 

V-THETA 2A 102.20 
n 2 0.7120 
W 2A C.6292 

V-THETA ? A  
n 2 

t4 2A 
TURNIPR I 41.e80 39.576 38.266 
UUBAR 0.3368 0.2998 0.3093 
LOSS PARA 0.1375 0.1233 0.1289 
OFAC 0.4375 0 .  3Eo3 0.3712 
E FFP -0.0850 -C.1819 -0.2948 
EFF -0.0000 - C .  COO6 0.0017 
iNC I D  -16.200 -14.154 -12.904 
OEVH 30.640 29.646 26.630 

; ;A 18.717 19.060 19.180 
16.791 17.257 17.303 

T 2 579.600 576. $50  595.570 
T 2A 579.600 516.950 575.570 

24.944 29.798 TURNIPRI 
0.29% 0.3207 t UUBAR 
0.11108 0 .1%1~ LOSS PARA 

0.2759 0.2586 OFAC 
-1.8124 -5.6443 EFFP 

****r****++*+**r** EFF 
-24.176 -21.322 l K 1 0  

30.130 31.580 OEVW 
17.1% 17.050 P 21 
16.108 15.960 P 2A 

565.020 566.270 T 2 
565.C20 566.270 T 2A 



Table  B-4 .  Blade Element Performance (Continued) 

CORRECTED WEIGHT FLOW 5 116.37 PRESSWE RATIO -1 

INLbT PCT SPAN 
0 IA 

STATION 0 BETA 0 
STATION 1 BETA 1 

V 0 
v 1 
vz 0 
vz 1 
V-THETA 0 
V-THETA 1 
n 0 
n i 
TURN 
UUBAR 
CFAC 
EFFP 
INC lO 

PC1 SPAN 
D l  A 
BETA 0 
BETA 1 
v 0 
V 1 
v z  0 
VZ 1 
V-THETA P 
V-THETA 1 
n n 

TURN 
UURAR 
OF AC 
EFFP 
I N C l D  
OEVM 

P 0 
P I 
T 0 
T 1 

DEVH 
P 0 
P 1 

P C 1  SPAN 
O I A  
BETA 1 

ROTOR 5 PC1 SPAN 
OlA -. 

STAT ION 1 BETA 1 0.420 C.37C 0.320 0.210 0.160 0.170 0.170 0.180 0.180 
ST AT ION 2 BETA 2 53.400 49.10C 45.62C 40.560 37.120 37.420 42.180 46.020 50.480 

B E T A I P R I l  51.782 45.784 49.821 50.838 52.591 54.384 55.914 56.475 58.834 
B E T A I P R j 2  -6.728 1.371 6.396 15.013 22.767 25.925 26.115 27.759 30.326 
V 1 477.34 515.52 525.41 527.43 520.83 510.08 498.48 492.74 454.74 
V 2 834.43 801.41 788.48 757.25 719.59 707.86 100.19 674.09 645.63 
VZ 1 477.32 519.51 525.33 527.35 520.52 509.77 498.31 492.57 454.70 

BETA 2 
BETAIPRI 1 
BETAIPR) 2 
v 1 
v Z 
VZ 1 
VZ 2 
V-THETA I 
V-THETA 2 
V tPRI  1 
VIPR) 2 
VTHFTA PR1 
VTHETA PR2 
u 1 
U 2 
n 1 
n 2 
MIPRI 1 
MIPRI 2 
TURNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFFP 
EFF 

- .  
VL 2 497.51 
V-ThETA 1 3.50 
V -THETA2 669.50 
V I P R I  1 771.5 
V I P R I  2 5C1.0 
VTHETA P R 1  -6Gt.2 
VThETA PR2 5E.7 
U 1 609.67 
U 2 611.20 
t i  l 0.4256 
n r 0.7448 
H I P R I  1 0.7C41 
R I P R I  2 6.4472 
TURN(PR I 58.510 
UUBAR 0.2258 
LOSS PARA c.oe83 
OFAC 0.6512 
EFFP 0.5340 
EFF 0.9305 
INC 10  - 8.618 
CEVn 24.272 
P 1 14.26C 
P 2 20.580 
T 1 5 1  8.700 
T 2 580.3CO 

I N C I O  
OEVW 

P I 

PC1 SPAN 
OIA  
BETA 2 
BETA 2A 
v 2 
V ?A 
VZ 2 
vz  ZA 
V-THETA 2 
V-THFTA ZA 

STATOR 5 PCTSPAN 
o r n  

STATION 2 BETA 2 
STATION 2A BETA 2A 

v 2 
V 2A 
VZ 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 
H 2 
n 2A 
TURN( PR I 
UU8AR 
LOSS PARA 
CFAC 
EFFP 
EFF 
INC lO 
OEVH 
p 21  
P 2A 
T 2 
T 2A 

H 2 
n 2A 

TURNIPRI 
UUBAR 
LOSS PARA 
OFAC 
EFF P 
EFF 
I W l O  
OE VC 

p 2 1  
P ZA 
T 2 
T 2 6  





Table B-4. Blade E l  ement Performance (Continued) 

4226.00 CORRECTED WEIGHT ROW = 107.81 PRESSURE RATIO 11.2845 

IWUT PC1 SPAN 
0 l A  

STATION 0 BETA 0 
STATION 1 @ETA 1 

v 0 
v 1 
vz 0 
VL 1 
V-THETA 0 
V-THETA 1 
n 0 
H 1 
TURN 
UU8AR 
OFAC 
EFFP 
INC 10 
oEvn 
P 0 
P 1 
T O  
T l  

91.17 
33.59C 

0. coc 
-C. 50C 
420.55 
465.63 
420.55 
465.61 

6.06 
-4.06 

0.3822 
0.4245 

0.5C 
0.0234 
-6.107 
C.9115 
0.00b1 

C. 5JC 
14.654 
14.6bl  

518.70C 
518. 70C 

PCT SPAN 
O I f  
BETA F 
BETA 1 
V 0 
v 1 
VZ 0 
VZ 1 
V-THETA 0 
V-THETA 1 
n 0 
u 1 
TURN 
UUBAR 
DFAC 
EFF P 
I NClO 
OEVH 

P 0 
P 1 
T (! 
T 1 

ROTCR 5 PCT SPAN 95.01 PC1 SPAN 
0 1  A 0 1  A 33.233 

STAT ION 1 BETA 1 -0.50C 
STATION 2 BETA 2 59.230 

BETA 1 
BETA 2 
BETAIPRI 1 ~ E T A I P R I  1 54.360 

BETAIPRI 2 -10.056 BETAIPRI 2 
v 1 
v 2 
VZ 1 
VZ 2 
V-THETA 1 
V-THETA 2 
VIPRI 1 
V lPR l  2 
VTUETA PRl 
v m E T a  P R ~  
u 1 
U 2 
u 1 
u 2 
UIPRI 1 
HIPRI 2 
TURNlPRI 
UURAR 
LOSS PARA 
OFAC 
EFFP 
EFF 
I W I O  
OE VU 

P 1 

VZ 1 441.02 
VZ 2 407.54 
V-THETA 1 -3. t5 
V-THETA 2 685.14 
V IPRI  1 756.9 

M l P R I  1 0.6688 
H I P H I  2 0.3673 
TURN1 PR I 04.417 
UUdAR C.2541 
LOSS PARA 0.1140 
OFAC 0.8114 
EFFP 0.8972 
EFF C.8517 
INCIO - 6.OLo 
OEVH 20.544 
P 1 14.45C 
P 2 20.800 
T 1 518.700 
T 2 582.500 

STATOR 5 PCT SPAN 
OIA 

STATION 2 BETA 2 
STAT ION 2A BETA 2A 

v 2 
V 2A 
vz 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 
H 2 
H 2A 
TURklPR l 
UU8AR 
LOSS PARA 
CFAC 
EFFP 
EFF 

90.62 
33.520 
56.5CC 

5.31C 
747.4b 
490.06 
412. >C 
489.24 
t23.22 

28.25 
C. bb04  
0.4227 
53.186 
0.2098 
0.0871 
0. b76C 
C.b5lb 

-C. OCOO 
->. 654 
L3.73C 

PCT SPAN 
D I  A 
BETA 2 
BETA 2A 
v 2 
V 2A 

V-THETA 2 
V-THETA 2~ 

H 2A 
TURNf PRI 
UURAR 
LOSS PARA 
OF A t  
EFFP 
EFF 
INCID 
DEVPI 

p 2 1  
P 2 6  
T 2 
r 2 1  

lNC 10 
CEVH 
p 21 
P 2A 
T 2 
T 2A 



ice (Continued) Table B-4. Blade Element Performan 

PPTrC;OIITWIV*1931TDBPOWSPm-iOC.19 Q U B U I V A L ~ T R O l O R S P E E D ~ 4 2 1 8 . 0 0  CCRRECTEO WEIGHT ROW = 107.66 PRESSUG 

l&'T PC1  SPAN 
0 1  A 

3.28 PC1 $PAM 
40.955 5 1 4  

0.000 BETA P 
-0.40C B E T A 1  
419.87 V 0 

sr AT  ION o 
STPT ION 1 

BETA 0 
BETA 1 
v 0 
v 1 
VL 0 
VL 1 
V-THETA 0 
V-THETA I 
H 0 
H 1 
IUHN 
UUBAR 
DFAC 
EFFP 
lNC 10  
CEVH 
P 0 
P 1 
T 0 
T 1 

403.25 VZ 1 
0.00 V-THETA 0 

-2.82 V-THETA 1 
0.3815 H 0 
0.3661 M 1 

0.40 TURN 
0.2343 UURAR 

0.039 OFAC 
-0.5332 EFFP 

C.OOO1 l W I D  
0.400 OEVM 

14.694 P C  
14.365 P 1  

518.700 T o  
518.700 T I  

RDTCR 5 PCT SPAN 95.01 
CIA 33.233 

85.01 
34. OOC 
-0.400 
51.86C 
52 R64 

6.236 
476.26 
732.78 

-476.17 
452.53 

-3.32 
576.30 

5.C2 PCT SPAN 
40.135 OIA 

STPT ION 1 BETA 1 -0.40C 
STAT ION 2 BETA 2 59.530 

BETAIPR) 1 53.778 
BETAIPRI  2 -12.368 
V 1 445.20 
V 2 814.76 
VL 1 449.19 
VZ 2 413.15 
V-THETA 1 -3.14 
V-THETA 2 7C2.24 

-0.406 BETA 1 
56.326 BETA 2 
61.942 BETAIPRI 1 
28.494 BETAIPRI 2 
403.3C V 1 
652.01 V 2 
403.25 VZ 1 
361.49 VZ 2 
-2.82 V-THETA 1 

542.44 V-THFTA 7 

VTHETA P R l  
VTHETA PR2 
U 1 
U 2 
H 1 
H 2 
H I P R )  1 
H(PR1 2 
TURN1 PR ) 
UUBAK 
LOSS PARA 
GFAC 
EFFP 
EFF 
l N C l 0  
UEVM 
P 1 
P 2 
T 1 
1 2  

-756.6 VTHETA PRl 
-196.2 VTMETA PR2 
753.76 U 1 
738.66 L 2 
0.3661 n r 
0.5719 H 2 
0.7782 H IPRI  1 
0.3610 MIPRI 7 
33.465 TURNIPRI 
0.3172 UUBAR 
0.1325 LOSS PARA 
0.8193 DFAC 
0.8555 EFFP 
0.8489 EFF 

STATOR 5 PC1 SPAN 94.40 5C.62 85.08 7C.31 50.14 
0 IA 33.250 33.520 33.915 34.970 36.410 

STATION 2 eETA 2 59.530 56. 65C 51.860 44.350 40.910 

PCT SPAN 
D l  A 
BETA 2 

STATION 2A BETA 2A 2.870 3.32C 3.600 3.56P 4.490 
V 2 814.76 750.74 732.78 725.98 706.30 
V 2A 492.70 481.23 504.18 526.48 563.87 

BETA ? A  
v 2 
V 2A 

VZ 2 413.15 410.51 452.53 518.97 533.49 
VL 2A 492.08 480.42 503.18 525.46 562.14 
V-THETA 2 702.24 628.52 576.30 507.33 462.29 
V-THETA2A 24.67 27.87 31.66 32.69 4 4 - 1 4  

VZ 2 
VZ 7 4  
V-THETA 2 
V-THETA 2A 
H 2 

H 2A 
TURNIPRI 
UU8AR 
LCSS PARA 

H 2 
H 2A 
TURhll PR I 
UU8AR 
LOSS PARA 
OFAC 
EFFP 
EFF 
I N C l D  

0;6025 OFAC 
0.4591 EFFP 

r a * t * * * r  E F F  
-7.000 l W l 0  
27.186 DEVM 

19.410 P 2 1 
18.7C6 P 2A 

576.4tC T 7 
576.4CO T 2 A  



Table  B-4. Blade Element Performance (Continued) 

WIV11BlT IPSIW SPlfBB - 55.74 B B I V W ' ~  3- - 4199.00 CCRRECT-ED WEIGUT ROW = 106.26 PRESSURE RATIO -1.2854 

-T PCT SPAN 
0 IA 

STATION 0 BETA C 
STATION 1 eETA 1 

v 0 
v 1 
VZ C 
vz 1 
V-THETA 0 
v-ThETA 1 
n 0 

91.17 
33.590 

C. COC 
-0.20C 
413.47 
457.7C 
413.47 
457.7C 

0. OC 
-1.6C 

b. 3 7 5 6  

3.28 PC7 SPAN 
40.955 O I A  

0.000 8ETA 0 
-0.20L BETA 1 
413.47 V 0 
396.99 V 1 
413.47 VZ 0 
396.95 VZ 1 

0.00 V-THETA 0 

-1.39 V-THETA 1 
0.3756 M 0 

M 1 0.3E40 
TURN 0.20 
UU8AR 0.2450 

n 1 
TURN 
UUOAR 
OF AC 
EFFP 
1 M l D  
OE VM 

P 0 
P 1 
1 0  
T 1 

CFAC -0.C22 
EFFY C .  1556  
INC I 0  O.OC01 
CEVM 0.200 
P 0 14.694 

ROTCR 5 PCT SPAN 95.C1 
D I A  33.233 

ST PT ION 1 BETA 1 -C.2CO 

PCT SPAN 
0 1  A 
BETA 1 
BETA 2 
BETAIPRI 1 
BETAIPRI i? 
v 1 
v 2 
VZ 1 
VZ 2 
V-THETA 1 
V-THETA 2 
V IPRI  1 
VIPRI  2 
v m E T A  PRI 
VTHETA PRZ 
U 1 
U 2 
n 1 
n 2 
MIPRI 1 
MIPRI TURNIPRI 2 

UUBAR 
LOSS PARA 
OF AC 
EFFP 
EFF 
1 N c l O  
OE VM 

VZ 1 
VZ 2 
V-IHETA 1 
V-TbETA 2 
V f P R l  1 
V I P R I  2 
VTHETA PR 1 
VTHETA P * 2  
U 1 
u 2 
n 1 
n 2 
U I P R I  1 
H I P R )  2 
TUKNf PR I 
UUBAR 
LOSS PARA 
CFAC 
EFFP 
EFF 
INC I D  
C EVM 
P 1 
P 2 
T 1 
1 2  

STATOR 5 '  PC1  SPAN 
D l A  

STAT ION 2 BEIA 2 
STAT ION 2A BETA 2A 

v 2 

dc r  SPAN 
0 1  A 
BETA 2 
BETA Z A  
V 2 
V 2A  
VZ 2 
VZ 2A 
V-THETA 2 
V-THETA 2A 
M 2 

M 2A 
TURN1 PRI 
UUBAR 
LCSS PARA 
OFAC 
EFF P 
EFF 

TURN1 PR I 
UU8AR 
LOSS PARA 
DFAC 
EFFP 
EFF 
INC I 0  
0 EVH 
p 21 
P 2A 
T 2 
1 ZA 





Table  B-4. Blade Elem e n t  Performan c e  (Continued) 

4219.00 CCRRECT € 0  WEIGHT R O W  = 102.28 PRESSURE RATIO 

I N L U  PCT SPAN 
OIA 

STATION 0 BETA 0 

96.42 
33.150 

0. CCO 
-0.200 
395.55 
429.56 
395.55 
425.55 

0.00 
-1.50 

0.3LEE 
0.3506 

C.20 
0.1542 
-0.ce6 
0.5506 
0.OCOl 

0.2CO 
14.694 
14.501 

518.7CO 
518.70C 

95.Cl 
33.233 
-C.200 
61.500 
54.525 

-16.5e8 
425.56 
830.46 
429.55 
396.26 
-1.50 

125. € 2  
747.5 
413.5 

-611.8 
1 l f .O  

61C.25 
611.78 
0.3506 
C.7370 
C. 6757  

91.17 
33.590 

0. OOC 
-C.LJC 
355.55 
445.71 
355.55 
445.11 

0. OC 
-1.56 

C.3588 
0.4058 

0.2C 
O. O L r c  
-C.127 
c. 9 2 2 6  
C. CCO1 

0. LUG 
14.454 
14.664 

518.7UL 
518. 13C 

56. *L 
33. t 1 7  
-C. LOG 
57.256 
54.284 
-I. 3 6 1  
445.11 
747.27 
445.11 
4U4.24 

-1.56 
62U. .t> 

763.5 
4b4.4 

- t l 5 . 5  
5.6 

618.35 
611.85 
C.4C28 
0.b302 
C .o r> l  
L.3502 
52.645 
C.3113 
C.1267 
C. 7 \ 9 1  
0. 7853  
0.7754 
-5.610 
21.63% 
14.664 
2C.214 

518.7JC 
582. 55C 

PCT SPAN 
0 1  A 
BETA 6 
BETA 1 
v 0 

STATION 1 BETA 1 
v 0 

v 1 
VZ 0 
VZ 1 
V-THETA 0 
V-THETA 1 
n "  
n 1 
TURN 
UUSAR 
DFAC 
EFFP 
I N c l O  

V-THETA 0 
V-ThETA 1 
H 0 
H 1 
TURN 
UUBAR 
CFAL 
EFFP 
lNC l U  
CEVU 
P 0 
P 1 
T 0 
T 1 

RCTCR 5 PC1 SPAN 
0 I* 

STAT ION 1 BETA 1 
STAT IUN 2 BETA 2 

BETAIPR I 1 
8ETAIPR I 2 
v 1 
v 2 
vz  1 
VL 2 
V-THtTA 1 
v-ThETA 2 
V I P K I  1 
V I P R I  2 
VTHETA PR1 
VTHETA PR2 
U 1 
U 2 
H 1 
H 2 
MIPRI  1 
H I P R I  2 
TURN1 PR I 
UUBAR 
LOSS PARA 
CFAC 
EFFP 
EFF 
INC LO 
CEVH 
P 1 
P 2 
T 1 
T 2 

PC1 SPAN 
01 A 
BETA 1 
BETA 2 
8ETAIPRI I 
BETAIPRI 2 
v 1 
v 2 
VZ 1 
vz  2 
V-THFTA 1 
V-THETA 2 
V IPRI  1 
VtPR) 2 
VTHFTA PR1 
VTHETA PQ2 

U(PRI 2 
TURNIPRI 
UURAR 
LOSS PARA 
OF AC 
EFFP 
EFC 
I N C l O  
DEVP 

P 1 
P I 
r 1 
T 2 

STATOR 5 PCTSPAN 
om 

S i A T l O N i  e E T A 2  
STPT IUN LA BETA 2A 

v 2 
V 2A 

PCT SPAN 
0 1  4 
BETA 2 
BETA 2A  
v 2 
v ?A 

vz 2 
VZ 2A 
V-THETA 2 
V-TeETA 2A 
H 2 

VZ 2 
VZ 2A 
V-THETA Z 

M 2A 
TURkl PR I 
UUBAR 
LOSS PARA 
DFAC 
EFFP 
EFF 
INCIO 
OEVH 
p 2 1  
P 2A 
1 2  
T 2A 

UURAR 
LOSS PARA 
OFAC 
EFFP 
EFF 



Table B-4, Blade Element Performance (Continued) 

PFACPIT ~ I V ~  DgSIGW SPUD ' 95.7 6 DPOIVAlSNT ROTW SPED -4200.00 CORRECTED WEIGHT FLOW = 101.80 PqESSURE RATIO -1.2994 

INUT PCT SPAN 
0 I A  

STAT lON 0 BETA 0 
S I L T I O N  1 BETA 1 

v 0 

PCT SPAN 
D I A  
BETA n 
BETA 1 
v 0 

v 1 
VZ G 
v z  1 
V-THETA 0 
V-THETA 1 
n 0 
n 1 
TURN 
UUBAR 
OFAC 
EFFP 
I N C l O  
OEVH 
P 0 
P 1 
T 0 
T 1 

v z  1 
V-THE14 9 
V-THETA 1 
n 0 
n I 
TURN 
UUBAR 
OF 4C 
EFF P 
I NCIO 
DEVM 

P 0 
P 1 
T 0 
7 1 

ROTCR 5 PC1 SPAN 95.01 5C.OL 85.01 70.61 5C.01 30.01 15,02 10.01 5.02 PC1  SPAN 
0 I A  33.233 33.617 34.000 35.150 36.684 38.218 39.368 39.752 40.135 0 1 4  

STATION 1 BETA 1 1.C18 1.OCO 0.980 0.918 0.838 0.756 0.694 0.675 0.654 BETA 1 
STAT ION 2 BETA 2 61.tCO 

8 E T A i P R l  1 55.435 
BETAIPR) 2 -16.5Cl  
V 1 413.54 
V 2 824.46 
VZ 1 413.48 
VZ 2 352.10 
V-THETA 1 7.35 
V-ThtTA 2 725.18 
V IPR)  1 728.8 
V I P R I  2 4Cf.9 
VTHETA PR1 -6CC.2 

58.630 B E T A 2  
67.810 BETAIPRI I 
33.029 BETAIPRI 2 
304.77 V l 
617.04 V 2 
304.72 VZ I 
321.14 VZ 2 

3.48 V-THETA 1 
526.73 V-THFT4 2 

806.8 V l P R I  1 
383.2 V I P R ) Z  

-747.1 VTHETA PRl  
VTHETA PR2 
U 1 
U 2 
n 1 
n 2 
WIPRI 1 
H I P R I  2 
TURNIPK l 
UUBAR 
LOSS PARA 
CFAC 
EFFP 
EFF 
INC IL, 
OEVH 
P 1 
P 2 
T 1 
T 2 

VTHETA PR2 
U 1 
U 2 
n I 
n 2 
n t  PRI 1 
MIOR) 2 
TURNIPRI 
UUBAR 
LOSS PARA 
OFAC 
EFF P 
EFF 
l K l 0  
OE VU 

P 1 
P Z 

STATOR 5 PC1 SPAK 94.40 S(r.62 85.08 70.31 5C.14 29.57 15.W 9.94 L a 8  PCT SPAN 
DIA 33.250 33.52L 33.915 34.970 36.410 37.850 38.900 39.280 39.620 D I A  

STATIOh 2 BETA 2 61.600 58.570 54.350 46.290 42.530 43.480 53.860 57.860 50.630 BETA 2 
STAT ION 2A BETA 2A 1.480 L n L S C  3.760 4.690 6.050 6.470 6.130 6.220 6.2C0 BETA 2A 

V 2 824.40 743.76 708.66 711.37 70C.57 683.12 626.53 619.35 617.C4 V 2  
V 2A 
vz 2 
VL 2A 
V-THETA 2 
V-THkTA 2A 
n 2 
n 2A 
TURN i PR l 
UUBAR 
LOSS PAKA 
OFAC 
EFFP 
EFF 
lNC 10 
cEvn  
p 20  
P 2A 
T 2 
T 2A 

4 6 1  .64 
392.10 
461-.48 
725.18 

11.52 
0.7325 
0.3558 
tc .  120  
10.2093 
10.0863 
C.7570 
0.5287 

-C.OCCC 
- 4.700 
23.900 
20.360 
19.273 

V 2A 
v z  2 
VZ 2A 
V-THETA 2 
V-THETA ZA 
H 2 

n 2A 
TURNIPRI 
UU8AR 
LOSS PARA 
DFAC 
EFFP 
EF F 
I NCl D 
DEVW 

p 28 
P 2A 
r 2 
T 2A 



Table  B-4.  Blade E l 6  !merit Performance (Continued) 

PWCEUT WIVW DESIW SPPgD - 100. 36 ~ ~ Y , ~ E K P  &TOR SPRED - 4225.00 CORRECTEO WEIGHT FLOW = 101.47 PRESS( IRE RATIO -1.2956 

II(Lb1 PCT SPAN 
OIA 

STATION 0 BETA 0 
STATION 1 BETA 1 
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