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SUMMARY 

The per formance  o f  a t u r b o j e t  eng ine  t h a t  i s  b e i n g  s t u d i e d  a t  

t h e  L e w i s  Research Center  f o r  p o s s i b l e  u s e  i n  a l i g h t  s u b s o n i c  a i r -  

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

t h r u s t  a t  b o t h  c r u i s e  (Mach 0.65 and 2 5  000 f t  (7620 m)) and sea -  

l e v e l  s t a t i c  c o n d i t i o n s  w a s  c a l c u l a t e d  u s i n g  component maps e s t i m a t e d  

by L e w i s  component s p e c i a l i s t s .  A t  nominal  c r u i s e  c o n d i t i o n s ,  t h r u s t  

i s  346 pounds (1540 N) and s p e c i f i c  f u e l  consumption i s  1 .25  pounds 

f u e l  p e r  hour p e r  pound o f  t h r u s t  (0.127 kg/(hr) (N)). Compressor 

p r e s s u r e  r a t i o  is f o u r  w h i l e  t u r b i n e  i n l e t  t e m p e r a t u r e  i s  1560' R 
(867O K ) .  A minimum s p e c i f i c  f u e l  consumption of 1 . 1 5  pounds f u e l  

p e r  hour  p e r  pound t h r u s t  (0,117 kg/(hr) (N))  i s  o b t a i n e d  a t  75 p e r c e n t  

r a t e d  t h r u s t  and a t u r b i n e  i n l e t  t e m p e r a t u r e  o f  1330O R (739' K). 
A t  25 p e r c e n t  r a t e d  t h r u s t ,  s p e c i f i c  f u e l  consumption i s  1 .59  pounds 

f u e l  p e r  hour p e r  pound t h r u s t  (0.1625 kg/ (hr )  (N) )  . 
With t h e  d e s i g n  v a l u e  o f  exhaus t  n o z z l e  a r e a ,  t h e  e q u i l i b r i u m  

o p e r a t i n g  l i n e  f o r  sea-  l eve l  s t a t i c  c o n d i t i o n s  i n t e r s e c t s  t h e  e s t i -  

mated compressor s u r g e  l i n e  a t  72  p e r c e n t  r o t a t i o n a l  speed .  Thus, 

some form o f  v a r i a b l e  geometry i s  r e q u i r e d  t o  o b t a i n  s u r g e  margin 

below th i s  speed .  When compressor e x i t  b l e e d  was used, adequa te  

s u r g e  margin was o b t a i n e d ;  b u t  v e r y  h i g h  v a l u e s  o f  t u r b i n e  i n l e t  

t e m p e r a t u r e  were r e q u i r e d  (2300' R' (1278' K ) )  a t  a t h r u s t  s e t t i n g  o f  

6 p e r c e n t  o f  maximum s e a - l e v e l  t h r u s t ) .  

A t w o - p o s i t i o n  e x h a u s t  n o z z l e  i s  9 be t t e r  s o l u t i o n .  A s e t t i n g  

s l i g h t l y  less t h a n  the f r o n t a l  a r e a  o f  the  t u r b i n e  p r o v i d e s  adequa te  

l o w  speed  s u r g e  margin and low v a l u e s  o f  t u r b i n e  i n l e t  t e m p e r a t u r e  

which i n f e r  a f a s t  a c c e l e r a t i o n  c a p a b i l i t y  from i d l e  t o  maximum t h r u s t .  
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INTRODUCTION 

As p a r t  o f  the  g a s - t u r b i n e  t echno logy  program a t  the NASA Lewis 

Resea rch  Cen te r ,  s t u d i e s  a r e  b e i n g  made t o  examine t u r b o j e t  and 

t u r b o f a n  e n g i n e s  f o r  lightweight s u b s o n i c  a i r c r a f t .  These e n g i n e s  

o f f e r  such  p o t e n t i a l  advan tages  a s  compactness,  l i gh t  weight, and 

g r e a t e r  s i m p l i c i t y  a s  compared w i t h  r e c i p r o c a t i n g  o r  tu rboprop  

e n g i n e s .  I n  a d d i t i o n ,  improved a i r c r a f t  performance i n  t e r m s  o f  

c r u i s e  speed  and r a t e  o f  c l imb cou ld  be r e a l i z e d .  

I n  r e f e r e n c e  1, a p a r a m e t r i c  s t u d y  was made of  t u r b o j e t  and 

t u r b o f a n  d e s i g n - p o i n t  performance w i t h  t u r b i n e  i n l e t  t e m p e r a t u r e  

r e s t r i c t e d  t o  1560' F (867' K) and below t o  avo id  the requ i r emen t  

of e x o t i c  t u r b i n e  m a t e r i a l s  o r  t u r b i n e  c o o l i n g .  The s t u d y  showed 

that-  the s p e c i f i c  f u e l  consumption a t  Mach 0 .65  and 2 5  000 fee t  

(7620 m) v a r i e d  from a low o f  0 .9  pounds f u e l  p e r  pound t h r u s t  p e r  

hour (0.092 kg/(N) (hr)) f o r  a h i g h - b y p a s s - r a t i o  t u r b o f a n  t o  a h i g h  

o f  abou t  1.3 pounds f u e l  p e r  pound t h r u s t  p e r  hour (0.133 kg/(N)(hr))  

f o r  a l o w - p r e s s u r e - r a t i o  t u r b o j e t .  The gas -gene ra to r  d i a m e t e r s  o f  

the t u r b o f a n  e n g i n e s  were s m a l l e r  t h a n  t h o s e  of the t u r b o j e t .  The 

f a n  d i ame te r ,  however, dominated. A m u l t i p l e - s h a f t i n g  arrangement 

was r e q u i r e d  f o r  t h e  h i g h - b y p a s s - r a t i o  e n g i n e s  (BPR = 3 t o  5 ) .  Such 

a r equ i r emen t ,  u s i n g  g e a r s  o r  two s p o o l s ,  would i n c r e a s e  eng ine  

complexi ty ,  which must be weighed a g a i n s t  t h e  performance improve- 

ment t h u s  o b t a i n e d  - 
I n  r e f e r e n c e  2 ,  the o f f - d e s i g n  performance o f  three gea red - fan  

t u r b o f a n  e n g i n e s  o f  d e s i g n  bypass  r a t i o  2 . 5  was c a l c u l a t e d .  While 

o f f - d e s i g n  performance a t  c r u i s e  was s a t i s f a c t o r y ,  o p e r a t i o n  a t  sea- 

l e v e l  s t a t i c  c o n d i t i o n s  r e s u l t e d  i n  excessive v a l u e s  o f  t u r b i n e  

i n l e t  t e m p e r a t u r e  and s u r g e  o f  b o t h  the f a n  and the compressor when 

i n l e t  and e x h a u s t  n o z z l e  a r e a s  were f i x e d  a t  t he i r  d e s i g n  v a l u e s .  

Accep tab le  s o l u t i o n s  were t o  i n c o r p o r a t e  i n t o  the d e s i g n  of the 

gea red  t u r b o f a n  e n g i n e  a v a r i a b l e  i n l e t  a r e a ,  a v a r i a b l e  p r imary  

n o z z l e  a r e a ,  a v a r i a b l e  secondary  n o z z l e  a r e a ,  o r  some combina t ion  

o f  the'se. 
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Based on the performance and geometry c o n s i d e r a t i o n s o f  r e f e r e n c e  

1 f o r  t u r b o j e t  e n g i n e s ,  a p a r t i c u l a r  e n g i n e  was s e l e c t e d  f o r  f u r t h e r  

s t u d y  by the Lewis  Resea rch  Center .  Component s p e c i a l i s t s  a t  Lewis 

have  d e s i g n e d  the compressor,  combustor, t u r b i n e ,  and nozz le ,  and 

e s t i m a t e d  t h e  o f f - d e s i g n  performance maps o f  these components. The 

Cur t i s s -Wr igh t  Corpora t ion  i s  c u r r e n t l y  under c o n t r a c t  t o  make eng i -  

n e e r i n g  drawings o f  t h i s  t u r b o j e t  eng ine  w i t h  the i n t e n t  t h a t  the  

e n g i n e  w i l l  be b u i l t  and t e s t e d  a t  a l a t e r  t i m e .  To a s s i s t  C u r t i s s -  

Wright i n  t he i r  t a s k ,  d e s i g n  and o f f - d e s i g n  performance o f  the e n g i n e  

was c a l c u l a t e d  based  on the component maps s u p p l i e d  by the Lewis 

s p e c i a l i s t s .  A t  the d e s i g n  c r u i s e  c o n d i t i o n s  o f  Mach 0.65 and 25 000 

fee t  (7620 m), compressor p r e s s u r e  r a t i o  i s  f o u r  and t u r b i n e  i n l e t  

t empera tu re  is 1560O R (867O K). The v a r i a t i o n s  of  s p e c i f i c  f u e l  

consumption, t u r b i n e  i n l e t  t empera tu re ,  and compressor s u r g e  margin 

a s  t h r u s t  i s  reduced  from i ts  maximum v a l u e  a r e  c a l c u l a t e d  f o r  c r u i s e  

and s e a - l e v e l  s t a t i c  o p e r a t i o n .  Compressor e x i t  b l e e d  and a two- 

p o s i t i o n  e x h a u s t  n o z z l e  were s t u d i e d  a s  means o f  o b t a i n i n g  adequa te  

s u r g e  margin and a c c e p t a b l e  t u r b i n e  t e m p e r a t u r e s  a t  t h r u s t  s e t t i n g s  

down t o  i d l e  (6 p e r c e n t  of  maximum s e a - l e v e l  s t a t i c  t h r u s t ) .  

RESULTS AND DISCUSSION 

The performance a t  c r u i s e  and sea l e v e l  s t a t i c  c o n d i t i o n s  was 

c a l c u l a t e d  by matching  the components a c c o r d i n g  t o  the p rocedures  

g iven  i n  r e f e r e n c e  3 and c a l c u l a t i n g  the t h r u s t  and s p e c i f i c  f u e l  

consumption w i t h  the c h a r t s  o f  r e f e r e n c e  4. The i n l e t  map was 

o b t a i n e d  from r e f e r e n c e  5. The compressor,  combustor, t u r b i n e ,  and 

n o z z l e  maps were e s t i m a t e d  by  Lewis component s p e c i a l i s t s .  

Component performance maps a r e  p r e s e n t e d  i n  f i g u r e s  1 and 2 .  

A l l  symbols are  d e f i n e d  i n  append ix  A .  The compressor map is shown 

i n  f i g u r e  1. A t  d e s i g n  a i r f l o w  and e q u i v a l e n t  speed ,  p r e s s u r e  r a t i o  

is f o u r  and e f f i c i e n c y  i s  0.805. A maximum e f f i c i e n c y  o f  0.885 is 

o b t a i n e d  a t  90 p e r c e n t  e q u i v a l e n t  speed .  (The o p e r a t i n g  l i n e s  shown 

i n  f f g u r e  1 w i l l  be d i s c u s s e d  l a t e r  .) The i n l e t  performance ( r e f .  5) 



i s  shqws i n  f i g u r e  2 ( a ) .  A t  100 p e r c e n t  e q u i v a l e n t  f low,  i n l e t  

r e c o v e r y  i s  0.95 a t  Mach 0 and 0.99 a t  Mach 0.65. 

A t  the d e s i g n  combustor v e l o c i t y  o f  100 f ee t / s econd  (30.5 m/sec), 
combustor e f f i c i e n c y  is 0.96 and p r e s s u r e  l o s s  i s  6 .5  p e r c e n t  o f  

combustor i n l e t  p r e s s u r e  (f ig.  2 (b)) . Turbine  performance is shown 

i n  f i g u r e  2(c) .  A t  the  d e s i g n  v a l u e  of the  blade-speed- j e t - v e l o c i t y  

pa rame te r ,  t u r b i n e  e f f i c i e n c y  i s  0.85. A l s o  shown is the v a r i a t i o n  

of  t u r b i n e  e q u i v a l e n t  weight f low w i t h  t u r b i n e  p r e s s u r e  r a t i o  and 

e q u i v a l e n t  speed .  The f low and g r o s s  t h r u s t  pa rame te r  o f  a s imple  

convergent  n o z z l e  a s  a f u n c t i o n  o f  n o z z l e  p r e s s u r e  r a t i o  is shown 

i n  f i g u r e  2 (d) . 

C r u i s e  Performance 

The performance a t  Mach 0.65 and 25 000 f ee t  (7620 m) i s  shown 
2 

i n  f i g u r e  3 f o r  a n  e x h a u s t  n o z z l e  a r e a  o f  0.417 f ee t2  (0.0387 m ) . 
A t  190 p e r c e n t  t h r u s t  (346 l b  o r  1540 N ) ,  s p e c i f i c  f u e l  consumption 

i s  1.25 pounds f u e l  p e r  hour  p e r  pound t h r u s t  (0.127 kg/ (hr )  (N))  and 

t u r b i n e  i n l e t  t e m p e r a t u r e  is 1560' R (867O K).  A minimum s p e c i f i c  

f u e l  consumption o f  1 .15  pounds f u e l  p e r  hour p e r  pound t h r u s t  

(0.117 kg/(hr) (N)) i s  o b t a i n e d  a t  75 p e r c e n t  t h r u s t  and a t u r b i n e  

i q l e t  t e m p e r a t u r e  o f  1330O R (739O K).  The c r u i s e  e q u i l i b r i u m  

o p e r a t i n g  l i n e  i s  shown on the compressor map i n  f i g u r e  1. The 

o p e r a t i n g  l i n e  goes  th rough  the maximum e f f i c i e n c y  o p e r a t i n g  p o i n t  

and i s  w e l l  removed from the e s t i m a t e d  compressor s u r g e  l i n e .  

Sea-Level S t a t i c  Performance 

The o p e r a t i n g  l i n e  a t  s e a - l e v e l  s t a t i c  c o n d i t i o n s  and a n o z z l e  

a r e a  of 0.417 fee t2  (0.0387 m ) i s  seen  t o  i n t e r sec t  the s u r g e  l i n e  

a t  abou t  72 p e r c e n t  e q u i v a l e n t  speed .  The absence  o f  ram p r e s s u r e  

r a t i o  shifts  the e q u i l i b r i u m  o p e r a t i n g  l i n e  away from i ts  c r u i s e  

,location toward the compressor surge margin. One way t o  p r o v i d e  surge 

margin dpwn t o  lower speeds  i s  t o  p r o v i d e  b l e e d  p o r t s  a t  the compressor 
2 e x i t .  The e q u i l i b r i u m  o p e r a t i n g  l i n e  f o r  a b l e e d  a r e a  o f  0.0275 fee t  

2 
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2 (0.00255 m ) p r o v i d e s  s u r g e  margin down t o  a t  l e a s t  50 p e r c e n t  speed .  

Using t h i s  d e s i g n  feature,  t h r u s t  and t u r b i n e  t e m p e r a t u r e  would v a r y  

a s  shQwn i n  f i g u r e  4. The t h r u s t  v a r i a t i o n  i s  shown i n  f i g u r e  4 ( a ) .  

With the b l e e d s  c l o s e d ,  speed  cou ld  be  r educed  t o  a v a l u e  s l i g h t l y  

g r e a t e r  t h a n  72 p e r c e n t  s o  a s  n o t  t o  surge the compressor.  If the 

b l e e d  were opened here, speed  c o u l d  be reduced  t o  41.5 p e r c e n t  t o  

q t t a i n  i d l e  t h r u s t  s e t t i n g .  The e n g i n e  s t a r t e r  would a c c e l e r a t e  the 

eng ine  t o  some speed  below 41.5 p e r c e n t  where the combustor would be 

lit. The s t a r t e r  would be d isengaged  p r i o r  t o  the a t t a i n m e n t  o f  

i d l e  c o n d i t i o n s .  The v a r i a t i o n  i n  t u r b i n e  i n l e t  t e m p e r a t u r e  is shown 

i n  f i g u r e  4 ( b ) .  With b l e e d s  open, the t e m p e r a t u r e  rises q u i t e  

r a p i d l y  a s  speed  is reduced  below 65 p e r c e n t .  A t  i d l e  c o n d i t i o n s ,  

t u r b l n e  i n l e t  t e m p e r a t u r e  i s  2300O R (1278' K) . The high t e m p e r a t u r e  

r e s u l t s  from d e p r i v i n g  the t u r b i n e  of  some o f  i t s  working f l u i d .  

With f i x e d  b l e e d  a r e a ,  the amount o f  b l e e d  v a r i e s  w i t h  speed .  A t  

i d l e ,  it is  26.2 p e r c e n t  o f  compressor a i r f l o w .  
2 The b l e e d  a r e a  o f  0.0275 fee t2  (0.00255 m ) was a r b i t r a r y .  I n  

f i g u r e  5, the e f fec t  o f  b l e e d  a r e a  on tu rb ine  t e m p e r a t u r e  and com- 

p r e s s o r  a i r f l o w  is shown f o r  50 p e r c e n t  speed .  A b l e e d  a r e a  of 

O.Ql65 feet2 (0.00153 m ) r e s u l t s  i n  the minimum t u r b i n e  i n l e t  

t e m p e r a t u r e  o f  1805' R(1003O K) a t  the expense of some s u r g e  margin.  

T h i s  p o i n t  i s  p l o t t e d  i n  f i g u r e s  4(a)  and (b) . A t  speeds  below 50 

p e r c e n t  a s  r e q u i r e d  f o r  i d l e  ( f i g .  & ( A ) ) ,  t h e  t u r b i n e  i n l e t  tempera- 

t u r e  would be  s$ill h i g h e r .  It is concluded t h a t  compressor e x i t  
bleed is n o t  a f e a s i b l e  s o l u t i o n  t o  the s u r g e  and high t e m p e r a t u r e  

2 

problem . 
A l a r g e r  e x h a u s t  n o z z l e  a r e a  would p r o v i d e  s u r g e  margin and lower 

v a l u e s  o f  t u r b i n e  i n l e t  t e m p e r a t u r e .  The e q u i l i b r i u m  o p e r a t i n g  l i n e  

f o r  a n o z z l e  a r e a  of 0.775 feet  (0.072 m ) is shown i n  f i g u r e  1. 
(Turbine  f r o n t a l  a r e a  is 0.785 feet2 (0.0729 m ) .) 

adequa te  s u r g e  margin.  The t h r u s t  and turbine t e m p e r a t u r e  v a r i a t i o n s  

a r e  shown i n  f i g u r e  6. The l a r g e r  n o z z l e  s e t t i n g  cou ld  be employed 

a t  gny speed  t o  r e d u c e  b o t h  t h r u s t  and t u r b i n e  t empera tu re .  

2 2 

2 T h i s  r e s u l t s  i n  

A t  i d l e  
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t h r u s t ,  t u r b i n e  t empera tu re  i s  o n l y  1310' R (728O K). With such  low 

e q u i l i b r i u m  t empera tu res ,  it is l i k e l y  t h a t  f a s ?  a c c e l e r a t i o n  from 

i d l e  t o  maximum t h r u s t  can be  achieved .  

t o  be an adequate  s o l u t i o n  t o  the s u r g e  margin and high t empera tu re  

problems o f  a f i x e d  geometry t u r b o j e t .  

A two-pos i t i on  n o z z l e  a p p e a r s  

SUMMARY OF RESULTS 

The performance of  a t u r b o j e t  eng ine  t h a t  is b e i n g  s t u d i e d  a t  

the L e w i s  Resea rch  Center  f o r  p o s s i b l e  use  i n  a l i g h t  s u b s o n i c  a i r -  

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

t h r u s t  a t  b o t h  c ru ise  (Mach 0.65 and 25 000 feet  (7620 m))  and sea -  

l eve l  s t a t i c  c o n d i t i o n s  was c a l c u l a t e d  u s i n g  component maps e s t i m a t e d  

by Lewis  component s p e c i a l i s t s .  A t  c r u i s e ,  w i t h  a compressor p r e s -  

s u r e  r a t i o  of  f o u r  and a t u r b i n e  i n l e t  t empera tu re  o f  1560O R (867O K),  

t h r u s t  was 346 pounds (1540 N) and s p e c i f i c  f u e l  consumption 1 .25  

pounds f u e l  p e r  hour  p e r  pound t h r u s t  (0.127 kg/ (hr )  (N))  . 
s p e c i f i c  f u e l  consumption of  1 .15  pounds f u e l  p e r  hour  p e r  pound 

t h r u s t  (0.117 kg/ (hr )  (N))  i s  o b t a i n e d  a t  75 p e r c e n t  r a t e d  t h r u s t  and 

a t u r b i n e  i n l e t  t empera tu re  o f  1330' R (739O K ) .  

t h r u s t ,  s p e c i f i c  f u e l  consumption i s  1 .59  pounds f u e l  p e r  hour  p e r  

pound t h r u s t  (0.1625 kg/ (hr )  (N))  . 

A minimum 

A t  25 p e r c e n t  r a t e d  

With the d e s i g n  v a l u e  of  exhaus t  n o z z l e  a r e a ,  the e q u i l i b r i u m  

o p e r a t i n g  l i n e  f o r  s e a - l e v e l  s t a t i c  c o n d i t i o n s  i n t e r s e c t s  the es t i -  

mated compressor s u r g e  l i n e  a t  72 p e r c e n t  r o t a t i o n a l  speed.  Thus, 

some form of  v a r i a b l e  geometry i s  r e q u i r e d  t o  o b t a i n  s u r g e  margin 

below t h i s  speed .  When compressor e x i t  b l e e d  was used, adequate  s u r g e  

margin was o b t a i n e d  b u t  v e r y  high v a l u e s  o f  t u r b i n e  i n l e t  t empera tu re  

were r e q u i r e d  ( 2 3 O O Q  R (1278O K ) a t  a t h r u s t  s e t t i n g  o f  6 p e r c e n t  o f  

maximum sea -  l e v e l  t h r u s t )  . 
A two-pos i t i on  exhaus t  n o z z l e  i s  a bet ter  s o l u t i o n .  A s e t t i n g  

s l i g h t l y  less t h a n  the f r o n t a l  a r e a  of the  t u r b i n e  p r o v i d e s  adequate  

low speed s u r g e  margin and low v a l u e s  o f  tu rb ine  i n l e t  t empera tu re .  
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These low e q u i l i b r i u m  t e m p e r a t u r e s  shou ld  r e s u l t  i n  a fast accelera- 

t i o n  c a p a b i l i t y  from i d l e  t o  maximum t h r u s t .  

L e w i s  Resea rch  Cen te r ,  

SJq t iona l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Cleve land ,  Ohio, December 7 0 ,  1968, 

7 89- 50- 0 1- 0 1- 2 2 
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APPENDIX A 

SYMBOLS 

A 

F 
g 

AH 

J 

N 

P 

m U 

w 

8 

rl 

1 

2 

B 

i 

N 

a r e a  

g r o s s  t h r u s t  

g r a v i t a t i o n a l  a c c e l e r a t i o n  

a It i t u d e  

t u r b i n e  e n t h a l p y  change 

mechanica l  e q u i v a l e n t  of h e a t  

r o t a t i o n a l  speed  

t o t a l  p r e s s u r e  

wheel speed a t  mean r a d i u s  o f  t u r b i n e  

weight f low 

r a t i o  o f  s p e c i f i c  h e a t s  

r a t i o  o f  t o t a l  p r e s s u r e  t a  sea l eve l  p r e s s u r e  

r a t i o  of t o t a l  t empera tu re  t o  ,519' R (379.4O K) 

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

S ubs cr i p t  s 

compressor i n l e t  

compressor e x i t  

b l e e d  

i d e a  1 

n o z z l e  
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