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PERFORMANCE E S T I M A T E S  FOR THE SPACE S T A T I O N  POWER SYSTEM BRAYTON 

CYCLE COMPRESSOR AND TURBINE 

R o b e r t  L .  Cummings, C o n s u l t a n t  
2778 Avon Lake Road 

L i t c h f i e l d ,  O h i o  44253 

1 . 0  SUMMARY 

The methods w h i c h  have been used b y  t h e  NASA Lew is  Research C e n t e r  f o r  
p r e d i c t i n g  B r a y t o n  C y c l e  compressor  and t u r b i n e  p e r f o r m a n c e  f o r  d i f f e r e n t  gases 
and f low r a t e s  a r e  d e s c r i b e d .  These methods were d e v e l o p e d  b y  NASA Lew is  d u r -  
i n g  t h e  e a r l y  days o f  B r a y t o n  cyc le  component development  and t h e y  can now be 
a p p l i e d  t o  t h e  t a s k  of p r e d i c t i n g  t h e  p e r f o r m a n c e  of t h e  CBC Space S t a t i o n  
Freedom power s y s t e m .  

Computer programs a r e  g i v e n  for p e r f o r m i n g  t h e s e  c a l c u l a t i o n s  and d a t a  
from p r e v i o u s  NASA Lew is  B r a y t o n  Compressor and T u r b i n e  t e s t s  i s  used t o  make 
a c c u r a t e  e s t i m a t e s  o f  t h e  compressor  and t u r b i n e  p e r f o r m a n c e  f o r  t h e  CBC power 
system. R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  a l s o  g i v e n  i n  f o l l o w i n g  s e c t i o n s  o f  
t h i s  r e p o r t .  

T h i s  work has been sponsored  by NASA i n  o r d e r  t o  o b t a i n  an i n d e p e n d e n t  
e v a l u a t i o n  of t h e  per formance of t h e  CBC power system. I n  g e n e r a l ,  t h e s e  c a l -  
c u l a t i o n s  c o n f i r m  t h a t  t h e  CBC B r a y t o n  C y c l e  c o n t r a c t o r  has made r e a l i s t i c  com- 
p r e s s o r  and t u r b i n e  p e r f o r m a n c e  e s t i m a t e s .  

2 . 0  INTRODUCTION 

NASA has s e l e c t e d  t h e  c l o s e d  B r a y t o n  c y c l e  as t h e  s o l a r  dynamic power sys- 

The a c c u r a c y  of t h e  p e r f o r m a n c e  p r e d i c t i o n s  made b y  t h e  c o n t r a c -  

t e m  f o r  t h e  Space S t a t i o n .  T h i s  s y s t e m  uses he l i um-xenon  m i x t u r e  o f  39 .94  
m o l e c u l a r  w e i g h t  and has an e l e c t r i c a l  o u t p u t  o f  t h e  30 .7  kW a t  a r e f e r e n c e  
d e s i g n  p o i n t .  
tor  f o r  t h e  ae rodynamic  components o f  t h i s  s y s t e m  can be e v a l u a t e d  and e s t a b -  
l i s h e d  by r e f e r e n c e  t o  t h e  e x t e n s i v e  h i s t o r y  o f  d e v e l o p m e n t a l  and endurance 
t e s t i n g  p r e v i o u s l y  pe r fo rmed  on B r a y t o n  C y c l e  components a t  t h e  L e w i s  Research 
C e n t e r .  

The c l o s e d  B r a y t o n  c y c l e  s y s t e m  (known as t h e  CBC) has been chosen f o r  
development  f o r  t h e  Space S t a t i o n  e l e c t r i c  power s y s t e m  s i n c e  i t  has a h i g h  
c y c l e  e f f i c i e n c y  and t h e  w o r k i n g  f l u i d  i s  an i n e r t ,  n o b l e  g a s .  T h i s  p r o v i d e s  
t h e  advan tage  o f  s i n g l e  phase o p e r a t i o n  t h r o u g h o u t  t h e  c y c l e ,  e l i m i n a t i n g  
u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  b o i l i n g  and c o n d e n s i n g  w h i l e  i n  o r b i t .  The CBC 
has a l s o  a c h i e v e d  many thousands  of h o u r s  o f  s u c c e s s f u l  o p e r a t i o n  i n  d e v e l o p -  
ment t e s t i n g  and i s  c l o s e l y  r e l a t e d  t o  a u x i l i a r y  power u n i t s  and t u r b o c h a r g e r s  
w h i c h  have a c c u m u l a t e d  m i l l i o n s  of o p e r a t i n g  h o u r s  i n  a i r c r a f t  and i n  v e h i c l e s .  

T h i s  r e p o r t  p r o v i d e s  a method f o r  e s t i m a t i n g  ae rodynamic  p e r f o r m a n c e  o f  
t h e  CBC compressor  and t u r b i n e  b y  r e f e r e n c e  t o  t h e  p r e v i o u s  B r a y t o n  component 
t e s t  r e s u l t s .  Taken i n t o  a c c o u n t  w i l l  be t h e  change i n  t h e  w o r k i n g  gas and 
a l s o  t h e  change i n  s i z e  and flow r a t e .  
from one gas t o  a n o t h e r  b y  e s t a b l i s h i n g  e q u i v a l e n t  v e c t o r  d iag rams  a t  t h e  
i m p e l l e r  i n l e t s  and e x i t s  and b y  e q u a l i z i n g  Reyno lds  numbers.  

The p e r f o r m a n c e  w i l l  be c o r r e l a t e d  

The CBC 
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component pe r fo rmances  w i l l  t h e n  be e s t i m a t e d  by  u s i n g  d a t a  from s e v e r a l  o f  
t h e  p r e v i o u s  t e s t s  w h i c h  were p e r f o r m e d  b y  NASA L e w i s .  The r e m a i n d e r  o f  t h  
r e p o r t  i s  d e v o t e d  t o  t h e s e  i s s u e s .  

2 . 1  D E S C R I P T I O N  OF CBC SYSTEM 

The CBC power system u t i l i z e s  a r a d i a l  o u t f l o w  compressor  and a r a d i a l  
i n f l o w  t u r b i n e .  These a r e  mounted o n  a s i n g l e  s h a f t ,  s u p p o r t e d  o n  gas l u b r  
c a t e d  f o i l - t y p e  b e a r i n g s ,  w i t h  a s t r a d d l e  mounted f o u r  p o l e  R i c e  a l t e r n a t o r  
i n t e g r a l  w i t h ' t h e  s h a f t .  
p r e s s o r  and t h e  t u r b i n e ,  i s  g i v e n  i n  f i g u r e  1 .  The r e m a i n d e r  o f  t h e  CBC gas 
sys tem c o n s i s t s  o f  a s o l a r  h e a t  r e c e i v e r ,  w i t h  i n t e g r a l  t h e r m a l  e n e r g y  s tor -  
a g e s  a waste h e a t  r e c u p e r a t o r ,  and a h e a t  r e j e c t i o n  c o o l e r .  
i n g  o f  t h i s  sys tem i s  shown i n  f i g u r e  2.  
s t a t e  p o i n t  c o n d i t i o n s  f o r  t h e  t y p i c a l  CBC o p e r a t i n g  p o i n t .  

The CBC ro to r  l a y o u t ,  showing d imens ions  o f  t h e  com- 

A s c h e m a t i c  draw- 
On t h e  f i g u r e  i s  a l s o  g i v e n  t h e  

2 . 2  NASA LEWIS BRAYTON COMPRESSOR AND TURBINE TEST DATA 

D u r i n g  t h e  e x t e n s i v e  p e r i o d  b e g i n n i n g  i n  t h e  e a r l y  1 9 6 0 ' s  NASA Lew is  con- 

These were on  d i f f e r e n t  s i z e  
d u c t e d  p e r f o r m a n c e  e v a l u a t i o n  and improvement  t e s t s  on  a number o f  d i f f e r e n t  
d e s i g n s  o f  t h e  B r a y t o n  compresso rs  and t u r b i n e s .  
u n i t s ,  o p e r a t i n g  o v e r  a r a n g e  o f  w e i g h t  f lows and Reyno lds  numbers and t h e  
t e s t s  were d i r e c t e d  b o t h  t o w a r d  e s t a b l i s h i n g  t h e  pe r fo rmance  l e v e l  w h i c h  can 
be o b t a i n e d  from t h e s e  r e l a t i v e l y  sma l l  machines and t o w a r d  f i n d i n g  p o s s i b l e  
aerodynamic p e r f o r m a n c e  improvemen ts .  

T h i s  backg round  o f  t e s t  d a t a  p r o v i d e s  a v a l u a b l e  s o u r c e  from w h i c h  t h e  
p e r f o r m a n c e  o f  t h e  CBC s y s t e m  fo r  t h e  Space S t a t i o n  can be a c c u r a t e l y  
p r e d i c t e d .  

3.0 BRAYTON CYCLE COMPRESSOR ANALYSIS 

A summary o f  t h e  s i z e s  o f  t h r e e  o f  t h e  compressors w h i c h  were t e s t e d  i s  
g i v e n  i n  t a b l e  I .  T h i s  d a t a  was t a k e n  u s i n g  a r g o n  gas.  Also g i v e n  i n  t h i s  
t a b l e  i s  t h e  d e s i g n  p o i n t  w e i g h t  f low, t h e  i n l e t  p r e s s u r e  and p r e s s u r e  r a t i o ,  
t h e  i n l e t  t e m p e r a t u r e ,  t h e  d e s i g n  p o i n t  measured e f f i c i e n c y ,  and t h e  Reyno lds  
number. 

The r e f e r e n c e  numbers o f  t h e  NASA r e p o r t s  w h i c h  s e r v e d  as t h e  s o u r c e  o f  
t h e  d a t a  i s  a l s o  g i v e n .  
a t t a c h e d  t o  t h i s  r e p o r t .  The f i n a l  co lumn,  g i v e n  i n  t a b l e  I, i s  t h e  e q u i v a -  
l e n t  d a t a  for  t h e  B r a y t o n  compressor  f o r  t h e  CBC He/Xe power system. 

These numbers r e f e r  t o  t h e  l i s t  o f  r e f e r e n c e s ,  

3 . 1  EFFECT OF REYNOLDS NUMBER 

Pr ior  NASA t e s t  r e s u l t s  have e s t a b l i s h e d  t h a t  Reynolds number has a p r o -  
nounced e f f e c t  on  B r a y t o n  systems compressor  p e r f o r m a n c e .  These e f f e c t s  a r e  
d e s c r i b e d  and d i s c u s s e d  i n  r e f e r e n c e  1 .  A s  t h e  Reynolds number was dec reased ,  
a p r o g r e s s i v e  d e g r a d a t i o n  o f  e f f i c i e n c y  was o b s e r v e d .  
number was a l s o  f o u n d  t o  r e d u c e  t h e  maximum f low, t h e  maximum p r e s s u r e  r a t i o ,  
and t h e  f low a t  t h e  su rge  p o i n t .  E f f e c t s  on  t h e  compressor  work f a c t o r ,  t h e  
s l i p  f a c t o r ,  and t h e  windage f a c t o r  were a l s o  n o t e d .  

A dec reased  Reynolds 

The B r a y t o n  sys tem compressor  f o r  t h e  Space S t a t i o n  w i l l  o p e r a t e  a t  a 
h i g h e r  Reyno lds  number t h a n  t h e  p r i o r  NASA and c o n t r a c t o r  t e s t s .  The above 
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n o t e d  e f f e c t s  w i l l  t h e r e f o r e  a l l  
p r e s e n t  r e v i e w  o f  t h e  Space S t a t  
t h e  e f f e c t  o f  Reynolds number o n  

A s  e s t a b l i s h e d  i n  r e f e r e n c e  

be b e n e f i c i a l .  The c h i e f  c o n c e r n  f o r  
o n  B r a y t o n  s y s t e m  p e r f o r m a n c e  e v a l u a t  
compressor  a d i a b a t i c  e f f i c i e n c y .  

t h e  
o n  i s  

1 and b y  a number o f  a d d i t i o n a l  t e s t  pro- 
grams, t h e  r e l a t i o n  between t h e  compressor  e f f i c i e n c y  ( E T A C ) ,  or more s p e c i f i -  
c a l l y  t h e  loss ( 1  - E T A C ) ,  and t h e  Reyno lds  number i s  f o u n d  t o  be :  

( 1  - E T A C N > / ( l  - ETACK) = ( R E K / R E N I N  

where ETACK and REK a r e  known v a l u e s  o f  a d i a b a t i c  e f f i c i e n c y  and Reyno lds  
number w h i c h  a r e  used as a r e f e r e n c e  p o i n t  t o  p r e d i c t  a new v a l u e  o f  ETACN, 
t h e  e f f i c i e n c y ,  a t  a n o t h e r  v a l u e  of REN, a new Reyno lds  number. The v a l u e  o f  
t h e  exponen t  N ,  shown t o  be a p p r o p r i a t e  i n  r e f e r e n c e  1 f o r  t h e  Reyno lds  
number range  o f  i n t e r e s t  for t h e  S o l a r  B r a y t o n  c y c l e ,  i s  0.20. The v a l u e  f o r  
t h e  loss exponen t  i s ,  o f  c o u r s e ,  based on t h e  s u p p o s i t i o n  t h a t  p r o p e r  m a t c h i n g  
i s  m a i n t a i n e d  between t h e  i m p e l l e r  and t h e  d i f f u s e r .  

3 . 2  IMPORTANCE OF BRAYTON PERFORMANCE CLAIMS 

D u r i n g  t h e  p r o p o s a l  e v a l u a t i o n  phase o f  t h e  space s t a t i o n  dynamic power 
system s e l e c t i o n  p r o c e s s ,  i t  has been e s s e n t i a l  t o  a c c u r a t e l y  e s t a b l i s h  t h e  
e f f i c i e n c i e s  t h a t  wou ld  be o b t a i n a b l e  from t h e  c o m p e t i t i v e  power s y s t e m s .  A s  
t h e  development  p rog ram b e g i n s ,  i t  i s  a l s o  e s s e n t i a l  t o  c o n f i r m  t h a t  r e a l i s t i c  
pe r fo rmance  c l a i m s  have been made f o r  t h e  S o l a r  B r a y t o n  c y c l e  t u r b o c o m p r e s s o r  
s i n c e  t h i s  w i l l  be a new d e s i g n  and new ha rdware  t h a t  has n o t  p r e v i o u s l y  been 
b u i l t  and t e s t e d .  The s o l a r  c o l l e c t o r ,  t h e  r a d i a t o r ,  t h e  a l t e r n a t o r  and t h e  
h e a t  t r a n s f e r  components,  w i l l  a l s o  be new and w i l l  be d e s i g n e d  and b u i l t  to  
match t h e  o u t p u t  o f  t h e  t u r b o c o m p r e s s o r .  The p r o c e d u r e s  d e s c r i b e d  i n  t h i s  
r e p o r t  a r e  a l s o  o f  i n t e r e s t  and v a l u e  f o r  p o s s i b l e  f u t u r e  p e r f o r m a n c e  e s t i -  
mates o f  d i f f e r e n t  s i z e d  B r a y t o n  c y c l e  systems.  

3 . 3  METHOD OF CORRELATING COMPRESSOR PERFORMANCE 

The p r o c e d u r e s  f o r  p r e d i c t i n g  t h e  per formance of a c e n t r i f u g a l  compresso r  
f o r  a new gas,  when i t s  p e r f o r m a n c e  i s  known o n  a d i f f e r e n t  gas ,  i s  d e s c r i b e d  
i n  s e v e r a l  o f  t h e  r e p o r t s  named i n  t h e  a t t a c h e d  REFERENCES.  I n  p a r t i c u l a r  r e f -  
e r e n c e  1 has a good d i s c u s s i o n .  

B r i e f l y ,  t h e  b a s i c  p r i n c i p l e  o f  m a t c h i n g  p e r f o r m a n c e  o f  a compressor  o f  a 
g i v e n  s i z e  and geomet ry  between d i f f e r e n t  gases i s  t o  e s t a b l i s h  g e o m e t r i c  s i m i -  
l a r i t y  between t h e  v e c t o r  d iag rams  fo r  b o t h  gases a t  t h e  compressor  i n l e t  and 
e x i t  and a l s o  t o  a d j u s t  t h e  i n l e t  p r e s s u r e  so as t o  match  Reyno lds  numbers.  
T h i s  i s  a c c o m p l i s h e d  as fo l lows: 

( 1 )  Assume a c o n s t a n t  s l i p  f a c t o r ,  i n l e t  f low c o e f f i c i e n t ,  e f f i c i e n c y ,  
and s t a t i c  d e n s i t y  r a t i o  a c r o s s  t h e  i m p e l l e r ,  and,  u s i n g ,  an i t e r a t i v e  p r o c -  
ess ,  d e t e r m i n e  t h e  o v e r a l l  p r e s s u r e  r a t i o  and t h e  wheel speed f o r  t h e  new gas .  

( 2 )  A lso d e t e r m i n e  t h e  w e i g h t  f l ow  and t h e  i n l e t  p r e s s u r e  f o r  t h e  new 
gas so as t o  match t h e  Reyno lds  number. 

If t h e  compressor  s i z e  i s  t o  be m o d i f i e d ,  w i t h  a l l  g e o m e t r i c  p a r a m e t e r s  
m a i n t a i n e d  s i m i l a r ,  t h e  w e i g h t  f l ow  and t h e  i n l e t  p r e s s u r e  m u s t  be p r o p e r l y  
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a d j u s t e d  and t h e  Reynolds number recomputed f o r  t h e  new s e t  o f  c o n d i t i o n s .  
The e f f i c i e n c y  may t h e n  be e s t i m a t e d  fo r  t h e  new s i z e ,  as p r e v i o u s l y  d i s c u s s e d .  

3 . 4  D E S C R I P T I O N  OF COMPUTER PROGRAM 

The p r o c e d u r e  f o r  m a t c h i n g  compressors between d i f f e r e n t  gases,  w h i l e  
s t r a i g h t f o r w a r d  i n  c o n c e p t ,  i s  c o m p l i c a t e d  t o  p e r f o r m ,  s i n c e  t h e  c o m p r e s s i b l e  
f low and e n e r g y  i n p u t  e q u a t i o n s  canno t  be s o l v e d  i n  c l o s e d  form and a s e r i e s  
o f  i t e r a t i o n s  i s  r e q u i r e d .  A B A S I C  computer  p rog ram has t h e r e f o r e  been p r o -  
duced t o  p e r f o r m  t h e s e  c o m p u t a t i o n s .  
c o m p a t i b l e  computers,  has been named BRAYCOMP.BAS. 
i s  a t t a c h e d  t o  t h i s  r e p o r t .  

T h i s  p rog ram,  w r i t t e n  f o r  t h e  I B M  PC and 
A l i s t i n g  o f  t h i s  p r o g r a m  

T h i s  p rog ram has been w r i t t e n  t o  o u t p u t  r e s u l t s  t o  t h e  CRT s c r e e n ,  t o  a 
p r i n t e r ,  or t o  a d a t a  f i l e  f o r  subsequent  m a n i p u l a t i o n  or  p l o t t i n g  b y  a d a t a  
base program. 
t h e  d e s i g n  p o i n t  pe r fo rmance  r e s u l t s  f o r  t h r e e  B r a y t o n  compressors w h i c h  were 
t e s t e d  b y  t h e  NASA Lew is  Research C e n t e r .  I n p u t  s t a t e m e n t s  f o r  t h e  g e o m e t r i c  
v a l u e s  and t h e  proposed p e r f o r m a n c e  o f  t h e  CBC sys tem a r e  a l s o  i n c l u d e d .  
modynamic p r o p e r t i e s  and f o r m u l a s  f o r  d e t e r m i n i n g  v i s c o s i t y  f o r  a i r ,  a r g o n ,  
and t h e  He/Xe m i x t u r e  o f  39.95 m o l e c u l a r  w e i g h t  a r e  a l s o  c o n t a i n e d .  P r o p e r -  
t i e s  f o r  neon, k r y p t o n ,  and He/Xe m i x t u r e s  o f  d i f f e r e n t  m o l e c u l a r  w e i g h t s  
c o u l d  a l s o  be e a s i l y  added. 
space station t h e  He/Xe mixture o f  molecular weight 39.95 (referred t o  as 
He/Xe(39 .95>>  i s  t h e  one w h i c h  s h o u l d  be s e l e c t e d .  

I t  a l s o  c o n t a i n s  i n p u t  s t a t e m e n t s  w i t h  t h e  g e o m e t r i c  v a l u e s  and 

Ther-  

For c o m p u t a t i o n  o f  t h e  B r a y t o n  system fo r  t h e  

3.5 PROCEDURE FOR COMPUTATION 

A b r i e f  d e s c r i p t i o n  o f  t h e  p r o c e d u r e  f o r  u s i n g  t h i s  p r o g r a m  i s  as fo l lows: 

( 1 )  E n t e r  B A S I C  on t h e  PC and open BRAYCOMP.BAS. 

( 2 )  Make t h e  s e l e c t i o n  between SCREEN, P R I N T E R ,  or DATAFILE, f o r  o u t -  
p u t .  
a n a l y s i s ,  i f  d e s i r e d .  

The DATAFILE o p t i o n  c r e a t e s  a new f i l e  w h i c h  may be used f o r  a d d i t i o n a l  

( 3 )  The f i n a l  e n t r y  s t e p  i s  t o  make t h e  s e l e c t i o n  f o r  t h e  compressor  
d i a m e t e r  and t h e  known and new w o r k i n g  gases.  

The above s e l e c t i o n s  a r e  made i n  response  to  q u e s t i o n s  w h i c h  appear  o n  
t h e  CRT sc reen ,  so t h a t  t h e  c h o i c e s  can be r e a d i l y  made. 

3 .6  CALCULATION OF EQUIVALENT CONDITIONS 

NASA Lew is  has p r e v i o u s l y  conduc ted  t e s t s  o n  B r a y t o n  c y c l e  compressors 
u s i n g  a i r  and s e v e r a l  monatomic gases and gas m i x t u r e s .  I n  most i n s t a n c e s ,  
t h e s e  t e s t s  were p e r f o r m e d  s e v e r a l  t i m e s  o n  compresso rs  o f  d i f f e r e n t  geome- 
t r i e s .  
t i o n  o f  e q u i v a l e n t  pe r fo rmances  f o r  d i f f e r e n t  gases,  as d e s c r i b e d  i n  t h i s  
r e p o r t ,  a r e  i n d e e d  c o r r e c t  and a c c u r a t e .  

T h i s  m u l t i p l e  t e s t i n g  a l l o w e d  v e r i f i c a t i o n  t h a t  t h e  methods o f  p r e d i c -  

3 .7  CONVERSION OF ARGON TEST DATA 

These p r e d i c t i o n  methods w i l l  t h e r e f o r e  now be a p p l i e d  u t i l i z i n g  d a t a  
t h a t  was i n i t i a l l y  o b t a i n e d  i n  t h e  NASA L e w i s  compressor  component p e r f o r m a n c e  
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e v a l u a t i o n  t e s t s  so as t o  
m o l e c u l a r  w e i g h t  39.95,  m 
s t a t i o n  CBC. The t h r e e  s 

o b t a i n  an e s t i m a t e  o f  p e r f o r m a n c e  f o r  t h e  He/Xe, 
x t u r e  wh ich  has been s e l e c t e d  f o r  use i n  t h e  space 
zes o f  t h e  comDressors f o r  w h i c h  t h e s e  D r e d i c t i o n s  

a r e  t o  be made, as p r e v i o u s l y  g i v e n  i n  t a b l e  I ,  a r e  t i p  d i a m e t e r s ' o f  4 .25 ,  
5 .976 ,  and 6.44 i n .  The known d a t a  f o r  t h e s e  p r e d i c t i o n s  has been o b t a i n e d  
from r e f e r e n c e s  2 ,  1 ,  and 3.  The c a l c u l a t i o n s  f o r  t h e  4 .25 ,  t h e  5.976,  and 
t h e  6 . 4 4 - i n . - d i a m .  compressors a r e  summarized i n  t a b l e s  11, 111, and I V ,  
r e s p e c t i v e l y .  

3 . 8  CALCULATION OF PARAMETERS FOR THE CBC 

E s t i m a t e s  o f  t h e  per formances o f  t h e  CBC compresso r ,  u s i n g  t h e  He/Xe 
( m o l e c u l a r  w e i g h t  39 .95 )  w o r k i n g  f l u i d ,  have been made by  t h e  G a r r e t t  Corpo ra -  
t i o n  and p r e s e n t e d  i n  t h e  space s t a t i o n  power s y s t e m  p r o p o s a l .  The g e o m e t r i c  
d a t a  and t h e  per formance e s t i m a t e s  made b y  G a r r e t t  have been e n t e r e d  i n  t h e  
BRAYCOMP.BAS p rog ram and have been c o n v e r t e d  from He/Xe ( 3 9 . 9 5 )  t o  a r g o n .  
T h i s  a l l o w s  a d i r e c t  compar ison w i t h  t h e  r e s u l t s  o f  t h e  p r e v i o u s  t e s t s  i n  
w h i c h  a r g o n  was used.  These r e s u l t s  a r e  g i v e n  i n  t a b l e  V .  

3.9 PREDICTIONS OF THE CBC COMPRESSOR PERFORMANCE 

An i n d e p e n d e n t  e s t i m a t e  of t h e  a d i a b a t i c  e f f i c i e n c y  o f  t h e  CBC compressor  
can now be made, u s i n g  t h e  CBC c a l c u l a t e d  Reynolds number, as l i s t e d  i n  
t a b l e  V .  
measured a r g o n  d a t a  from NASA Lewis t e s t s  ( a s  g i v e n  i n  t a b l e s  I 1  t o  I V )  b y  use 
o f  t h e  0.2 e x p o n e n t i a l  power o f  t h e  Reynolds r a t i o .  

T h i s  can be accomp l i shed  by  c o n v e r t i n g  t h e  loss f r a c t i o n s  from t h e  

The computed mean e f f i c i e n c y  v a l u e  o f  0 .843  i n  t a b l e  V I  may be seen t o  
compare v e r y  c l o s e l y  w i t h  t h e  G a r r e t t  C o r p o r a t i o n  CBC compressor  e f f i c i e n c y  
p r e d i c t i o n .  
6 . 4 4 - i n . - d i a m .  compressor t e s t  d a t a  would s e e m  t o  p r o v i d e  f u r t h e r  a s s u r a n c e  
t h a t  a CBC compressor  e f f i c i e n c y  w i l l  be o b t a i n e d  t h a t  w i l l  be a t  l e a s t  as 
h i g h  as t h a t  p r e d i c t e d  by  t h e  c o n t r a c t o r .  

The h i g h e r  computed v a l u e  d e t e r m i n e d  from t h e  d a t a  from t h e  

4 . 0  BRAYTON CYCLE TURBINE ANALYSIS 

A summary o f  t h e  s i z e s  o f  t h e  t h r e e  t u r b i n e s  w h i c h  were t e s t e d  b y  NASA 
Lew is  and w h i c h  have been used to  e s t i m a t e  t h e  CBC t u r b i n e  e f f i c i e n c y  i s  g i v e n  
i n  t a b l e  V I I .  T h i s  d a t a  i s  f o r  use o f  a rgon  gas.  Also g i v e n  i n  t h i s  t a b l e  i s  
t h e  d e s i g n  p o i n t  w e i g h t  f low, t h e  i n l e t  p r e s s u r e  and p r e s s u r e  r a t i o ,  t h e  i n l e t  
t e m p e r a t u r e ,  t h e  d e s i g n  p o i n t  measured e f f i c i e n c y ,  and t h e  Reyno lds  number. 
The r e f e r e n c e  numbers o f  t h e  NASA r e p o r t s  w h i c h  s e r v e d  as t h e  s o u r c e  of t h i s  
d a t a  i s  a l s o  g i v e n .  These numbers r e f e r  t o  t h e  l i s t  o f  r e f e r e n c e s ,  a t t a c h e d  
t o  t h i s  r e p o r t .  

B r a y t o n  t u r b i n e  p roposed  f o r  t h e  CBC He/Xe power s y s t e m .  
The f i n a l  column, g i v e n  i n  t a b l e  V I 1  i s  t h e  d e s i g n  p o i n t  d a t a  f o r  t h e  

EFFECT OF REYNOLDS NUMBER 

t s  have been e s t a b l i s h e d  t h a t  Reyno lds  number a l s o  
B r a y t o n  s y s t e m s  t u r b i n e  p e r f o r m a n c e ,  These 

4. 

NASA t u r b i n e  t e s t  r e s u  
has a s i g n i f i c a n t  e f f e c t  on  
e f f e c t s  a r e  d e s c r i b e d  and d 
f o u n d  t h a t ,  as t h e  Reynolds 

scussed i n  r e f e r e n c e  4 .  ' D u r i n g  t h e s e  t e s t s  i t  was 
number was dec reased ,  a p r o g r e s s i v e  d e g r a d a t i o n  of 
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e f f i c i e n c y  was o b s e r v e d .  D e c r e a s i n g  Reynolds number was a l s o  f o u n d  t o  s l i g h t l y  
r e d u c e  t h e  t u r b i n e  f low. 

The B r a y t o n  system t u r b i n e  f o r  t h e  space s t a t i o n  w i l l  o p e r a t e  a t  a 
h i g h e r  Reynolds number t h a n  t h e  p r i o r  NASA and c o n t r a c t o r  t e s t s .  The above 
n o t e d  e f f e c t s  w i l l  t h e r e f o r e  a l l  be b e n e f i c i a l .  The c h i e f  conce rn  f o r  t h e  
p r e s e n t  r e v i e w  o f  t h e  space s t a t i o n  B r a y t o n  system pe r fo rmance  e v a l u a t i o n  i s  
t h e  e f f e c t  o f  Reyno lds  number o n  t h e  t u r b i n e  a d i a b a t i c  e f f i c i e n c y .  A s  e s t a b -  
l i s h e d  b y  r e f e r e n c e  4 and b y  a number o f  a d d i t i o n a l  t e s t  programs, t h e  r e l a -  
t i o n  between t h e  t u r b i n e  e f f i c i e n c y  ( E T A I ) ,  or  more s p e c i f i c a l l y  t h e  loss 
( 1  - ETAT), and t h e  Reyno lds  number i s  f o u n d  t o  be:  

( 1  - E T A T N ) / ( l  - ETATK) = A + B * ( R E K / R E N I N  

where ETATK and REK a r e  known v a l u e s  o f  a d i a b a t i c  e f f i c i e n c y  and Reyno lds  
number w h i c h  a r e  used as a r e f e r e n c e  p o i n t  t o  p r e d i c t  a new v a l u e  o f  ETATN, 
t h e  t u r b i n e  e f f i c i e n c y  a t  a n o t h e r  v a l u e  o f  t h e  new Reynolds number ( R E N ) .  The 
v a l u e s  o f  t h e  c o n s t a n t s  A and B and t h e  exponen t  N, shown t o  be a p p r o p r i a t e  i n  
r e f e r e n c e  4 f o r  t h e  Reyno lds  number range  o f  i n t e r e s t  f o r  t h e  S o l a r  B r a y t o n  
c y c l e ,  a r e  A = 0.4,  B = 0 .6 ,  and N = 0 . 2 0 .  The v a l u e s  f o r  t h e s e  loss con- 
s t a n t s  a r e ,  o f  c o u r s e ,  based on t h e  s u p p o s i t i o n  t h a t  good aerodynamic d e s i g n s  
a r e  m a i n t a i n e d  f o r  t h e  i n l e t  n o z z l e s ,  t h e  i m p e l l e r  and t h e  e x i t  d i f f u s e r .  
These v a l u e s  f o r  t h e  loss c o n s t a n t s  w i l l  t h e n  s u b s e q u e n t l y  be used to  p r e d i c t  
t h e  CBC t u r b i n e  p e r f o r m a n c e  from t h e  measured e f f i c i e n c i e s  o f  t h e  p r l o r  t e s t s .  

I 4 . 2  METHOD OF CORRELATING TURBINE PERFORMANCE 

The p r o c e d u r e s  for p r e d i c t i n g  t h e  pe r fo rmance  o f  a r a d i a l  i n f l o w  t u r b i n e  
f o r  a new gas ,  when i t s  p e r f o r m a n c e  i s  known f o r  a d i f f e r e n t  gas,  i s  d e s c r i b e d  
i n  s e v e r a l  o f  t h e  r e p o r t s  named i n  t h e  a t t a c h e d  L i s t  o f  R e f e r e n c e s .  I n  p a r t i c -  
u l a r ,  r e f e r e n c e  6 has a good d i s c u s s i o n ,  g i v i n g  an example o f  t h e  e q u i v a l e n c e  
o f  a i r  and a r g o n  p e r f o r m a n c e  f o r  t h e  6 .02 - in . -d iam.  t u r b i n e .  
d e s c r i p t i o n  of t h e  method i s  as fo l lows:  

A g e n e r a l  

The b a s i c  p r i n c i p l e  o f  m a t c h i n g  pe r fo rmance  o f  a t u r b i n e  o f  a g i v e n  s i z e  
and geomet ry  between d i f f e r e n t  gases i s  s i m i l a r  t o  t h a t  p r e v i o u s l y  d e s c r i b e d  
f o r  t h e  compresso r .  A g a i n  i t  i s  needed t o  e s t a b l i s h  g e o m e t r i c  s i m i l a r i t y  

a l s o  t o  a d j u s t  t h e  f low r a t e  so as t o  match Reyno lds  numbers. T h i s  i s  accom- 
p l i s h e d  as fo l lows: 

I between t h e  v e c t o r  d iag rams  fo r  b o t h  gases a t  t h e  t u r b i n e  i n l e t  and e x i t  and 
, 

( 1 )  D e t e r m i n e  t h e  w e i g h t  f low f o r  t h e  new gas so as t o  match t h e  
Reyno lds  Number. 

(2) A d j u s t  t h e  r o t a t i o n a l  speed, t h e  i n l e t  p r e s s u r e ,  and t h e  t o t a l  t o  
s t a t i c  p r e s s u r e  r a t i o  so as t o  o b t a i n  t h e  same e q u i v a l e n t  f low,  
e q u i v a l e n t  speed, and e q u i v a l e n t  s p e c i f i c  work. 

If t h e  t u r b i n e  s i z e  i s  t o  be m o d i f i e d ,  w i t h  a l l  g e o m e t r i c  p a r a m e t e r s  main- 
t a i n e d  s i m i l a r ,  t h e  w e i g h t  f low and t h e  i n l e t  p r e s s u r e  must t h e n  be p r o p e r l y  
a d j u s t e d  and t h e  Reyno lds  number recomputed f o r  t h e  new s e t  of c o n d i t i o n s .  

I The e f f i c i e n c y  may t h e n  be e s t i m a t e d  for t h e  new s i z e ,  as p r e v i o u s l y  d i s c u s s e d .  
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4 . 3  COMPUTER PROGRAM AND PROCEDURE FOR COMPUTATION 

A l i s t i n g  o f  a B A S I C  computer  p rog ram named BRAYTURB.BAS, w h i c h  i s  used  
to  p e r f o r m  t u r b i n e  m a t c h i n g  c o m p u t a t i o n s  i s  a t t a c h e d  t o  t h i s  r e p o r t .  
gram a l r e a d y  c o n t a i n s  s i z e  and p e r f o r m a n c e  d a t a  f o r  t h e  4.59, t h e  4.97, and 
t h e  6 . 0 2 - i n . - d i a m .  t u r b i n e s  w h i c h  were t e s t e d  b y  NASA L e w i s .  The s i z e  and 
e s t i m a t e d  pe r fo rmance  d a t a  f o r  t h e  CBC t u r b i n e  i s  a l s o  i n c l u d e d .  
d i s c u s s i o n  and d e s c r i p t i o n  o f  t h e  p r o c e d u r e  f o r  c o m p u t a t i o n  p r e v i o u s l y  g i v e n  
f o r  t h e  compressor a l s o  a p p l i e s  t o  use o f  t h i s  t u r b i n e  p rog ram.  

T h i s  p r o -  

The f u r t h e r  

4 . 4  CONVERSION OF ARGON TURBINE TEST DATA 

These p r e d i c t i o n  methods w i l l  now be a p p l i e d  u t i l i z i n g  t h e  d a t a  t h a t  was 
i n i t i a l l y  o b t a i n e d  i n  t h e  NASA Lew is  t u r b i n e  component p e r f o r m a n c e  e v a l u a t i o n  
t e s t s  so as t o  o b t a i n  an e s t i m a t e  o f  t h e  t u r b i n e  p e r f o r m a n c e  f o r  t h e  He/Xe, 
m o l e c u l a r  w e i g h t  39.95,  m i x t u r e  w h i c h  has been s e l e c t e d  f o r  use i n  t h e  space 
s t a t i o n  CBC. The t h r e e  s i z e s  o f  t h e  t u r b i n e s  f o r  w h i c h  t h e s e  c a l c u l a t i o n s  a r e  
to  made were p r e v i o u s l y  g i v e n  i n  t a b l e  V I 1  w i t h  t i p  d i a m e t e r s  o f  4 .59 ,  4 .97,  
and 6.02 i n .  The known d a t a  f o r  t h e s e  p r e d i c t i o n s  has been 
o b t a i n e d  from r e f e r e n c e s  4, 5 ,  and 6 ,  and t h e  c a l c u l a t i o n s  a r e  summarized i n  
t a b l e s  V I I I ,  I X ,  and X .  

4 . 5  CALCULATION OF PERFORMANCE OF THE CBC TURBINE 

E s t i m a t e s  o f  t h e  p e r f o r m a n c e s  o f  t h e  CBC t u r b i n e ,  u s i n g  t h e  He/Xe (molecu-  
l a r  w e i g h t  39 .95 )  w o r k i n g  f l u i d ,  have been made b y  t h e  G a r r e t t  C o r p o r a t i o n  and 
p r e s e n t e d  i n  t h e  space s t a t i o n  power sys tem p r o p o s a l .  The g e o m e t r i c  d a t a  and 
t h e  p e r f o r m a n c e  e s t i m a t e s  made b y  G a r r e t t  have been e n t e r e d  i n  t h e  BRAYTURB.BAS 
p rog ram and have been c o n v e r t e d  from He/Xe (39 .95 )  t o  a r g o n .  T h i s  a l l o w s  a 
d i r e c t  compar i son  w i t h  t h e  r e s u l t s  o f  t h e  p r e v i o u s  t e s t s  i n  w h i c h  a r g o n  was 
used .  These r e s u l t s  a r e  g i v e n  i n  t a b l e  X I .  

4 . 6  P R E D I C T I O N  OF THE CBC TURBINE PERFORMANCE 

An i n d e p e n d e n t  e s t i m a t e  o f  t h e  a d i a b a t i c  e f f i c i e n c y  o f  t h e  CBC t u r b i n e  
can now be made, u s i n g  t h e  CBC c a l c u l a t e d  Reyno lds  number as l i s t e d  i n  
t a b l e  X I .  T h i s  can be a c c o m p l i s h e d  b y  c o n v e r t i n g  t h e  loss f r a c t i o n s  from t h e  
measured argon d a t a  from NASA L e w i s  t u r b i n e  t e s t s  (as g i v e n  i n  t a b l e s  VIII, 
I X ,  and X >  b y  use o f  t h e  e q u a t i o n  u s i n g  0.2 e x p o n e n t i a l  power o f  t h e  Reyno lds  
number r a t i o ,  p r e v i o u s l y  g i v e n :  

( 1  - E T A T N ) / ( l  - ETATK) = 0 . 4  + 0 . 6  * (REK/REN)Oa2 

T h i s  c o m p u t a t i o n  i s  summarized i n  t a b l e  X I I .  The computed mean e f f i -  
c i e n c y  v a l u e  o f  0 . 8 8 3  i s  f o u n d  t o  be a s i g n i f i c a n t  amount l o w e r  t h a n  t h e  
G a r r e t t  C o r p o r a t i o n  CBC t u r b i n e  e f f i c i e n c y  p r e d i c t i o n  o f  0 .897 .  
computed v a l u e s  d e t e r m i n e d  from t h e  d a t a  from t h e  4.97-  and t h e  6 .02 - in . -d iam.  
t u r b i n e  t e s t s  wou ld  seem t o  somewhat m o d i f y  t h i s  r e s u l t ,  b u t  b o t h  o f  t h e s e  
t e s t s  p r e d i c t  an e f f i c i e n c y  o f  a b o u t  0 .007  be low t h e  CBC e s t i m a t e .  

The h i g h e r  

A f u r t h e r  d i r e c t  e x p e r i m e n t a l  r e s u l t ,  r e p o r t e d  i n  r e f e r e n c e  6 ( T N  D-2987), 
can a l s o  be used t o  check t h e  above e s t i m a t e s .  Here a measured t o t a l  e f f i -  
c i e n c y  o f  0 . 9 0  was r e p o r t e d  f o r  an a i r  t e s t  o f  t h e  6 .02 - in . -d iam.  t u r b i n e  a t  
a Reyno lds  number o f  225x103. 
o f  e f f i c i e n c y  o f  0 . 8 8 ,  measured f o r  t h e  6 . 0 2 - i n . - d i a m  t u r b i n e  a t  t h e  Reyno lds  

I n t e r p o l a t i o n  between t h i s  r e s u l t  and t h e  v a l u e  
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number o f  64x103, r e s u l t s  i n  a CBC e s t i m a t e d  a d i a b a t i c  t o t a l  e f f i c i e n c y  o f  o n l y  
0.888. 

I n  e v a l u a t i n g  t h e  above r e s u l t s ,  however,  i t  s h o u l d  be c o n s i d e r e d  t h a t  
t h e  CBC t u r b i n e ,  h a v i n g  a t i p  d i a m e n t e r  o f  7 .65 i n . ,  wou ld  a l s o  be e x p e c t e d  t o  
o b t a i n  some pe r fo rmance  advan tage  from d i r e c t  e f f e c t  o f  s c a l e  and t i p  c l e a r a n c e  
r a t i o .  T h i s  i s  f u r t h e r  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

5.0 EFFECTS OF OTHER VARIABLES 

I n  o r d e r  t o  make a c o m p l e t e  e v a l u a t i o n  o f  t h e  pe r fo rmance  p o t e n t i a l  o f  
t h e  CBC compressor  and t u r b i n e  i t  would be n e c e s s a r y  t o  c o n s i d e r  t h e  e f f e c t s  
o f  such t h i n g s  as d i s k  and vane c l e a r a n c e s ,  i n l e t  and e x i t  Mach numbers,  d i f -  
f u s e r  vane a n g l e  s e t t i n g ,  and t h e  d e s i g n  o f  t h e  s u b s o n i c  e x i t  d i f f u s e r s .  
These f a c t o r s  have a l l  been f o u n d  i n  p r i o r  NASA Lewis  r e s e a r c h  programs t o  
have s i g n i f i c a n t  e f f e c t  on t h e  e f f i c i e n c y  o f  t h e  B r a y t o n  c y c l e  compressors and 
t u r b i n e s .  B o t h  t h e  CBC compressor  and t h e  t u r b i n e ,  however ,  w i l l  have a c l o s e  
f a m i l y  resemb lance  t o  p r e v i o u s l y  t e s t e d  u n i t s .  
and c o n s t r u c t i o n  v a r i a b l e s  may t h e r e f o r e  be e x p e c t e d  t o  have o n l y  a secondary  
e f f e c t  on e f f i c i e n c y .  

The above enumerated d e s i g n  

6 . 0  CONCLUDING REMARKS 

T h i s  r e p o r t  has d e s c r i b e d  t h e  method whereby t h e  measured p e r f o r m a n c e  o f  
a B r a y t o n  c y c l e  r a d i a l  o u t f l o w  c e n t r i f u g a l  compressor  and a r a d i a l  i n f l o w  t u r -  
b i n e ,  u s i n g  a gas w h i c h  has one s e t  of thermodynamic p r o p e r t i e s ,  may be used 
t o  a c c u r a t e l y  p r e d i c t  t h e  p e r f o r m a n c e  o f  an i d e n t i c a l  compressor  and t u r b i n e ,  
when o p e r a t e d  w i t h  a gas h a v i n g  d i f f e r e n t  p r o p e r t i e s .  

The method f o r  c o r r e c t i n g  t h e  p r e d i c t e d  p e r f o r m a n c e  o f  a g e o m e t r i c a l l y  
s i m i l a r  compressor  or t u r b i n e ,  when i t  i s  s c a l e d  upward or  downward i n  s i z e  i s  
a1 so d e s c r i  bed. 

Two B A S I C  computer  programs a r e  a l s o  i n c l u d e d ,  i n  o r d e r  t h a t  t h e s e  t y p e s  
o f  p e r f o r m a n c e  c o m p u t a t i o n s  can be made f o r  any compressor  o r  t u r b i n e  p e r f o r m -  
ance m a t c h i n g  a p p l i c a t i o n .  

T h i s  p rog ram has t h e n  been used t o  p r e d i c t  t h e  pe r fo rmance  o f  t h e  CBC 
compressor  and t h e  CBC t u r b i n e ,  u s i n g  He /Xe ,  based upon measured a r g o n  t e s t s  
r e s u l t s ,  o b t a i n e d  d u r i n g  p r i o r  NASA Lewis B r a y t o n  c y c l e  development  and 
r e s e a r c h  p rog rams .  
compressor  e f f i c i e n c y  e s t i m a t e  has been made by t h e  B r a y t o n  C y c l e  S y s t e m  Con- 
t r a c t o r .  The t u r b i n e  e f f i c i e n c y  e s t i m a t e  compares r e a s o n a b l y  w e l l  when c o n s i d -  
e r a t i o n  i s  g i v e n  t o  p o s s i b l e  d i r e c t  e f f e c t s  o f  s c a l e  and t u r b i n e  rotor i n l e t  
and e x i t  d i f f u s e r  d i f f e r e n c e s .  F u r t h e r  c o n s i d e r a t i o n s  may be w a r r a n t e d ,  how- 
e v e r ,  i n  o r d e r  t o  d e t e r m i n e  t h e  reasons  and t h e  p o s s i b l e  e f f e c t s  o f  t h e  
s l i g h t l y  lower p r e d i c t e d  t u r b i n e  e f f i c i e n c y .  

These c o m p u t a t i o n s  appear  t o  c o n f i r m  t h a t  an a c c u r a t e  
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APPENDIX A 

COMPRESSOR MATCHING SYMBOLS 

T h i s  i s  a l i s t  o f  symbols f o r  t h e  B r a y t o n  C y c l e  Compressor m a t c h i n g  p r o g r a m  
(BRAYCOMP.BAS>. T h i s  p rog ram p r o v i d e s  m a t c h i n g  f o r  a i r  and s e v e r a l  d i f f e r e n t  i n e r t  
gases.  A symbol e n d i n g  w i t h  K r e f e r s  t o  t h e  known gas;  one e n d i n g  w i t h  N r e f e r s  to  
t h e  new gas.  F o r  example:  CPK = S p e c i f i c  h e a t ,  known and CPN = S p e c i f i c  h e a t ,  new. 
However, i n  some cases t h e  e n d i n g  K i s  o m i t t e d .  

AR3 = E x i t  f low a r e a  ( i n . 2 )  NN = rpm, new gas 
AT3 = E x i t  s t a g n a t i o n  s o n i c  v e l o c i t y  ( f t / s e c )  NS = S p e c i f i c  speed 
AM2 = I n l e t  f low a r e a  ( i n . 2 )  P2 = I n l e t  t o t a l  p r e s s u r e  ( l b / i n . 2 >  
BH = E x i t  b l a d e  h e i g h t  ( i n . )  P2N = I n l e t  t o t a l  p r e s s u r e ,  new 
CPK = S p e c i f i c  h e a t ,  known gas ( B t u / l b - " F )  P H I  = I n l e t  f low c o e f f i c i e n t ,  known 
CPN = S p e c i f i c  h e a t ,  new gas ( B t u / l b - " F >  

DEL1 = I n l e t  v e l o c i t y  e r r o r  i n c r e m e n t  
DEL2 = E x i t  v e l o c i t y  e r r o r  i n c r e m e n t  
D I  = I n l e t  t i p  d i a m e t e r  ( i n . )  
DR = S t a t i c  d e n s i t y  r a t i o  
DRN = S t a t i c  d e n s i t y  r a t i o ,  new 
DH = I n l e t  hub d i a m e t e r  ( i n . )  
DT = T i p  d i a m e t e r  ( i n . )  
DTA = A c t u a l  t e m p e r a t u r e  r i s e  ( O R )  

D T I  = I d e a l  t e m p e r a t u r e  r i s e  ( O R )  

ETAC = Compressor a d i a b a t i c  e f f i c i e n c y  
E T A C I  = I m p e l l e r  e f f i c i e n c y  
FCW = Compressor work f a c t o r  
FW = Windage f a c t o r  

G = 32.17 f t / s e c 2  
GAMK = S p e c i f i c  h e a t  r a t i o ,  known 
GAMN = S p e c i f i c  h e a t  r a t i o ,  new gas 
H = I d e a l  head r i s e  ( f t )  
HN = I d e a l  head, new ( f t )  

K2&K3 = Known f low f u n c t i o n s  
K2N&K3N = New f low f u n c t i o n s  
KG$ = Name, known gas 
MK = M o l e c u l a r  w e i g h t ,  known gas 
MN = M o l e c u l a r  w e i g h t ,  new gas 
MU2K = V iscos i ty ,  known ( l b / f t - s e c )  
MU2N = V i s c o s i t y ,  new ( l b / f t - s e c )  
NG$ = Name, new gas 
NK = rpm, known 
NKEQU = C o r r e c t e d  rpm, known 

CN = 7 2 0 / P I  = 229.18 
DEL = P1/14.7 

FS = FCW - FW 

J = 778.16 f t  - l b / B t U  

P H I N  = I n l e t  flow c o e f f i c i e n t ,  new 

PR = P r e s s u r e  r a t i o ,  known 
PRN = P r e s s u r e  r a t i o ,  new 
RH02 = I n l e t  s t a t i c  d e n s i t y  ( l b / f t 3 >  
RH02N = I n l e t  s t a t i c  d e n s i t y ,  new 

P I  = 3.14159 

RH03 = E x i t  s t a t i c  d e n s i t y  
RH03N = E x i t  s t a t i c  d e n s i t y ,  
REK = Reyno lds  number,  known 
REN = Reyno lds  number, new 
RK = Gas c o n s t a n t ,  known gas 
RN = Gas c o n s t a n t ,  new gas 
T2 = I n l e t  t o t a l  t e m o e r a t u r e  

new 

( O R >  

T2N = I n l e t  t o t a l  t e m p e r a t u r e ,  new ( O R >  

T3 = E x i t  t o t a l  t e m p e r a t u r e  ( O R >  

T3N = E x i t  t o t a l  t e m p e r a t u r e ,  new ( O R >  

UTK = T i p  speed, known ( f t / s e c )  
UTN = T i p  speed, new gas 
VM2 = I n l e t  m e r i d .  v e l o c i t y  
VTT2&VT2 = V e l o c i t y  r a t i o  f u n c t i o n  
VTT3&VT3 = E x i t  v e l o c i t y  f u n c t i o n  
WK = Weight f low,  known ( l b / s e c >  
WN = We igh t  f low, new gas ( l b / s e c )  
WEQU = C o r r e c t e d  w e i g h t  flow 
XK = (GAMK - l)/GAMK, known 
XN = (GAMN - l > / G A M N ,  new 
X2K = (GAMK - 1 > / 2 ,  known 
X2N = (GAMN - 1 > / 2 ,  new 
YK = l/(GAMK - 1 > ,  known 
YN = l / ( G A M N  - 1 ) .  new 

THETA = T2 /518 .7  
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APPENDIX B 

L IST  OF TURBINE MATCHING SYMBOLS 

T h i s  i s  a l i s t  o f  symbols f o r  t h e  B r a y t o n  C y c l e  T u r b i n e  m a t c h i n g  p r o g r a m  
(BRAYTURB.BAS>. T h i s  p r o g r a m  p r o v i d e s  m a t c h i n g  f o r  a i r  and s e v e r a l  d i f f e r e n t  i n e r t  
gases.  A symbol e n d i n g  w i t h  K r e f e r s  t o  t h e  known gas;  one e n d i n g  w i t h  N r e f e r s  
t o  t h e  new gas.  
However, i n  some cases t h e  e n d i n g  K i s  o m i t t e d  

F o r  example:  CPK = S p e c f i c  h e a t ,  known & CPN = S p e c i f i c  h e a t  new. 

AR2 = I n l e t  f low a r e a  ( i n . 2 >  
ALPH2 = S t a t o r  e x i t  a n g l e  (deg )  
AT3 = E x i t  s t a g n a t i o n  s o n i c  v e l o c i t y  ( f t / s e c )  P2N = I n l e t  t o t a l  p r e s s u r e ,  new 
AM3 = E x i t  f l ow  a r e a  ( i n . 2 >  

NU = B lade  t o  j e t  speed r a t i o  
P2 = I n l e t  t o t a l  p r e s s u r e  ( l b s / i n . 2 >  

BW = I n l e t  b l a d e  w i d t h  ( i n . )  
CPK = S p e c i f i c  h e a t ,  known gas ( B t u / l b - " F >  
CPN = S p e c i f i c  h e a t ,  new gas ( B t u / l b - " F >  

DEL1 = I n l e t  v e l o c i t y  e r r o r  i n c r e m e n t  
DEL2 = E x i t  v e l o c i t y  e r r o r  i n c r e m e n t  
DELH = S p e c i f i c  work ( B t u / l b >  
DE = E x i t  t i p  d i a m e t e r  ( i n . )  
DH = E x i t  hub d i a m e t e r  ( i n . )  
DHEQU = A i r  s t a n d a r d  s p e c i f i c  work ( B t u / l b >  
DT = T i p  d i a m e t e r  ( i n . )  
DTA = A c t u a l  t e m p e r a t u r e  r i s e  ( O R )  

D T I  = I d e a l  t e m p e r a t u r e  r i s e  ( O R )  

EPSI = F u n c t i o n  o f  gamma 
ETAT = T o t a l  t o  t o t a l  e f f i c i e n c y  
ETAS = T o t a l  to  s t a t i c  e f f i c i e n c y  
G = 32 .1  f t / s e c 2  
GAMK = S p e c i f i c  h e a t  r a t i o ,  known 
GAMN = S p e c i f i c  h e a t  r a t i o ,  new gas 
H = I d e a l  head d r o p  ( f t )  
HN = I d e a l  head, new 

K2&K3 = Known f l ow  f u n c t i o n s  
K2N&K3N = New f l ow  f u n c t i o n s  
KG$ = Name, known gas 
MK = M o l e c u l a r  w e i g h t ,  known gas 
MN = M o l e c u l a r  w e i g h t ,  new gas 

MU2N = V i s c o s i t y ,  new ( l b / f t - s e c >  
NG$ = Name, new gas 
NK = rpm, known 
NKEQU = c o r r e c t e d  rpm, known 
NN = rpm, new gas 
NS = s p e c i f i c  speed 
YN = l / ( G A M N  - l ) ,  new 

CN = 720 /P I=229 .18  
DEL = P1/14.7 

J = 778.16 f t - l b / B t U  

I MU2K = V i s c o s i t y ,  k n o w n ( l b / f t - s e c )  

P I  = 3.14159 
PR = T o t a l  p r e s s u r e  r a t i o  
PRS = T o t a l  to  s t a t i c  p r e s s u r e  
PRN = P r e s s u r e  r a t i o ,  new 
RH02 = I n l e t  s t a t i c  d e n s i t y  ( l b / f t 3 >  
RH02N = I n l e t  s t a t i c  d e n s i t y ,  new 
RH03 = E x i t  s t a t i c  d e n s i t y  
RH03N = E x i t  s t a t i c  d e n s i t y ,  new 
REK = Reynolds number, known 
R E N  = Reynolds number, new 
RK = Gas c o n s t a n t  known gas ( f t / " R )  
RN = Gas c o n s t a n t ,  new gas ( f t / " R >  
TAU = Torque ( i n . - l b >  
T2 = I n l e t  t o t a l  t e m p e r a t u r e  ( O R )  

T2N = I n l e t  t o t a l  t e m p e r a t u r e ,  new ( O R )  

T3 = E x i t  t o t a l  t e m p e r a t u r e  ( O R >  

T3N = E x i t  t o t a l  t e m p e r a t u r e ,  new 

UTK = T i p  speed, known ( f t / s e c >  
UTN = T i p  speed, new ( f t / s e c >  
VACR2 = I n l e t  v e l o c i t y  r a t i o  
VACR3 = E x i t  v e l o c i t y  r a t i o  
VCR2K = Known c r e d i t  s o n i c  v e l o c i t y  
VJI = I d e a l  j e t  v e l o c i t y  
V2 = I n l e t  v e l o c i t y  
VM3 = E x i t  m e r i d .  v e l o c i t y  
WK = Weight  f low known ( l b / s e c >  
WN = Weight  f low, new gas ( l b / s e c )  
WEQU = A i r  s t a n d a r d  c o r r e c t e d  

w e i g h t  f low 
XK = (GAMK - l>/GAMK, known 
XN = (GAMN - l > / G A M N ,  new 
X2K = (GAMK - 1 > / 2 ,  known 
X2N = (GAMN - 1112, new 

YK = l/(GAMK - 11, known 

THETA = T 2 j 5 1 8 . 7  

X3 = (GAMN - l> / (GAMN+l>  
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APPENDIX  C 

BRAYCOMP.BAS PERFORMANCE P R E D I C T I O N  PROGRAM 

5 REM " T H I S  IS THE BRAYCOMP.BAS PROGRAM" 
1 0  I N P U T  "SCREEN ( S ) ,  PRINTER ( P 1 ,  OR F I L E  ( F ) ?  ";SD$ 
1 5  I F  SD$="P"  THEN 2 0  
1 6  I F  SD$="F"  THEN 2 5  
1 7  GOTO 3 0  
20 OPEN " L P T 1  : "  FOR OUTPUT AS #1 :WIDTH " L P T 1  : " ,70:GOTO 3 5  
2 5  OPEN "BCOMP001 .REP" FOR OUTPUT AS #1 :GOTO 3 5  
3 0  OPEN "SCRN:"FOR OUTPUT AS #1 :WIDTH "SCRN: " ,80  
3 5  P R I N T  " T h i s  i s  t h e  BRAYCOMP.BAS p r o g r a m .  T h i s  p r o g r a m  m a t c h e s  
3 6  P R I N T  " B r a y t o n  c y c l e  c o m p r e s s o r s  fo r  d i f f e r e n t  g a s e s .  O u t p u t  
40 P R I N T  " i s  s e n t  t o  f i l e  BCOMPOOl.REP. Names o f  a l l o w e d  g a s e s  
4 5  P R I N T  " a r e :  AIR,NEON,ARGON,& KRYPTON. H e / X e  m i x t u r e s  m a y  a l s o  
46 P R I N T  " b e  u s e d : H e / X e ( 2 0 . 1 8 , 3 9 . 9 5  & 83 .88)  T e s t  d a t a  i s  
50 P R I N T  " a v a i l a b l e  f o r  4 . 2 5 , 5 . 9 7 6 , &  6 .44  i n c h  d i a m e t e r  c o m p r e s s o r s  
5 5  P R I N T  " C a l c u l a t i o n s  c a n  a l s o  b e  made  f o r  t h e  6 . 5 - i n c h - d i a m .  
56 P R I N T  "CBC C o m p r e s s o r  . I' 
60 P R I N T  " I n p u t  (KNOWN) c o m p r e s s o r  t i p  d i a m e t e r  ( D T 1 " : I N P U T  DT 
65  P R I N T  " I n p u t  name o f  g a s  f o r  w h i c h  d a t a  i s  known ( K G $ ) " : I N P U T  KG$ 
66  L E T  PI=3.14159:5=778.16:CN=229.18:G=32.17 
7 0  I F  KG$=' IAIRI I  THEN 1 0 0 0  
7 1  I F  KG$="ARGON" THEN 1 0 2 0  
7 5  IF K G $ = " H E / X E ( 3 9 . 9 5 > "  THEN 1040 
7 6  I F  KG$="NEON" THEN 1 0 6 0  
80 I F  K G $ = " H E / X E ( 2 0 . 1 8 > "  THEN 1 0 8 0  
8 5  I F  KG$="KRYPTON" THEN 2 0 0 0  
90 I F  K G $ = " H E / X E ( 8 3 . 8 8 ) "  THEN 2 0 2 0  

1 0 0  L E T  
1 1 0  LET 
1 2 0  LET 
1 3 0  LET 
1 4 0  LET 
1 5 0  LET 
160 LET 
1 7 0  L E T  
1 8 0  L E T  
1 9 0  L E T  
200 L E T  
2 1 0  L E T  
2 2 0  L E T  
230 L E T  
2 4 0  L E T  

A M 2 = P I  * ( D I  ' 2 - D H - 2  / 4  : A R 3 = P I * D T * B H  
K2=SQR(GAMK*G/(RK*T21)*AM2:VT2=WK/(K2*P2)  
V T T 2 = V T 2 : L E T  V T 2 = ( W K / ( K 2 * P 2 )  ) / ( ( l - X 2 * V T T 2 - 2 ) ' ( Y K ) >  
D E L l = A B S ( V T T 2 - V T 2 ) : I F  D E L 1 > . 0 0 0 1  GOTO 1 2 0  
RH02=( P 2 *  1 4 4 /  ( R K * T 2  1 )  * ( ( 1 - X 2 * V T 2 - 2 >  ' ( Y K )  ) :UTK=DT*NK/CN 
R E K = R H 0 2 * U T K * D T / ( M U 2 K * l 2 >  : D T I = T 2 * ( P R e X K - 1  ) 
D T A = D T I / E T A C : T S = T 2 + D T A  
VM2=144*WK/(RH02*AM2>:PHI=VM2/UTK 
FCW=G* J * C P K *  ( T 5 - 1 2 )  / U T K - 2  : L E T  H=CPK*DTI  * J 
FS=FCW-FW 
NS=NK*SQR( WK/Rt i02)  / (  6 0 *  ( (G*"> - . 7 5 >  1 
T H E T A = T 2 / 5 1 8 . 7 : L E T  D E L = P 2 / 1 4 . 7 : T 3 = T 5  
WEQU=WK*SQR(THETA)/DEL:NKEQU=NK/SQR(THETA) 
K 3 = S Q R ( G A M K * G / ( R K * T 3 ) ) * A R 3 * P 2 * P R I  
VT3=WK/K3:AT3=SQR(GAMK*G*RK*T3)  

2 5 0  L E T  VTT3=VT3:VT3=SQR( ( (  ( W K / K 3 > / ( ( 1 - X 2 * V T T 3 ^ 2 ) - Y K >  1 - 2 1  

260 L E T  D E L 2 = A B S ( V T T 3 - V T 3 ) : I F  D E L 2 > . 0 0 0 1  GOTO 2 5 0  
2 7 0  L E T  DR2=( P R I  / (  1 + ( P R I  - X K - 1 1  / E T A C I  1) * (  ( 1 - X 2 * V T 3 - 2 >  

280 L E T  THETA=T2 /518 .7 :DEL=P2/14 .7 :T3=T5  
290 L E T  R H 0 3 = ( P 2 * P R I * 1 4 4 / ( R K * T 3 )  ) * (  ( l - X 2 * V T 3 - 2 ) ^ ( Y K >  : DR=RH03/RH02 

+( ( F S * U T K / A T 3 >  - 2 ) )  

/ (  1 - X 2 * V T 2 ^ 2 ) )  - Y K  

300 P R 1 N T : P R I N T  " I n p u t  name o f  New g a s  ( N G $ ) " :  I N P U T  NG$ 
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3 1 0  I F  NG$="AIR" THEN 5000 
3 2 0  I F  NG$="ARGON" THEN 5 0 2 0  
3 3 0  I F  N G $ = " H E / X E ( 3 9 . 9 5 > "  THEN 5 0 4 0  
340 I F  NG$="ARGON" THEN 5 0 2 0  
3 5 0  I F  N G $ = " H E / X E ( 8 3 . 8 8 > "  THEN 6 0 2 0  
360 L E T  WN=MU2N*WK/MU2K:K2N=AM2*SQR(GAMN*G/(RN*T2N)):VT2N='~T2 
370 L E T  PRX=PRI :VT3N=VT3 
380 L E T  P2NT=WN/(K2N*VT2N*(  1 - X 2 N * V T 2 N e 2 )  - Y N )  
390 L E T  UTN=SQR(GAMN*RN/(GAMK*RK>>*UTK*VT2N/VT2 
400 L E T  NN=UTN*CN/DT 
4 1  0 L E T  RH02NT=( P 2 N T *  1 4 4 !  / ( R N * T 2 N )  ) * ( ( 1 - X 2 N * V T 2 - N 2 )  ^ Y N )  
4 1  5 L E T  DTAN=FCW*UTN-2 / (G*J*CPN> :DT INT=DTAN*ETAC 
4 2 0  L E T  HN=CPN*DTINT*J  : RHOZN=WN/ ( N S * (  60*( (G*HN) - .  75)  ) /NN> ' 2  
430 L E T  V T 2 N = ( W N / ( K 2 N * P 2 N T > > / ( ( l - X 2 N * V T 2 N ^ 2 ) ' Y N )  
440 L E T  P 2 N = R H 0 2 N * R N * T 2 N / ( ( (  l - X 2 N * V T 2 N ' 2 ) - Y N > * l 4 4 >  
450 L E T  DEL2N=ABS(P2N-P2NT) 
460 L E T  V T 2 N T = ( W N / ( K 2 N * P Z N ) > / ( ( l - X 2 N * V T 2 N - 2 ) - Y N )  
465 DEL6N=ABS(VT2NT-VT2N) 
4 7 0  L E T  V T 2 N = V T 2 N T : I F  A B S ( D E L 6 N ) > . 0 0 1  THEN 4 6 0  

490 L E T  V T 2 N = ( W N / ( K 2 N * P 2 N > ) / ( (  1 - X 2 N * V T 2 N - 2 )  'YN) 
480 I F  D E L 2 N > . 0 0 1  GOTO 380 

500 LET PRIN=DR* ( ( ( P R X - X N - 1 )  / E T A C I  > + 1 ) *  ( (  1 - X 2 N * V T 2 N e 2  1 
/ ( l - X 2 N * V T 3 N e 2 ) ) ^ Y N  

505 LET DELZ=ABS(PRIN-PRX) 
5 1 0  L E T  P R X = P R I N : I F  D E L 2 > . 0 0 0 5  GOTO 500 
520 L E T  PRN=(DTAN*ETAC/T2N+ l )  - (  1 / X N >  
530 L E T  VM2N=VT2N*SQR(GAMN*G*RN*T2N>:PHIN=VM2N/UTN 
540 L E T  NNEQU=NN/SQR(THETA):DTIN=DTAN*ETAC 
550 L E T  T5N=T2N+DTAN 
560 L E T  K3N=SQR(GAMN*G/ (RN*TSN>)*AR3*P2N*PRIN:FCWN=G*J*CPN 

5 7 0  L E T  AT3N=SQR(GAMN*G*RN*T5N):FSN=FCWN-FW:VTT3N=VT3N 
580 L E T  V T 3 N = S Q R ( ( ( ( W N / K 3 N > / ( ( l - X 2 N * V T T 3 N - 2 ) - Y N ) ) - Z I  

590 L E T  D E L ~ N = A B S ( V T T ~ N - V T ~ N > Z I F  D E L 3 N > . 0 0 1  GOTO 5 0 0  
600 L E T  DEL4N=ABS(DTINT-DTIN>:IF D E L 4 N < 1 !  GOTO 6 2 0  
6 1 0  L E T  DTINT=DTIN:GOTO 420 
620 L E T  R H 0 3 N = ( P 2 N * P R I N * 1 4 4 / ( R N * T 5 N ) ) * ( ( l - X 2 N * V T 3 N - 2 ) - Y N )  
630 L E T  NSN=NN*SQR(WN/RH02N> / (60* ( (G*HN> - . 7 5 >  ) 

650 L E T  V T 2 N = V T 2 N / ( l - D E L S N > : G O T O  3 8 0  
6 6 0  L E T  REN=RH02N*UTN*DT/(MU2N*12)  

* ( T 5 N - T 2 N )  / U T N - 2  

+( ( F S N * U T N / A T 3 N I a 2 ) )  

640 L E T  DRN=RH03N/RH02N:DEL5N=(DRN-DR>/DRN: IF  A B S ( D E L 5 N > < . 0 0 1  THEN 660 

700 P R I N T  # l , " C o m p r e s s o r  D a t a :  T i p  D i a m . , D T " ;  F I X ( l O O O * D T + . 5 ) / 1 0 0 0 ;  
7 1 0  P R I N T  #1 , " I n l e t  T i p  D i a m .  ,DI";FIX(1000*D1+.5)/1000 
7 1 5  P R I N T  # l , " I n l e t  H u b  Diam.,DH";FIX(1000*DH+.S~/lOOO; 
7 2 0  P R I N T  #1 , ' I ,  E x i  t 6 1  a d e  H e i  g h t  , BH" ; F I X (  1 0 0 0 * B H + .  5 )  / 1 0 0 0 ;  
7 2 5  P R I N T  #1 , " W i  n d a g e  F a c t o r ,  FW" ; F I X (  lOOO*FW+. 5 )  / lo00  
7 3 0  P R I N T  # l , : P R I N T  # l , N l $ : P R I N T  # l , D l $ : P R I N T  #1 ,D2$  
740 P R I N T  #1 , : P R I N T  #1 , " I N P U T  DATA" 
7 5 0  P R I N T  # l , " I n l e t  Pressure,P2";;;FIX(lOO*P2+.5)/100 
7 5 5  P R I N T  #1 , " I n l e t  Temp.  , T 2 " ;  F I X ( T 2 + . 5 )  
760 P R I N T  #1 , " W e i g h t  F l o w ,  WK" ; F I X (  1000*WK+.  5 )  / 1 0 0 0  
7 6 5  P R I N T  # l , " P r e s s u r e  R a t i o , P R " ;  F I X ( 1 0 0 0 * P R + . 5 ) / 1 0 0 0  
770 P R I N T  # l , " I m p .  P r e s s u r e  R a t i o , P R I " ;  F I X ( 1 0 0 0 * P R I + . 5 ~ / 1 0 0 O  
7 7 5  P R I N T  # l , " A d i a b a t i c  E f f . , E T A C " ;  F I X ( 1 0 0 0 * E T A C + . 5 ~ / 1 0 0 0  
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7 8 0  P R I N T  #1 , " I m p e l l e r  E f f .  , E T A C I " ;  F I X ( 1 0 0 O * E T A C I + . 5 ~ / 1 0 0 0  
785 P R I N T  # l , " R o t a t i o n a l  Speed,NK";FIX(100000!*NK+.5~/100000! 
7 9 0  P R I N T  #1 ,  : P R I N T  #1 ,"KNOWN G A S ( " ; K G $ ; " )  RESULTS" 
800 P R I N T  #1 , " K n o w n  V i  s c o s i  t y , M U 2 K "  ; ; ; F I X (  1 0 0 0 * ( M U 2 K * l  0-5)+. 5 )  / 1 0 0 0  

8 1 0  P R I N T  # l , " T o t a l  Temp.  Ratio,T3/T2";FIX(1000*(T5/T2)+.5)/1000 
8 1 5  P R I N T  # l , " I n l e t  V e l .  R a t i o , V T 2 " ;  F I X ( 1 0 0 0 * V T 2 + . 5 ) / 1 0 0 0  
8 2 0  P R I N T  #1 , " E x i t  V e l .  R a t i o , V T 3 " ;  F I X ( 1 0 0 0 * V T 3 + . 5 ~ / 1 0 0 O  
8 3 0  P R I N T  #1 , " D e n s i t y  Ratio,DR";FIX(1000*DR+.5~/1000 
8 4 0  P R I N T  #1 , " K n o w n  C o r r .  RPM,NKEQU";FIX(NKEQU+.5) 
845 P R I N T  # 1 , " K n o w n  T i p  S p e e d , U T K " ;  F I X ( l O * U T K + . S > / l O  
8 5 0  P R I N T  # 1 , " C o m p r .  Work Factor,FCW";FIX(1000*FCW+.5)/1000 
8 5 5  P R I N T  # l , " S l i p  Factor,FS";FIX(1000*FS+.5)/1000 
860 P R I N T  # l , " I n l e t  F l o w  Coeff.,PHI";FIX(1000*PHI+.5~/1000 
8 7 0  P R I N T  #1 , " S p e c i f i c  S p e e d ,  NS" ; F I X (  1 0 0 0 * N S + .  5 )  / lo00  
880 P R I N T  #1 , " K n o w n  R e y n o l d s  N o .  ,REK"; FIX((REK/10~6~*100+.5)/100 

; 'I E+06"  
8 8 1  P R I N T  # 1 , : P R I N T # l , N 2 $ : P R I N T  # l , D 3 $ : P R I N T  #1,D4$ 
8 8 2  P R I N T  #1 , : P R I N T # l  , N3$  
890 P R I N T  #1 , " I n l e t  P r e s s u r e  , P 2 N " ;  ; F I X (  1 0 0 * P 2 N + .  5 > / 1 0 0  
8 9 5  P R I N T  #1 , " I n l e t  Temp.  , T 2 N 1 ' ; F I X ( T 2 N + . 5 >  
900 P R I N T  # l , "Weight  Flow,WN";FIX(1000*WN+.5~/1000 
905 P R I N T  #1 , " P r e s s u r e  R a t i o , P R N "  ; F I X (  1 0 0 * P R N + . 5 > / 1 0 0  
9 1 0  P R I N T  #1 , " I m p .  P r e s s u r e  R a t i o , P R I N "  ; F I X (  1 0 0 * P R I N + .  5 > / 1 0 0  
915 P R I N T  #1 , " A d i a b a t i c  E f f .  ,ETAC" ;  F I X ( 1 0 0 0 * E T A C + . 5 ~ / 1 0 0 0  
9 2 0  P R I N T  #1 , " I m p e l l e r  E f f . , E T A C I " ;  F I X ( 1 0 0 0 * E T A C I + . 5 ~ / 1 0 0 0  
9 2 5  P R I N T  # 1  , " R o t a t i o n a l  S p e e d , N N " ;  F I X ( N N + . S ) : P R I N T  #1 , : P R I N T  #1 ,: 
9 3 0  P R I N T  # l , " N e w  V i s c o s i t y , M U 2 N " ; F I X ~ l O O O * ~ M U 2 N * l O 5 ~ + . 5 ~ / l O O O ; ~ ~ E - O 5 ~ ~  
9 3 5  P R I N T  # l , " T o t a l  Temp.  Ratio,T3/T2";FIX(1000*(T5N/T2N)+.5)/1000 
940 P R I N T  # 1 , " I n l e t  V e l .  Rat io,VT2N~~;FIX(1000*VT2N+.5)/1000 
9 4 5  P R I N T  # l , " E x i t  V e l .  Ratio,VT3N";FIX(1000*VT3N+.5)/1000 
9 5 0  P R I N T  # l , " D e n s i t y  Ratio,DRN";FIX(1000*DRNt.5~/1000 
9 5 5  P R I N T  # l , " N e w  C o r r .  RPM,NNEQU";FIX(NNEQU + . 5 )  
9 6 0  P R I N T  #1 , " T i  p S p e e d  ,UTN" ; F I X (  10*UTN+.  5 > / 1 0  
9 6 5  P R I N T  # l , " N e w  Work Factor,FCWN";FIX(1000*FCWN+.5~/1000 
9 7 0  P R I N T  #1 , "New S1 i p  F a c t o r  ,FSN";FIX(1000*FSN+.5) /1000 
9 7 5  P R I N T  # l , " I n l e t  F l o w  Coeff.,PHIN";FIX(1000*PHIN+.5)/1000 
980 PRINT #l,"New S p e c i f i c  Speed,NSN";FIX(1000*NSN+.5~/1000 
9 8 5  P R I N T  #1 , "New R e y n o l d s  N o .  , REN" ; F I X (  ( R E N / 1 0 6 > * 1 0 0 + .  5 )  / 1 0 0 ; " E t 0 6 "  
9 9 0  P R I N T  "CALCULATION COMPLETE" : STOP 

; " E - 0 5 "  

1 0 0 0  L E T  MK=29 :RK=1545 /MK:GAMK= l  .4 :XK=(GAMK- l  > /GAMK:CPK=RK/ (XK*J )  
1 0 0 1  L E T  X2=(GAMK-1>/2:YK=1/(GAMK-l):Nl$="THE KNOWN GAS IS A I R "  
1 0 0 2  L E T  D l $ = " M o l  . Wt.=29.0,R=53.28" :D2$="Sp.  H e a t = . 2 4 , G a m = l  . 4 "  
1 0 0 3  I F  A B S ( D T - 4 . 2 5 )  <=.0001 THEN 2000 
1 0 0 4  I F  A B S ( D T - 5 . 9 7 6 )  < = . 0 0 0 1  THEN 2 0 1 0  
1 0 0 5  I F  A B S ( D T - 6 . 4 4 )  < = . 0 0 0 1  THEN 2 0 2 0  
1 0 0 6  I F  A B S ( D T - 6 . 5 )  <=.0001 THEN 2 0 2 5  
1 0 0 7  L E T  MU2K=( . 2 3 6 1 +  .002 1 7 3 * T 2 - 5 . 7 5 E - 0 7 *  ( T 2  " 2 > + 9 . 1 7 E - 1 1 *  ( T 2 - 3 )  ) * (  1 0 - - 5 )  

1 0 2 0  L E T  MK=39.948:RK=1545/MK:GAMK=1.667:XK=(GAMK-l) /GAMK:CPK=RK/(XK*J) 
1 0 2 1  L E T  X2=(GAMK-l)/2:YK=l/(GAMK-l):Nl$="THE KNOWN GAS I S  ARGON." 

1 0 0 8  GOT0 1 0 0  

1 0 2 2  L E T  D1  $ = " M o l  . W t  . = 3 9 . 9 4 8 ,  R = 3 8 . 6 8 "  : D 2 $ = " S p .  H e a t = .  1 2 4  ,GAM=l .667.  I' 
1 0 2 3  I F  A B S ( D T - 4 . 2 5 )  < = . 0 0 0 1  THEN 2 0 3 0  
1 0 2 4  I F  A B S ( D T - 5 . 9 7 6 )  <=.0001 THEN 2040 
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1025 I F  ABS(DT-6.44) <=.0001 THEN 2050 
1026 I F  ABS(DT-6.5) <=.0001 THEN 2055 
1027 LET MU2K=( .323+.002454*T2-3.53E-07*(T2-2))*(10--5) 

1040 LET MK=39.948:RK=1545/MK:GAMK=1.667:XK=(GAMK-l)/GAMK:CPK=RK/(XK*J) 
1041 LET X2=(GAMK-l>/2:YK=l/(GAMK-l):Nl$="THE KNOWN GAS I S  HE/XE(39.95>" 

1043 I F  ABS(DT-4.25) <=.0001 THEN 2060 

1028 GOTO 100 

1042 LET D1 $='I Mol . W t  . =39 .948 ,  R=38.68" : D2$="Sp. Heat=.  124 ,GAM=1 .667"  

1044 IF ABS(DT-5.976) <=.0001 THEN 2070 
1045 I F  ABS(DT-6.44) <=.0001 THEN 2080 
1046 I F  ABS(DT-6.5) <=.0001 THEN 2085 
1047 LET MU2K=( .0764+ .003819*T2-1 .479E-06*(T2-2>+5.22E-lO*T2-3 

- 8 . 1 6 0 0 0 1 E - 1 4 * T 2 ~ 4 ~ * ( 1 0 ' - 5 ~  
1048 GOTO 100 
1060 STOP 
1080 STOP 
2000 LET P2=21.64:T2=540:WK=.638:PR=1.71:ETAC=.8:NK=54600! :D I=2 .6  
2002 LET DH=1.44:BH=.205:PRI=1.81 :ETACI=.895:FW=.039~GOTO 1007 
2010 LET P2=6.41:T2=536:WK=.497:PR=2.09:ETAC=.798:NK=40300! :DI=3.528 
2012 LET DH=1.858:BH =.217:PRI=2.27:ETACI=.896:FW=.O39:GOTO 1007 
2020 STOP 
2022 GOTO 1007 
2025 STOP 
2027 GOTO 1007 
2030 LET P2=20.25:T2=540:WK=.785:PR=1.9:ETAC=.8:NK=52200! :DI=2.6:DH=1.44 
2032 LET BH=.205:PRI=2.03:ETACI=.895:FW=.O39:GOTO 1027 
2040 LET P2=6:12=536:WK=.611:PR=2.38:ETAC=.798:NK=38500! :DI=3.528:DH=1.858 
2042 LET BH=.217:PRI=2.62:ETACI=.896:FW=.O39:GOTO 1027 
2050 LET P2=6!:T2=536:WK=.611:PR=2.3:ETAC=.821:NK=385OO!:DI=3.95:DH=2.19 
2052 LET BH=.31:PRI=2.47:ETACI=.897:FW=.O39:GOTO 1027 
2055 STOP 
2057 GOTO 1027 
2060 STOP 
2062 GOTO 1047 
2070 LET P2=6.85:T2=536:WK=.704:PR=2.42:ETAC=.798:NK=38920! :D I=3 .528  
2072 LET D H = 1 . 8 5 8 ~ B H = . 2 1 7 ~ P R I = 2 . 6 5 : E T A C I = . 8 9 6 ~ F W = . O 3 9 ~ G O T O  1047 
2080 LET P2=6.87:T2=536:WK=.704:PR=2.32:ETAC=.821:NK=38800! :DI=3.95:DH=2.19 
2082 LET B H = . 3 1 : E T A C I = . 8 9 7 : F W = . O 3 9 : G O T O  1047 
2085 LET P2=26.4:T2=520:WK=1.87:PR=1.9:ETAC=.842:NK=32OOO:DI=4!:DH=2.28 
2087 LET BH=.351:PRI=2.04:ETACI=.91:FW=.O39:GOTO 1047 
5000 LET MN=29:RN=1545/MN:GAMN=1.4:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5001 LET X2N =(GAMN-1)/2:YN=l/(GAMN-l):T2N=T2 
5002 LET N2$="THE NEW GAS I S  A I R . " :  D3$="MOl. Wt.=29.O,R=53.28" 

5004 LET MU2N=( .2361+ .002 173*T2 ~ N-5.75E-07* (T2N-2 >+9.17E - 1 1 * (T2N-3 1 ) * ( 10 - -5>  
5003 LET D4$="Sp. Heat=.24,GAM=l .4.":N3$="PERF. USING A I R . "  

5008 GOTO 360 
5020 LET MN=39.948:RN=1545/MN:GAMN=1.667:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5021 LET X2N=(GAMN-1>/2:YN=l/(GAMN-lI:T2N=T2 
5022 LET N2$= " T H E  NEW GAS I S  ARGON" D3$="MOl . W t  .=39.948,  R=38.68" 

5024 LET MU2N=( .323+.002454*T2N-3.53E-O7*(T2N-2))*( 10- -5>  

5040 LET MN=39.948:RN=1545/MN:GAMN=1.667:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5041 LET X2N=(GAMN-l)/2:YN=l/(GAMN-l):T2N=T2 

5023 LET D4$="Sp. Heat=.  124 ,GAM=l .667.  'I : N3$="PERF. USING ARGON. 'I 

5028 GOTO 360 
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5042 LET N2$="THE NEW GAS IS HE/XE(39.95>" :  D3$="MOI. Wt.=39.948,R=38.68Og' 

5044 LET MU2N=( .0764+. 00381 9*T2-1 .479E-06* ( T2-2 )+5.22E-lO*T2 -3-8.160001 E 
5043 LET D4$="Sp. Heat= .124,GAM=1,667. " :N3$="PERF.  USING HE/XE(39.95>."  

-14*T2 '4>* (  1 0 - 4 )  
5048 GOT0 360 
6000 STOP 
6020 STOP 
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APPENDIX  D 

L I S T I N G  NO. 2 

BRAYTURB.BAS PERFORMANCE P R E D I C T I O N  PROGAM 

5 REM " T H I S  I S  THE BRAYTURB.BAS PROGRAM'' 
1 0  I N P U T  "SCREEN (SI, PRINTER ( P I ,  OR F I L E  ( F ) ?  ";SP$ 
1 5  I F  SP$="P" THEN 3 0  
20 I F  SP$= " F "  THEN 3 5  
2 5  GOTO 40 
30 OPEN " L P T 1 : "  AS #1 :GOTO 50 
35 OPEN "BTURB001.REP" FOR OUTPUT AS # l :GOTO 50 
40 OPEN "SCRN:"FOR OUTPUT AS #1 
50 P R I N T  " T h i s  i s  t h e  6RAYTURB.BAS p r o g r a m .  T h i s  p r o g r a m  m a t c h e s  B r a y t o n  
5 1  P R I N T  I '  C y c l e  t u r b i n e s  f o r  d i f f e r e n t  g a s e s . "  

70 P R I N T  "Names o f  a l l o w e d  g a s e s  a r e :  AIR,NEON,ARGON,& KRYPTON. 
75  P R I N T  " H e / X e  m i x t u r e s  m a y  a l s o  b e  u s e d : H e / X e ( 2 0 . 1 8 , 3 9 . 9 5 ,  & 8 3 - 8 8 >  
80 P R I N T  " T e s t  d a t a  i s  a v a i l a b l e  f o r  4 . 5 9 ,  4 . 9 7 ,  & 6 . 0 2  i n c h  d .  t u r b i n e s . "  
85 P R I N T  " C a l c u l a t i o n s  c a n  a l s o  b e  made  f o r  t h e  7 . 6 5  i n .  d .  CBC t u r b i n e . "  
90 P R I N T  " I n p u t  ( K n o w n )  t u r b i n e  t i p  d i a m e t e r  ( D T > " : I N P U T  DT 
95 P R I N T  " I n p u t  name o f  gas for which  d a t a  i s  k n o w n  ( K G $ ) " : I N P U T  KG$ 

60 L E T  PI=3.14159:J=778.16:CN=229.18:G=32.17 

1 0 0  I F  K G $ = " A I R "  THEN 1 0 0 0  
105 I F  KG$="ARGON" THEN 1020 
1 1 0  I F  K G $ = " H E / X E ( 3 9 . 9 5 ) "  THEN 1 0 4 0  
1 1 5  I F  KG$="NEON" THEN 1 0 5 0  
1 2 0  I F  K G $ = " H E / X E ( 2 0 . 1 8 > "  THEN 1 0 6 0  
1 2 5  I F  KG$="KRYPTON" THEN 1 0 7 0  
1 3 0  I F  K G $ = " H E / X E ( 8 3 . 8 8 > "  THEN 1 0 8 0  
1 4 0  L E T  AR2=PI*DT*BW 
1 4 5  L E T  A M 3 = P I * ( D E - 2 - D H  - 2  1 /4 :ANOZ=AR2*COS(ALPH2/57.296> 
150 LET K 2 = S Q R ( G A M K * G / ( R K * T 2 ) > * A N O Z : V A C R 2 = W K * S Q R ( ( G A M K + l ) / Z ) / ( K 2 * P 2 )  
1 5 5  LET VCR2K=SQR(2*GAMK*G*RK*T2 / (GAMK+ l ) )  
1 6 0  L E T  VACRTZ=VACR2 
1 6 5  LET VACR2=SQR( ( G A M K + l )  / 2 ) * ( W K / ( K 2 * P 2 >  1 / (  ( l - X 3 * V A C R T 2 - 2 )  - ( Y K ) )  

1 7 5  L E T  RH02=(P2*144/(RK*T2>>*((l-X3*VACR2^2)-(YK) : L E T  UTK=DT*NK/CN 
180 L E T  R E K = W K * 2 4 / ( M U 2 K * D T > : D T I = T 2 * ( l - l / ( P R X K > > : D E L H I = C P K * D T I  
185 LET DELH=DELHI *ETAT 
1 9 0  L E T  DTA=DTI *ETAT:T3=T2-DTA 
1 9 5  L E T  V2=144*WK/ (RH02*ANOZ)  
200 L E T  H=DELHItJ:VJI=SQR(2*G*J*DELHI) 
2 0 5  LET N U = U T K / V J I  
2 1 0  LET DEL=P2 / 14.69 : E P S I = (  . 7 3 9 6 *  ( ( (GAMK+ 1 /2 1 - (GAMK/ (GAMK- 1 ) ) /GAMK) 
2 1 5  LET WEQU=WK*VCR2K*EPSI/(DEL*lOl8.4):NKEQU=NK*lOl8.4/VCR2K 
2 2 0  LET TAU=J*CN*WK*DELH/(NK*2) :TAUEQU=TAU*EPSI /DEL 
2 2 5  L E T  K3=SQR(GAMK*G/(RK*T3> l * A M 3 * P 2 / P R  
230 LET VACR3=WK*SQR((GAMK+1)/2) /K3 
2 3 5  LET V C R T 3 = V A C R 3 : V A C R 3 = ( W K / K 3 ) * S Q R ( ( G A M K + 1 ) / 2 > / ( ( 1 - X 3 * V C R T 3 ^ 2 ) - Y K )  

1 7 0  L E T  D E L l = A B S ( V A C R T 2 - V A C R 2 ) : I F  D E L 1 > . 0 0 0 1  GOTO 1 6 0  
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240 LET DEL2=ABS(VCRT3-VACR3>: IF D E L 2 > . 0 0 0 1  GOTO 235 
2 4 5  LET R H O 3 4  P 2 * P R *  1 4 4 / ( R K * T 3 >  ) * (  ( 1 - X 3 * V A C R 3 - 2 >  - Y K )  
2 5 0  LET NS=NK*SQR( WK/RH03> / (60* ( ( G * H >  - . 7 5 >  > 
2 5 5  LET DHEQU=DELH*( 1 0 1  8 . 4 / V C R 2 K >  - 2 :  TAUEQU=TAU*EPSI / D E L  
260 LET PREQU=( l -DHEQU/ (  . 2 4 * 5 1 8 . 7 * E T A T >  ) - ( - 3 . 5 >  
2 6 5  LET PRSEQU=(l-DHEQU/(.24*518.7*ETAS>) ' ( -3.5) 
2 7 0  LET DHIEQU=DHEQU/ETAS:VJEQU=SQR(2*G*J*DHIEQU):UTEQU=DT*NKEQU/CN 
2 7 5  LET NUEQU=UTEQU/VJEQU 

2 8 5  I F  NG$=" 'I THEN 7 0 0 0 ? 2 9 0  I F  NG$=I IAIRI '  THEN 5000 
2 9 5  I F  NG$=IIARGONII THEN 5 0 2 0  
300 I F  N G $ = " H E / X E ( 3 9 . 9 5 > "  THEN 5040 
3 0 5  I F  NG$="ARGON" THEN 5 0 2 0  
3 1 0  I F  N G $ = " H E / X E ( 8 3 . 8 8 > "  THEN 5060 
3 1 5  LET WN=MU2N*WK/MU2K:K2N=ANOZ*SQR(GAMN*G/(RN*T2N>>:VCRT2N=VACR2 
3 2 0  LET V C R 2 N = S Q R ( 2 * G A M N * G * R N * T 2 N / ( G A M N + l ) >  

3 3 0  LET P2N=14.69*WN*VCR2N*EPSIN/(WEQU*lOl8.4> 
335 LET DELHN=DHEQU*(VCR2N/1018.4> -2:DTAN=DELHN/CPN 
3 3 7  LET NN=NKEQU*VCR2N/1018.4 
3 3 9  LET UTN=DT*NN/CN 
3 4 0  LET VACRT2N=VACR2 
3 4 5  LET VACR2N=SQR( ( G A M N t 1 > / 2 ) * ( W N / ( K 2 N * P 2 N ) >  / (  ( 1 - X 3 N * V C R T 2 N - 2 >  - Y N >  
3 5 0  LET DELlN=ABS(VCRT2N-VACR2N):VCRT2N=VACR2N 

3 7 0  LET P R N = ( l - D T A N / ( E T A T * T 2 N > ) - ( - l  / X N >  
3 7 5  LET PRSN=( l - D T A N / ( E T A S * T 2 N > )  - ( - l  / X N >  
380 LET DTAN=DELHN/CPN 
3 8 5  LET R H 0 2 N = ( P 2 N * 1 4 4 !  / ( R N * T 2 N )  I * (  ( 1 -X3N*VACR2Na2)  -YN) 
390 LET D T I N = D T A N / E T A T : D E L H I N = D T I N * C P N  
3 9 5  LET T3N=T2N-DTAN:K3N=SQR(GAMN*G/(RN*T3N>>*AM3*P2N/PRN:VCRT3N=VACR3 
400 LET VCRT3N=VACR3N:VACR3N=SQR( ( G A M N + 1 ) / 2 > * ( W N / K 3 N > / (  ( l - X 3 N * V C R T 3 N - 2 > - Y N >  
405 LET DEL3N=ABS(VCRT3N-VACR3N):IF D E L 3 N > . 0 0 1  GOTO 400 
4 1 0  LET RH03N=( ( ( P 2 N / P R N > * 1 4 4 > / ( R N * T 3 N >  > * (  ( 1 - X 3 N * V A C R 3 N e 2 >  - Y N >  
4 1 5  LET HN=CPN*DTIN*J  
4 2 0  LET N S N = N N * S Q R ( W N / R H 0 3 N ) / ( 6 0 * ( ( G * H N > -  . 7 5 > >  
4 2 5  LET P 2 N T = R H 0 2 N * R N * T 2 N / ( ( (  l-X3N*VCRT2N-2>-YN>*144) 
430 LET V2N=VCR2N*VACR2N:VJIN=SQR(2*G*J*DELHIN) 
435 LET TAUN=J*CN*WN*DELHN/(NN*2) 
440 LET UTN=DT*NN/CN:NUN=UTN/VJIN 
445 LET REN=WN*24/(MU2N*DT> 
500 P R I N T  #1 , "TURBINE " ;KG$; " - " ;NG$; "  MATCHING" 

280 PR1NT:PRINT " I n p u t  name o f  New g a s  ( N G $ ) " :  I N P U T  NG$ 

3 2  5 LET EPS I N= ( . 7 3 9 6 *  ( ( (GAMN+ 1 > / 2  1 - (GAMN/ (GAMN- 1 ) ) > /GAMN 1 

355 I F  D E L l N > . 0 0 0 1  GOTO 3 5 0  

5 0 1  P R I N T  #1 , " T i p  D i a m .  , D T " ; F I X  ( 1 0 0 0 * D T + . 5 ~ / 1 0 0 0 ;  
502 P R I N T  # l , " ; I n l e t  B l a d e  W i d t h , B W , " ; F I X  ( l O O O * B W + . 5 > / 1 0 0 0 ;  
503 P R I N T  #1 , " ; S t a t o r  A n g l e ,  A L P H 2 " ; A L P H 2 ; " ; "  
505 P R I N T  #1 , " E x i t  T i p  D i a m e t e r , D E " ; F I X  ( 1 0 0 0 * D E + . 5 ) / 1 0 0 0 ;  
506 P R I N T  #1 , " ; E x i t  H u b  D i a m .  ,DH";FIX(1000*DH+.5>/1000 
5 1 0  P R I N T  # l , : P R I N T  # l , N l $ : P R I N T  # l , D l $ : P R I N T  # 1 , D 2 $  
5 1 5  P R I N T  #1 , : P R I N T  #1 , " I N P U T  DATA"  
5 2 0  P R I N T  #1 ,  " I n l e t  Pressure,P2";FIX(10O*P2+.5>/100 
530 P R I N T  # 1 ,  " I n l e t  T e m p e r a t u r e ,  T 2 " ; F I X ( T 2 + . 5 )  
5 3 5  P R I N T  #1 , " W e i g h t  F l o w ,  WK" ; F I X (  1000*WK+.  5 )  / lo00 
540 P R I N T  #1 ,  " T o t a l  P r .  Ratio,PR";FIX(1000*PR+.5>/1000 
5 4 5  P R I N T  #1 , " T o t a l  / T o t a l  E f  f i c . , ETAT"  ; F I X (  1 OOO*ETAT+ .5> / 1 0 0 0  
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550 P R I N T  #1 , " T o t a l  / S t a t i c  P r .  Ratio,PRS";FIX(1000*PRS+.5~/1000 
5 5 5  P R I N T  # l , " T o t a l / S t a t i c  E f f i c . , E T A S " ; F I X ( 1 0 0 0 * E T A S + . 5 ) / 1 0 0 0  
560 P R I N T  #1,  " R o t o r  S p e e d ,  N K " ; F I X  ( 1 0 0 0 0 0 ! * N K + . 5 ) / 1 0 0 0 0 0 !  
5 6 2  P R I N T  #1 , : P R I N T  #1 , " K n o w n  G a s  ";KG$;" R e s u l t s "  
5 6 5  P R I N T  #1,  " I n l e t  V e l .  Ratio,VACR2";FIX(1000*VACR2+.5)/1000 
5 7 0  P R I N T  #1 , " I n l e t  V e l .  , V 2 " ; F I X ( l O * V 2 + . 5 > / 1 0  
5 7 5  P R I N T  # l , " I d e a l  J e t  V e l . , V J I " ; F I X ( V J I + . 5 )  
580 P R I N T  #1,"Function,EPSI";FIX(lOOO*EPSI+.5)/1000 
5 8 5  P R I N T  # 1 ,  " E x i t  C r .  velocity,VACR3";FIX(lOOO*VACR3+.5)/lOOO 
5 9 0  P R I N T  #1 , " I n 1  e t  V i  s c o s  i t y  ,MU2K" ; F I X (  1 OOO* (MU2K* 1 0 - 5 > + .  5 )  / 1 0 0 0 ;  " E - 5 "  
600 P R I N T  #1 , " T o t a l  Temp.  R a t i o ,  T3/T2";FIX(1000*(T3/T2)+.5~/1000 
6 1 0  P R I N T  # l , " T i p  SpeedyUTK" ;F IX (1O*UTK+.5> /10  
6 1 5  P R I N T  #1 , " S p e c i f i c  Work,DELH";FIX(lOO*DELH+.5>/100 
620 P R I N T  #1,  " B l a d e / J e t  S p e e d  Ratio,NU";FIX(1000*NU+.5~/1000 
6 2 5  P R I N T  # 1 ,  " S p e c i f i c  Speed=";FIX(1000*NS+.5~/1000 
630 P R I N T  #1 , " R e y n o l d s  N o . = "  ; F I X (  ( R E K / 1 0 - 3 > *  loo+.  5 )  / l oo ;  "E+3"  
635 P R I N T  #1 ,  "Torque,TAU" ;F IX(100*TAU+.5~/100 
640 P R I N T  # l , : P R I N T  # l , " A i r  e q u i v a l e n t  ( U . S .  s t a n d a r d  s e a  l e v e l )  d e s i g n " ;  
645 P R I N T  #1 , I' v a l u e s  a r e  a s  f o l l o w s : "  
650 P R I N T  # l , " E q u i v .  W e i g h t  Flow=";FIX(1000*WEQU+.5~/1000 
655 P R I N T  #1 , " E q u i v .  S p e e d = " ; F I X ( N K E Q U + . 5 >  
660 P R I N T  # l , " E q u i v .  T o t / T o t . P r .  Ratio,PREQU";FIX(1000*PREQU+.5)/1000 
665 P R I N T  #1 , I' E q u  . B1 a d e  / J e  t S p e e d  R a t  i 0, NUEQU" ; F I X (  1000*NUEQU+. 5 )  / 1 000 
670 P R I N T  # l , " E q u i v .  S p .  Work=";FIX (100*DHEQU+.5) /100 
672 P R I N T  #1,  " E q u i v .  Torque,TAUEQU";FIX(lOO*TAUEQU+.5)/100 
674 P R I N T  #1 , " E q u l v .  T o t / S t a t .  P r .  R a t i o , P R S E Q U " ; F I X (  1 0 0 0 * P R S E Q U + . 5 > / 1 0 0 0  
680 P R I N T  #1 , : P R I N T  #1 , N2$ : P R I N T  #1 , D3$  : P R I N T  #1 ,049 
682 P R I N T  #1 , : P R I N T  #1 , "PERF. U S I N G  ";NG$ 
685 P R I N T  # l , " I n l e t  T o t .  P r . ,  P 2 N " ; F I X ( l O O * P 2 N + . 5 > / 1 0 0  
686 P R I N T  #1 , " I n l e t  Temp.  , T 2 N 1 ' ; F I X ( T 2 N + . 5 >  
6 8 7  P R I N T  #1 ,"Wei g h t  f l o w ,  WN I' ; F I X (  1000*WN+. 5 )  / lo00 
6 9 0  P R I N T  # l , " N e w  P r e s s u r e  Ratio,PRN";FIX(100*PRN+.5)/100 
6 9 1  P R I N T  # l , " T o t a l / T o t a l  E f f i c . , E T A T " ; F I X ( 1 0 0 0 * E T A T + . 5 ~ / 1 0 0 0  
700 P R I N T  # l , " N e w  S t a t i c  P r .  Rat io ,PRSN";FIX(100*PRSN+.5) /100 
705 P R I N T  # l , " T o t a l  t o  S t a t i c  Ef f ic . " ;FIX(1000*ETAS+.5~/1000 
7 1 0  P R I N T  #1 , "New R o t a t i o n a l  S p e e d ,  N N " ; F I X ( N N + . S >  
7 1 4  P R I N T # l  , : 
7 1 5  P R I N T  #1 , : P R I N T  #1 , "New I n l e t  V e l .  R a t i o , V A C R 2 N " ; F I X ( l O O O  

* V A C R 2 N + . 5 > / 1 0 0 0  
7 2 0  P R I N T  #1 , " I n l e t  V e l o c i  t y , V 2 N 1 ' ; F 1 X ( V 2 N + . S >  
7 3 0  P R I N T  # l , " N e w  I d e a l  J e t  V e l . , V J I N " ; F I X ( V J I N + . 5 )  
735 P R I N T  # l , " N e w  Function,EPSIN";FIX(lOOO*EPSIN+.5~/lOOO 
740 P R I N T  # l , " N e w  E x i t  C r .  Vel.,VACR3N";FIX(1000*VACR3N+.5)/1000 
750 P R I N T  #1 , "New I n 1  e t  V i  s c o s i  t y , M U 2 N "  ; F I X (  ( 1 0 0 0 * M U 2 N * 1 0 - 5 > + .  5 )  / 1 0 0 0 ;  "E -5 "  
7 6 0  P R I N T  #1 , " T o t a l  Temp.  Ratio,T3N/T2N";FIX(lOOO*(T3N/T2N)+.5)/1000 
765 P R I N T  #1 , "New T i p  S p e e d , U T N " ; F I X ( U T N + . 5 )  
7 7 0  P R I N T  #1 , "New S p e c i f i c  Work ,DELHN"  ; F I X (  1 0 0 * D E L H N + .  5 > / 1 0 0  
7 7 5  P R I N T  # l , " B l a d e / J e t  S p e e d  Ratio,NUN";FIX(1000*NUN+.5)/1000 
7 8 0  P R I N T  # 1 ,  "New S p e c i f i c  Speed,NSN";FIX(1000*NSN+.5)/1000 
7 8 5  P R I N T  # 1 ,  "New R e y n o l d s  N o .  ,REN" ; F I X (  ( R E N / 1 0 ~ 3 > * 1 0 0 + . 5 > / 1 O O ; ~ ~ E + 3 "  
7 9 0  P R I N T  # l , " N e w  Torque,TAUN";FIX(100*TAUN+.5)/100 
7 9 5 P R I N T 'I C a  1 c u 1 a t i on Com p 1 e t e I' : S TOP 
1 0 0 0  L E T  MK=29 :RK= l545 /MK:GAMK= l  .4 :XK=(GAMK- l  > / G A M K : C P K = R K / ( X K * J >  
1 0 0 1  L E T  X2=(GAMK-l>/2:YK=l/(GAMK-l):X3=(GAMK-l)/(GAMK+l) 

: N l $ = " T H E  KNOWN GAS IS A I R "  

1 8  



1 0 0 2  
1 0 0 3  
1 0 0 4  
1 0 0 5  
1 0 0 6  
1 0 0 7  
1 0 0 8  
1 0 2 0  
1 0 2 1  

1 0 2 2  
1 0 2 3  
1 0 2 4  
1 0 2 5  
1 0 2 6  
1 0 2 7  
1 0 2 8  
1 0 4 0  
1 0 4 1  

1 0 4 2  
1 0 4 3  
1 0 4 4  
1 0 4 5  
1 0 4 6  
1 0 4 7  

1 0 4 8  
1 0 5 0  
1 0 6 0  
1 0 7 0  
1 0 8 0  
2 0 0 0  
2 0 0 2  
2 0 0 4  
2 0 0 8  
2 0 1  0 
2020 
2 0 2 2  
2 0 2 4  
2 0 2 8  
2 0 3 0  
2 0 3 2  
2 0 3 4  
2 0 3 8  
2 0 4 0  
2 0 4 2  
2 0 4 4  
2 0 4 8  
2050 
2 0 5 2  

L E T  D l $ = " M o l .  W t .  = 2 9 . 0 , R  = 5 3 . 2 8 , I 1 : D 2 $  = "Sp. H e a t  = .24,GAM = 1 . 4 "  
I F  A B S ( D T - 6 . 0 2 > < = . 0 0 0 1  THEN 2 0 0 0  
I F  A B S ( D T - 7 . 6 5 > < = . 0 0 0 1  THEN 2 0 1 0  
I F  A B S ( D T - 4 . 5 9 > < = . 0 0 0 1  THEN 2 0 6 0  
I F  A B S ( D T - 4 . 9 7 > < = . 0 0 0 1  THEN 3 0 0 0  
L E T  MU2K=(.  2 3 6 1  +.  0 0 2 1  7 3 * T 2 - 5 . 7 5 E - 0 7 * ( T 2 - 2  > + 9 . 1 7 E - 1 1 * (  T 2 - 3 )  ) * (  1 0 - - 5 >  

L E T  MK=39.948:RK=1545/MK:GAMK=1.667:XK=(GAMK-l)/GAMK:CPK=RK/(XK*J) 

: N l $ = " T H E  KNOWN GAS I S  ARGON" 

I F  A B S ( D T - 6 . 0 2 > < = . 0 0 0 1  THEN 2 0 2 0  
I F  A B S ( D T - 7 . 6 5 > < = . 0 0 0 1  THEN 2 0 3 0  
I F  A B S ( D T - 4 . 5 9 > < = . 0 0 0 1  THEN 2 0 7 0  
I F  A B S ( D T - 4 . 9 7 > < = . 0 0 0 1  THEN 2 0 9 0  
L E T  MU2K=( .323+.002454*T2-3 .53E-07* (T2-2) ) * (10- -5> 

L E T  MK=39.948:RK=1545/MK:GAMK=1.667:XK=(GAMK-l)/GAMK:CPK=RK/(XK*J) 
L E T  X2=(GAMK-1)/2:YK=l/(GAMK-l):X3=(GAMK-l)/(GAMK+l) 
: N l $ = " T H E  KNOWN GAS I S  H E / X E ( 3 9 . 9 5 ) "  

I F  A B S ( D T - 6 . 0 2 > < = . 0 0 0 1  THEN 2 0 4 0  
I F  A B S ( D T - 7 . 6 5 > < = . 0 0 0 1  THEN 2 0 5 0  
I F  A B S ( D T - 4 . 5 9 ) < = . 0 0 0 1  THEN 2080 

GOTO 140 

L E T  X2=(GAMK-1)/2:YK=l/(GAMK-l):X3=(GAMK-l)/(GAMKtl) 

L E T  D l $ = " M o l .  Wt.=39.948,R=38.68I1:D2$="Sp. H e a t = .  124,GAM=1 . 6 6 7 . "  

GOTO 1 4 0  

L E T  D l $ = " M o l .  Wt.=39.948,R=38.68":D2$="Sp. H e a t = . 1 2 4 , G A M = 1 . 6 6 7 . "  

P R I N T  " N o  4.97 i n .  d .  d a t a  a v a i 1 a b l e " : S T O P  

- 8 . 1 6 0 0 0 1  E - 1 4 * T 2 - 4 ) * ( l O a - 5 >  
GOTO 1 4 0  
P R I N T  " N o  NEON d a t a  a v a i 1 a b l e " : S T O P  
P R I N T  " N o  H E / X E ( 2 0 . 1 8 >  d a t a  a v a i 1 a b l e " : S T O P  
P R I N T  " N o  KRYPTON d a t a  a v a i  1 a b l e " : S T O P  
P R I N T  " N o  H E / X E ( 8 3 . 8 8 >  d a t a  a v a i 1 a b l e " : S T O P  
REM " T h i s  i s  A I R / D T  = 6 . 0 2  d a t a "  

L E T  MU2K=( .0764+. 0038 1 9 * T 2 - 1  . 4 7 9 E - 0 6 *  ( T 2  - 2 )  + 5 . 2 2 E - l O * T 2 - 3  

L E T  P 2 = 1 3 . 2 4 : T 2  = 1 9 5 0 : W K  = . 4 8 1 : P R  = 1 . 5 : E T A T  = . 8 8 : N K  = 4 3 6 5 3 ! : D E  = 4 . 2 9 4  
L E T  DH=1.5 :DT=6.02:BW=.72:PRS=1.54:ETAS=.824:ALPH2=72 
GOTO 1 0 0 7  
P R I N T  "NO DATA A V A I L A B L E "  :STOP 
REM " T h i  s i s ARGON/DT=6.02 d a t a "  
L E T  P2=13.5~T2=1950~WK=.6ll~PR=1.56~ETAT=.88~NK=38500! : D E = 4 . 2 9 4  
LET DH=l.S:DT=6.02:BW=.72:PRS=l.613:ETAS=.824:ALPH2=72 
GOTO 1 0 2 7  
REM " T h i  s i s ARGON/DT=7.65 d a t a "  
L E T  P 2 = 3 9 . 6 1 ~ T 2 = 1 8 1 0 ~ W K = 1 . 5 1 3 ~ P R = 1 . 7 7 ~ E T A T = . 8 9 7 ~ N K = O O O O ~ D E = 5 . 3 5 5  
L E T  DH=3.06:DT=7.65:BW=.64:PRS=1.85:ETAS=.84:ALPH2=72 
GOTO 1 0 2 7  
REM " T h i s  i s  H E / X E ( 3 9 . 9 5 ) / D T = 6 . 0 2  d a t a "  
L E T  P2=16.45:T2=1950:WK=.745:PR=l,56:ETAT=.88:NK=38500! : D E = 4 . 2 9 4  
L E T  DH=1.5:DT=6.02:BW=.72:PRS=1.61:ETAS=.824:ALPH2=72 
GOTO 1 0 4 7  
REM " T h i s  i s  H E / X E ( 3 9 . 9 5 > / D T = 7 . 6 5  d a t a "  
L E T  P2=47.9:T2=1810:WK=1.83:PR=1.768:ETAT=.897:NK=32OOO:DE=5.355 

2054 L E T  DH=3.06:DT=7.65:BW=.64:PRS=1.828:ETAS=.84:ALPH2=72 
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2056 LET N2$="THE KNOWN GAS I S  HE/XE(39.95)" 
2057 LET D3$="Mol. Wt.=39.948,R=38.68":D4$="Sp. Heat=.124,G 
2058 GOTO 1047 
2060 P R I N T " N 0  DATA AVA1LABLE:STOP 
2070 REM " T h i s  i s  ARGON/DT=4.59 d a t a "  

M = l  .667.  I' 

_. . 

2072 LET P2=22.7:T2=1950:WK=.6ll:PR=1.56:ETAT=.86~NK~505OO!~DE=3.264 
2074 LET DH=1.144:DT=4.59:BW=.55:PRS=1.613:ETAS=.8l:ALPH2=72 
2078 GOTO 1027 
2080 REM"This i s  HE/XE(39.95)/DT=4.59 d a t a "  
2082 LET P2=27.67:T2=1950:WK=.745:PR=1.56:ETAT=.86:NK=5OSOO!:DE=3.264 
2084 LET DH=1.144:DT=4.59:8W=.55:PRS=1.61:ETAS=.8l:ALPH2=72 
2088 GOTO 1047 
2090 REM " T h i s  i s  ARGON/DT=4.97 d a t a .  
2092 LET P2=7! :T2=610:WK=.266:PR=1.75:ETAT=.884:NK=28394:DE=3.46 
2094 LET DH=1.822:DT=4.97:BW=.6:PRS=1.763:ETAS=.875:ALPH2=72.5 
2098 GOTO 1027 
3000 REM " T h i s  i s  A i r / D T = 4 . 9 7  d a t a "  
3002 P2=7.06:T2=610:WK=.216:PR=1.65:ETAT=.884:NK=32194:DE=3.46 
3004 LET DH=1.822:DT=4.97:BW=.6:PRS=1.66:ETAS=.875:ALPH2=72.5 

5000 LET MN=29:RN=1545/MN:GAMN=1.4:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5001 LET X2N=(GAMN-1)/2:YN=l/(GAMN-l):X3N=(GAMN-l)/(GAMN+l) 
5002 LET N2$= "THE NEW GAS I S  AIR":D3$="Mol.  

3008 GOTO 1027 

Wt.=29.OlR=53.28" 
5003 LET D4$="Sp. Heat=.24,GAM=l .4" 
5004 LET T2N=T2- 
5006 LET MU2N=~.2361+.002173*T2N-5.75E-07*~T2N~2~+9.l7E-ll*~T2N~3~~ 

* (  10 - -5>  
5008 GOTO 31 5 
5020 LET MN=39.948:RN=1545/MN:GAMN=1.667:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5021 LET X2N=(GAMN-1>/2:YN=l/(GAMN-l):X3N=(GAMN-l)/(GAMN+l) 
5022 LET N2$= "THE NEW GAS I S  ARGON" : D3$="Mol . W t  . =39.948,  R=38.68" 
5023 LET D4$="Sp. Heat=.124,GAM=1.667l1 
5024 LET T2N=T2 
5026 LET MU2N=( .323+ .002454*T2N-3 .53E-07* (T2N-2 )>* (10 - -5 )  
5028 GOTO 315 
5040 LET MN=39.948:RN=1545/MN:GAMN=1.667:XN=(GAMN-l)/GAMN:CPN=RN/(XN*J) 
5041 LET X2N=(GAMN-1)/2:YN=l/(GAMN-l):X3N=(GAMN-l)/(GAMNtl) 
5042 LET N2$="THE NEW GAS I S  H E / X E (  39 .95 )  'I D3$="Mol . W t  . =39.948,  R=38.68" 
5043 LET D4$="Sp. Heat=.124,GAM=1.667" 
5044 LET T2N=T2 
5046 LET MU2N=( .0764+. 0038 1 9*T2-1 .479E-06* ( T 2 - 2 )  +5.22E- lO*T2-3 

-8.1 60001 E- 1 4*T2 - 4 )  * ( 1 0 - 4 )  
5048 GOTO 31 5 
5060 STOP 
7000 STOP 
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TABLE I. - NASA LEWIS COMPRESSOR TEST SUMMARY 

T i p  d i a m e t e r ,  DT, i n .  
R o t a t i o n a l  speed, rpm 
Weight  f low, l b / s e c  
I n l e t  p r e s s u r e ,  l b / i n . 2  
P r e s s u r e  r a t i o  
I n l e t  t e m p e r a t u r e ,  O R  

E f f i c i e n c y  
Reynolds number/105 
Re fe rence  r e p o r t  

4 .25  
52 200 

0 . 7 8 5  
20.25 

1 . 9 0  
540 

0 . 8 0  
3 .03  

TN D-6640 

5.976 
38 500 

0 .61  1 
6 .00  
2 .38  

536 
0.798 

1 .30  
TN 0-5761 

6 . 4 4  
38 500 

0 .61  1 
6 .00  
2 . 3 0  

536 
0.821 

1.53 
TM X-2269 

6 .50  (CBC) 
32 000 

1.87 
26.40 

1 . 9 0  
520 

0.842 
5 .30  

RI/RD-86-186 

TABLE 11. - 4 .25 - in . -d iam.  COMPRESSOR - ARGON/He/Xe MATCHING 
( R e f e r  t o  Append ix  A f o r  u n i t s )  

[ T i p  d i a m e t e r ,  DT, 4.25 i n . ;  i n l e t  t i p  d iam. D I ,  2 .60 i n . ;  i n l e t  hub d i a m e t e r  
DH, 1 .44 i n . ;  e x i t  b l a d e  h e i g h t ,  BH, 0 .205  i n . ;  w indage f a c t o r ,  FW, 0 . 0 3 9 . 1  

M o l e c u l a r  w e i g h t  
R 
S p e c i f i c  h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
We igh t  f low 
P r e s s u r e  r a t i o  
I m p e l l e r  p r e s s r e  r a t i o  
Ad i  a b a t i  c e f f i c i e n c y  
I m p e l l e r  e f f i c i e n c y  
R o t a t i o n a l  speed 

V i s c o s i t y  
T o t a l  t e m p e r a t u r e  r a t i o  
I n l e t  v e l o c i t y  r a t i o  
E x i t  v e l o c i t y  r a t i o  
D e n s i t y  r a t i o  
C o r r e c t e d  rpm 
T i p  speed 
Work f a c t o r  
S l i p  f a c t o r  
I n l e t  f low c o e f f i c i e n t  
Spec i f i c speed 
Reynolds number 

Known gas :  a r g o n  

39.948 
38.680 

0 .124  
1.667 

I n p u t  d a t a  

P2 = 20.25 
T2 = 540 .0  
WK = 0 .785  
PR = 1.900 

P R I  = 2 .030  
ETAC = 0 . 8 0 0  

ETACI = 0 .895  
NK = 52 200 

Known gas ( a r g o n )  
r e s u l t s  

MU2K = 1 . 5 4 5 ~ 1 0 5  
T3/T2 = 1.366 

VT2 = 0 .213  
VT3 = 0 .517  

DR = 1.322 
NKEQU = 51 160 

UTK = 968 .0  
FCW = 0 .656  

FS = 0 .617  
P H I  = 0.232 

NS = 0.112 
REK = 3 . 0 3 ~ 1 0 6  

New gas:  He/Xe (39 .951  

39.948 
38.680 

0 . 1 2 4  
1.667 

Per fo rmance  u s i n g  He/Xe 
( 3 9 . 9 5 )  

P2N = 23 .36  
T2N = 540 .0  

WN = 0.906 
PRN = 1.900 

P R I N  = 2 .030  
ETAC = 0 .800  

ETACI = 0.895 
NN = 52 200 

New r e s u l t s  

MU2N = 1 . 7 8 ~ 1 0 - 5  
T3/T2 = 1.366 

VT2N = 0 .213  
VT3N = 0 .517  

DRN = 1.322 
NNEQU = 51 160 

UTN = 968 
FCWN = 0 .656  

FSN = 0 . 6 1 7  
P H I N  = 0 .232  

N S N . =  0 . 1 1 2  
REN = 3 . 0 3 ~ 1 0 6  
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TABLE 111. - 5.976- in . -d iam. COMPRESSOR - ARGON/He/Xe MATCHING 
( R e f e r  t o  Appendix  A for u n i t s )  

[ T i p  d i a m e t e r ,  DT, 5.976 i n . ;  i n l e t  t i p  d i a m e t e r  DI, 3.528 i n . ;  hub d i a m e t e r  
DH, 1.858 i n . ;  e x i t  b l a d e  h e i g h t ,  BH, 0.217;  windage f a c t o r ,  FW, 0 . 0 3 9 . 1  

39.948 
38.68 

0 .124  
1.667 

I n p u t  d a t a  

Mol e c u 1 a r we i g h t 
R 
S p e c i f i c  h e a t  
GAM 

39.948 
38 .680  

0 . 1 2 4  
1.667 

Per formance u s i n g  He/Xe 
( 3 9 . 9 5 )  I 

P2 = 6.000 
T2 = 536 .0  
WK = 0.611 
PR = 2 .380  

P R I  = 2.620 
ETAC = 0.798 

ETACI = 0.896 
NK = 38 500 

Known gas ( a r g o n )  
r e s u l t s  

MU2K = 1 . 5 3 7 ~ 1 0 - 5  
T3/T2 = 1 .520  

VT2 = 0 .296  
VT3 = 0 .702  

DR = 1.377 
NKEQU = 37 874 

UTK = 1003.9 
FCW = 0.859 

FS = 0 .820  
P H I  = 0.311 

NS = 0 .105  
REK = 1 . 3 0 ~ 1 0 6  

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
Weight  f low 
P r e s s u r e  r a t i o  
I m p e l l e r  p r e s s u r e  r a t i o  
A d i a b a t i c  e f f i c i e n c y  
I m p e l l e r  e f f i c i e n c y  
R o t a t i o n a l  speed 

P2N = 6 .850  
T2N = 536 .0  

WN = 0 . 7 0 4  
PRN = 2 . 4 2 0  

P R I N  = 2 .650  
ETAC = 0 .798  

E T A C I  = 0 .896  
N N  = 38 920 

New r e s u l t s  

MU2N = 1 . 7 7 ~ 1 0 - 5  
T3/T2 = 1.531 

VT2N = 0 . 3 0 0  
VT3N = 0.707 

DRN = 1.377 
NNEQU = 38 287 

UTN = 1014.9 
FCWN = 0 .859  

FSN = 0.820 
P H I N  = 0.311 

NSN = 0 .105  
REN = 1 .3Ox1O6 

1 
V i  scos i t y  
T o t a l  t e m p e r a t u r e  r a t i o  
I n l e t  v e l o c i t y  r a t i o  
E x i t  v e l o c i t y  r a t i o  
D e n s i t y  r a t i o  
C o r r e c t e d  rpm 
T i p  speed 
Work f a c t o r  
S l i p  f a c t o r  
I n l e t  f low c o e f f i c i e n t  
S p e c i f i c  speed 
Reyno lds  number 

Known gas:  a r g o n  1 New gas :  He/Xe (39 .95 )  I 
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TABLE I V .  - 6 .44- in . -d iam.  COMPRESSOR - ARGON/He/Xe MATCHING 
( R e f e r  t o  Appendix  A f o r  u n i t s )  

[ T i p  d i a m e t e r ,  DT, 6.440 i n . ;  i n l e t  t i p  d i a m e t e r  D I ,  3 .950 i n . ;  hub d i a m e t e r  
DH, 2.190 i n . ;  e x i t  b l a d e  h e i g h t ,  BH, 0 .310 ;  windage f a c t o r ,  FW, 0 .039 .1  

M o l e c u l a r  w e i g h t  
R 
S p e c i f i c  h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
Weigh t  f low 
P r e s s u r e  r a t i o  
I m p e l l e r  p r e s s u r e  r a t i o  
A d i a b a t i c  e f f i c i e n c y  
I m p e l l e r  e f f i c i e n c y  
R o t a t i o n a l  Speed 

___ ~~ ~ 

V i  scos i t y  
T o t a l  t e m p e r t u r e  r a t i o  
I n l e t  v e l o c i t y  r a t i o  
E x i t  v e l o c i t y  r a t i o  
D e n s i t y  r a t i o  
C o r r e c t e d  rpm 
T i p  speed 
Work f a c t o r  
S l i p  f a c t o r  
I n l e t  f low c o e f f i c i e n t  
S p e c i f i c  speed 
Reyno lds  number 

Known gas :  a r g o n  

39.948 
38.68 

0 .124 
1.667 

I n p u t  d a t a  

P2 = 6.000 
T2 = 536.0 
WK = 0.611 
PR = 2.300 

P R I  = 2.470 
ETAC = 0 .821 

ETACI = 0 .897 
NK = 38 500 

Known gas ( a r g o n )  
r e s u l t s  

MU2K = 1 . 5 3 7 ~ 1 0 - 5  
T3/T2 = 1.482 

VT2 = 0 .243 
VT3 = 0.577 

DR = 1.440 
NKEQU = 37 874 

UTK = 1081.9  
FCW = 0.686 
FS = 0.647 

PHI = 0.237 
NS = 0 .108  

REK = 1 . 5 3 ~ 1 0 ~  

New gas :  He/Xe (39 .95 )  

39.948 
38.680 

0 .124 
1.667 

Per formance u s i n g  He/Xe 
(39 .95)  

P2N = 6.87 
T2N = 536.0 

WN = 0 . 7 0 4  
PRN = 2 .320 

P R I N  = 2 .490  
ETAC = 0 .821 

E T A C I  = 0 .897  
NN = 38 787 

New r e s u l t s  

MU2N = 1 . 7 7 ~ 1 0 - 5  
T3/T2 = 1 .489 

VT2N = 0 .245 
VT3N = 0 .748  

DRN = 1 .440  
NNEQU = 38 156 

UTN = 1089.9  
FCWN = 0 .686  

FSN = 0 .647 
PHIN = 0 .237  

NSN = 0 .108  
REN = 1 .53x106 
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TABLE V .  - CBC COMPRESSOR - HeIXe ARGON MATCHING 

[ T i p  d i a m e t e r ,  DT, 6 .500  i n . ;  i n l e t  t i p  d i a m e t e r  D I ,  4 . 0 0  i n . ;  hub d i a m e t e r  
DH, 2 .280  i n . ;  e x i t  b l a d e  h e i g h t ,  BH, 0 .351;  windage f a c t o r ,  FW, 0 . 0 3 9 . 1  

( R e f e r  t o  Appendix  A f o r  u n i t s )  

M o l e c u l a r  w e i g h t  
R 
S p e c i f i c  h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
Weight  f low 
P r e s s u r e  r a t i o  
I m p e l l e r  p r e s s u r e  r a t i o  
A d i a b a t i c  e f f i c i e n c y  
I m p e l l e r  e f f i c i e n c y  
R o t a t i o n a l  Speed 

V i  scos i t y  
T o t a l  t e m p e r t u r e  r a t i o  
I n l e t  v e l o c i t y  r a t i o  
E x i t  v e l o c i t y  r a t i o  
D e n s i t y  r a t i o  
C o r r e c t e d  rpm 
T i p  speed 
Work f a c t o r  
S l i p  f a c t o r  
I n l e t  f l ow  c o e f f i c i e n t  
S p e c i f i c  speed 
Reynolds number 

Known gas:  a r g o n  
(39 .95 )  

~~ ~~ ~ 

39.948 
38.680 

0 .124  
1.667 

I n p u t  d a t a  

P2 = 26.40 
T2 = 520.0 

PR = 1.900 
P R I  = 2.040 

ETAC = 0 .842  
E T A C I  = 0.910 

WK = 1 .a70 

NK = 32 000 

Known gas (CBC(He1Xe)) 
r e s u l t s  

MU2K = 1 . 7 3 ~ 1 0 - 5  
T3 lT2  = 1.348 

VT2 = .164 
VT3 = .500 

DR = 1.346 
NKEQU = 31.960 

UTK = 907.6 
FCW = .683 
FS = .644 

P H I  = .188 
NS = .094  

REK = 5 . 3 0 ~ 1 0 6  

New gas :  HeIXe 

39.948 

0 .124  
1.667 

38 .680  

Per fo rmance  u s i n g  a r g o n  

P2N = 21 .97  
T2N = 520 .0  

WN = 1 .626  
PRN = 2 .000  

P R I N  = 2 .110  
ETACN = 0 .842  

ETACIN = 0 . 9 1 0  
NN = 38 463 

New r e s u l t s  

MU2N = 1 . 5 0 ~ 1 0 - 5  

VT2N = .171 
VT3N = .517 

DRN = 1.347 
NNEQU = 33 421 

UTN = 949 .1  

FSN = .644  

NSN = .094  
REN = 5 . 3 0 ~ 1 0 ~  

T 3 l T 2  = 1 .380  

FCWN = .6a3 

P H I N  = 188 
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TABLE V I .  - CALCULATED EFFECT OF COMPRESSOR 

REYNOLDS NUMBER 

Compressor d i a m e t e r  DT,  i n .  
A d i a b a t i c  e f f i c i e n c y ,  ETAC 
Loss f a c t o r  1 - ETAC 
Reynol  ds number/  1 06  
REK/S. 36 
Reynolds r a t i o  t o  0 . 2  
C o r r e c t e d  loss f a c t o r  
P r e d i c t e d  CBC e f f i c i e n c y  

Mean v a l u e s  o f  t h r e e  

4.25 
0.79 
0 .21  
3.03 

0 .572  
0.894 
0 .179  
0.821 

5.976 
0 .798  
0 .202  

1 .30  
0 .245  
0.755 
0 .153  
0.847 

0.843 

0.821 
0 .179  

0 .289  
0 .780  
0 .140  
0 .860  

TABLE V I I .  - NASA LEWIS TURBINE TEST SUMMARY 

T i p  d i a m e t e r ,  DT,  i n .  
R o t a t i o n a l  speed, rpm 
We igh t  f low, l b / s e c  
I n l e t  p r e s s u r e ,  l b / i n . 2  
P r e s s u r e  r a t i o  
I n l e t  t e m p e r a t u r e ,  O R  

E f f i c i e n c y  
Reyno lds  number/103 
R e f e r e n c e  r e p o r t  

4 .59 
5 0  500 

0.611 
22 .70  

1.56 
1950 
0.86 

84.83 
TN D-3835 

4.97 
28 394 

0.266 
7 .00  
1.75 

610 
0.884 
76.07 

TN D-5090 

6.02 
38 500 

0.611 
13 .5  
1.56 
1950 
0 . 8 8  

64 .68  
TN D-2987 

7.65 
32 000 

1 . 8 3  
47.9 

1 .768  
1810 

0.897 
131.59 

RI/RD-86-186 
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TABLE V I I I .  - 4 .59 - in . -d iam.  TURBINE - ARGON-He/Xe (39.95)  MATCHING 
( R e f e r  t o  Appendix  B f o r  u n i t s )  

[ T i p  d i a m t e r ,  DT, 4 .59 i n . ;  i n l e t  b l a d e  w i d t h ,  BW, 0.55 i n . ;  s t a t o r  a n g l e ,  ALPH2, 
72 " ;  e x i t  t i p  d i a m e t e r ,  DE,  3 .264 i n . ;  e x i t  hub d i a m e t e r ,  DH, 1 .144 .1  

M o l e c u l a r  w e i g h t  
R 
Spec i f i c h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
We igh t  f low 
P r e s s u r e  r a t i o  
T o t a l j t o t a l  e f f i c i e n c y  
T o t a l j s t a t i c  p r e s s u r e  r a t i o  
T o t a l j s t a t i c  e f f i c i e n c y  
R o t a t i o n a l  speed 

I n l e t  v e l o c i t y  r a t i o  
I n l e t  v e l o c i t y  
I d e a l  j e t  v e l o c i t y  
F u n c t i o n  
E x i t  c r .  v e l o c i t y  
I n l e t  v i s c o s i t y  
T o t a l  t e m p e r a t u r e  r a t i o  
T i p  speed 
S p e c i f i c  work 
B l a d e / j e t  speed r a t i o  
Speci  f i c speed 
Reynolds number 
Torque 

Known gas:  a r g o n  

39.948 
38 .68  

0 . 1 2 4  
1.667 

I n p u t  d a t a  

P2 = 2 2 . 7  
T2 = 1950 
WK = 0.611 
PR = 1.56 

ETAT = 0 . 8 6  
PRS = 1.613 

ETAS = 0 .81  
NK = 50 500 

Known gas ( a r g o n )  
r e s u l t s  

VACR2 = 0.531 
V2 = 924.1 

VJI = 1406 
E P S I  = 0.911 

VACR3 = 0.235 

T3/T2 = 0 . 8 6  
MU2K = 3 . 7 6 6 ~ 1 0 - 5  

UTK = 1011.4 
DELH = 33.95 

NU = 0.719 
NS = 0.076 
R E  = 8 4 . 8 3 ~ 1 0 3  

TAU = 36.63 

New gas:  He/Xe (39 .95 )  

39.948 
38.68 

0.124 
1.667 

Per fo rmance  u s i n g  He/Xe 
(39.95)  

P2N = 27.67 
T2N = 1950 

WN = 0.745 
PRN = 1.56 

ETAT = 0 . 8 6  
PRSN = 1.61 
ETAS = 0.81 

NN = 50 500 

New r e s u l t s  

VACR2N = 0.531 
V2N = 924 

VJIN = 1406 
EPSIN = 0 .911  

VACR3N = 0 .235  
MU2N = 4 . 5 9 ~ 1 0 - 5  

T3N/T2N = 2 . 8 6  
UTN = 1011 

DELHN = 33.95 
NUN = 0.719 
NSN = 0.118 
REN = 8 4 . 8 3 ~ 1 0 ~  

TAUN = 44.65 

A i r  e q u i v a l e n t  (U.S. S t a n d a r d  sea l e v e l )  d e s i g n  v a l u e s  
~ ~ _ _ _ _ ~ ~ ~  ~~ ~~ ~ 

E q u i v a l e n t  w e i g h t  f l ow  . . . . . . . . . . . . . . . . . . . . . . . .  0 .616  
E q u i v a l e n t  speed . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 531 
E q u i v a l e n t  t o t a l l t o t a l  p r e s s u r e  r a t i o ;  PREQU . . . . . . . . . . . . .  1.494 
E q u i v a l e n t  b l a d e / j e t  speed r a t i o ,  NUEQU . . . . . . . . . . . . . . .  0.698 
E q u i v a l e n t  s p e c i f i c  work . . . . . . . . . . . . . . . . . . . . . . .  11.61 
E q u i v a l e n t  t o r q u e ,  TAUEQU . . . . . . . . . . . . . . . . . . . . . .  21 .59  
E q u i v a l e n t  t o t a l / s t a t i c  p r e s s u r e  r a t i o ,  PRSEQU . . . . . . . . . . .  1 .534  
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TABLE I X .  - 4 .97 - in . -d iamete r  TURBINE - ARGON-He/Xe (39 .95 )  MATCHING 
( R e f e r  t o  Appendix  B f o r  u n i t s )  

[ T i p  d i a m e t e r  DT 4.97 i n l e t  b l a d e  w i d t h ,  BW, 0 . 6 ;  s t a t o r  a n g l e ,  ALPH2 72.5;  e x i t  
t i p  d i a m e t e r ,  DE 3.46; e x i t  hub d i a m e t e r ,  DH 1 .822 .1  

M o l e c u l a r  w e i g h t  
R 
S p e c i f i c  h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
We igh t  f low 
P r e s s u r e  r a t i o  
T o t a l / t o t a l  e f f i c i e n c y  
T o t a l / s t a t i c  p r e s s u r e  r a t i o  
T o t a l / s t a t i c  e f f i c i e n c y  
R o t a t i o n a l  speed 

I n l e t  v e l o c i t y  r a t i o  
I n l e t  v e l o c i t y  
I d e a l  j e t  v e l o c i t y  
F u n c t i o n  
E x i t  c r .  v e l o c i t y  
I n l e t  v i s c o s i t y  
T o t a l  t e m p e r a t u r e  r a t i o  
T i p  speed 
S p e c i f i c  work 
B l a d e l j e t  speed r a t i o  
S p e c i f i c  speed 
Reyno lds  number 
Torque 

~ _ _ _ _ _ ~  

Known gas:  a r g o n  

39.948 
38.68 

0.124 
1.667 

I n p u t  d a t a  

P2 = 7 
T2 = 610 
WK = 0.266 
PR = 1.75 

ETAT = 0 . 8 8 4  
PRS = 1.763 

ETAS = 0 .875  
NK = 28 394 

Known gas ( a r g o n )  
r e s u l t s  

VACR2 = 0 .342  
V2 = 332.7 

VJI  = 872 
EPSI = 0 .911  

VACR3 = 0 .219  

T 3 l T 2  = 0 .823  
UTK = 615.8 

DELH = 13.44 
NU = 0 .706  
NS = 0 .053  

TAU = 11.23 

MU2K = 1 . 6 8 9 ~ 1 0 - 5  

R E  = 7 6 . 0 7 ~ 1 0 3  

39.948 
38.68 

0 . 1 2 4  
1.667 

Per fo rmance  u s i n g  He/Xe 
( 39.95)  

P2N = 8.140001 
T2N = 610 

WN = 0 .309  
PRN = 1 . 7 5  

ETAT = 0 .884  
PRSN = 1 .76  
ETAS = 0.875 

NN = 28 394 

New results 

~ ~~~~~ 

VACRZN = 0.342 
V2N = 333 

VJIN = 872 
E P S I N  = 0 .911  

VACR3N = 0 .219  

T3NlT2N = 0.823 
UTN = 616 

DELHN = 13 .44  
NUN = 0 .706  
NSN = 0.093 
REN = 7 6 . 0 6 ~ 1 0 3  

TAUN = 13.05 

MU2N = 1 . 9 6 3 ~ 1 0 - 5  

A i r  e q u i v a l e n t  (U .S .  S t a n d a r d  sea l e v e l )  d e s i g n  v a l u e s  

E q u i v a l e n t  w e i g h t  f l ow  . . . . . . . . . . . . . . . . . . . . . . . .  0 .486  
E q u i v a l e n t  speed . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 687 
E q u i v a l e n t  t o t a l / t o t a l  p r e s s u r e  r a t i o ;  PREQU . . . . . . . . . . . . .  1.651 
E q u i v a l e n t  b l a d e / j e t  speed r a t i o ,  NUEQU . . . . . . . . . . . . . . .  0.702 
E q u i v a l e n t  s p e c i f i c  work . . . . . . . . . . . . . . . . . . . . . . .  14.69 
E q u i v a l e n t  t o r q u e ,  TAUEQU . . . . . . . . . . . . . . . . . . . . . .  21.46 
E q u i v a l e n t  t o t a l / s t a t i c  p r e s s u r e  r a t i o ,  PRSEQU . . . . . . . . . . .  1.66 
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TABLE X .  - 6 .02 - in . -d iam.  TURBINE - ARGON-He/Xe ( 3 9 . 9 5 )  MATCHING 
( R e f e r  t o  Append ix  B f o r  u n i t s )  

[ T i p  d i a m e t e r ,  DT, 6.02 i n . ;  i n l e t  t i p  d i a m e t e r  DT,  6 .02  i n . ;  i n l e t  e x i t  b l a d e  h e i g h t ,  
BW, 0 . 7 2  i n . ;  s t a t o r  a n g l e ,  ALPH2 72; e x i t  t i p  d i a m e t e r ,  DE 4.294;  e x i t  hub 
d i a m e t e r . ,  DH 1 . 5 . 1  

M o l e c u l a r  w e i g h t  
R 
Spec i  f i c h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
We igh t  f low 
P r e s s u r e  r a t i o  
T o t a l / t o t a l  e f f i c i e n c y  
T o t a l l s t a t i c  p r e s s u r e  r a t i o  
T o t a l  / s t a t i c  e f f i  c i e n c y  
R o t a t i o n a l  speed 

I n l e t  v e l o c i t y  r a t i o  
I n l e t  v e l o c i t y  
I d e a l  j e t  v e l o c i t y  
F u n c t i o n  
E x i t  c r .  v e l o c i t y  
I n l e t  v i s c o s i t y  
T o t a l  t e m p e r a t u r e  r a t i o  
T i p  speed 
Spec i  f i c work 
B l a d e l j e t  speed r a t i o  
S p e c i f i c  speed 
Reyno lds  number 
Torque 

Known gas :  a r g o n  

39.948 
38.680 

0.124 
1.667 

I n p u t  d a t a  

P2 = 13.5 
T2 = 1950 
WK = 0.611 
PR = 1.56 

E T A T  = 0 . 8 8  
PRS = 1.613 

ETAS = 0 . 8 2 4  
NK = 38 500 

Known gas ( a r g o n )  
r e s u l t s  

VACR2 = 0.5170001 
V2 = 899.7 

VJI  = 1406 
E P S I  = 0.911 

VACR3 = 0 .227  

T3/T2 = 0 .857  
MU2K = 3 . 7 6 6 ~ 1 0 - 5  

UTK = 1011.3 

NU = 0 .719  
NS = 0.075 

TAU = 49.17 

DELH = 34.74 

R E  = 6 4 . 6 8 ~ 1 0 3  

New gas: He/Xe (39 .95 )  

39.948 
38.680 

0 . 1 2 4  
1.667 

Per fo rmance  u s i n g  He/Xe 
(39 .95 )  

P2N = 16.45 
T2N = 1950 

WN = 0.745 
PRN = 1 .56  

E T A T  = 0 . 8 8  
PRSN = 1.61 
ETAS = 0 .824  

NN = 38 500 

New r e s u l t s  

VACRN = 0 .517  
V2N = 900 

V J I N  = 1406 
E P S I N  = 0 .911  

VACR3N = 0.277 

T3N/T2N = 0.857 
UTN = 1011 

DEL" = 34.74 
NUN = 0.719 
NSN = 0 .116  

TAUN = 59.93 

MU2N = 4 . 5 9 ~ 1 0 - 5  

REN = 6 4 . 6 8 ~ 1 0 3  

A i r  e q u i v a l e n t  (U.S. S t a n d a r d  sea l e v e l )  d e s i g n  v a l u e s  

E q u i v a l e n t  w e i g h t  f low . . . . . . . . . . . . . . . . . . . . . . . .  0.616 
E q u i v a l e n t  speed . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 531 
E q u i v a l e n t  t o t a l / t o t a l  p r e s s u r e  r a t i o ;  PREQU . . . . . . . . . . . . .  1.494 
E q u i v a l e n t  b l a d e / j e t  speed r a t i o ,  NUEQU . . . . . . . . . . . . . . .  0 .698  
E q u i v a l e n t  s p e c i f i c  work . . . . . . . . . . . . . . . . . . . . . . .  11.61 
E q u i v a l e n t  t o r q u e ,  TAUEQU . . . . . . . . . . . . . . . . . . . . . .  21.59 
E q u i v a l e n t  t o t a l / s t a t i c  p r e s s u r e  r a t i o ,  PRSEQU . . . . . . . . . . .  1 .534  
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TABLE X I .  - CBC TURBINE - He/Xe (39 .95 )  - ARGON MATCHING 
( R e f e r  t o  Appendix  B f o r  u n i t s )  

I [ T i p  d i a m e t e r ,  DT 7.65;  i n l e t  b l a d e  w i d t h ,  BW, .64;  s t a t o r  a n g l e ,  ALPH2 72;  e x i t  
T i p  d i a m e t e r ,  DE 5.355;  E x i t  Hub d i a m e t e r ,  DH 3 . 0 6 . 1  

~~ 

M o l e c u l a r  w e i g h t  
R 
S p e c i f i c  h e a t  
GAM 

I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
We igh t  flow 
P r e s s u r e  r a t i o  
T o t a l / t o t a l  e f f i c i e n c y  
T o t a l / s t a t i c  p r e s s u r e  r a t i o  
T o t a l / s t a t i c  e f f i c i e n c y  
R o t a t i o n a l  speed 

I n l e t  v e l o c i t y  r a t i o  
I n l e t  v e l o c i t y  
I d e a l  j e t  v e l o c i t y  
F u n c t i o n  
E x i t  c r .  v e l o c i t y  
I n l e t  v i  s c o s i  t y  
T o t a l  t e m p e r a t u r e  r a t i o  
T i p  speed 
Spec i f i c work 
B l a d e l j e t  speed r a t i o  
Speci  f i c speed 
Reynolds number 
Torque 

Known gas:  He/Xe 
( 3 9 . 9 5 )  

39 .948  
38.680 

0 . 1 2 4  
1.667 

I n p u t  d a t a  

P2 = 47.9 
T 2  = 1810 
WK = 1.83 
P R  = 1.768 

ETAT = 0.897 
PRS = 1.828 

ETAS = 0.84 
NK = 32 000 

Known gas He/Xe (39 .95 )  
r e s u l t s  

VACR2 = 0 .352  
V2 = 589.8 

V J I  = 1515 
E P S I  = 0.911 

VACR3 = 0.17 

T3/T2 = 0.817 
UTK = 1 .068 .2  

DELH = 41.12 
NU = 0.705 
NS = 0 .045  
RE = 1 3 1 . 5 9 ~ 1 0 3  

TAU = 209 .67  

MU2K = 4 . 3 6 3 ~ 1 0 - 5  

New gas :  a r g o n  

39 .948  
38.680 

0 . 1 2 4  
1.667 

Per formance u s i n g  a r g o n  

P 2 N  = 39.61 
T 2 N  = 1810 

WN = 1 .513  
PRN = 1.77 

ETAT = 0.897 
PRSN = 1 . 8 5  
ETAS = 0 . 8 4  

NN = 32 000 

New r e s u l t s  
New r e s u l t s  

VACR2N = 0 . 3 5 2  
V2N = 590 

VJIN = 1515 
EPSIN = 0 .911  

VACR3N = 0 . 1 7  

T3N/T2N = 0 .817  
UTN = 1068 

DELHN = 41.12 
NUN = 0 . 7 0 5  
NSN = 0 .79  

TAUN = 173 .4  

MU2N = 3 . 6 0 8 ~ 1 0 - 5  

REN = 1 3 1 . 5 9 ~ 1 0 3  

A i r  e q u i v a l e n t  (U.S. S t a n d a r d  sea l e v e l )  d e s i g n  v a l u e s  

E q u i v a l e n t  w e i g h t  f l ow  . . . . . . . . . . . . . . . . . . . . . . . .  .842 
E q u i v a l e n t  speed . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 423 
E q u i v a l e n t  t o t a l / t o t a l  p r e s s u r e  r a t i o ;  PREQU . . . . . . . . . . . . .  1.666 
E q u i v a l e n t  b l a d e / j e t  speed r a t i o ,  NUEQU . . . . . . . . . . . . . . .  0 .682  
E q u i v a l e n t  s p e c i f i c  work . . . . . . . . . . . . . . . . . . . . . . .  15.15 
E q u i v a l e n t  t o r q u e ,  TAUEQU . . . . . . . . . . . . . . . . . . . . . .  58.57 
E q u i v a l e n t  t o t a l / s t a t i c  p r e s s u r e  r a t i o ,  PRSEQU . . . . . . . . . . .  1.729 
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60.7 kW 

0 

TABLE XII. - CALCULATED EFFECT OF TURBINE 
REYNOLDS NUMBER 

T i p  d i a m e t e r ,  DT, i n .  
A d i a b a t i c  e f f i c i e n c y ,  ETAK 
Loss f a c t o r  ( 1  - ETAK) 
Reyno lds  number11 03  
REK/131 .59~103  
Reyno lds  r a t i o  t o  0 .2  power 
C o r r e c t e d  l o s s  f a c t o r  
P r e d i c t e d  CBC e f f i c i e n c y  

4.59 
0 .86  
0.14 

84.83 
0.645 
0.91 6 
0.133 
0.867 

4.97 
0.884 
0.116 
76.07 
0 .578  
0.896 
0.109 
0.891 

6.02 
0 .88  
0.12 

64.68 
0.492 
0 .868  
0 .110  
0 .890  

0.883 1 Mean v a l u e  o f  t h r e e  

0.351 In. 4 0.640 I".+ t- 

1 
ROTOR SPEED I 36 OOO rpm 

1 

RECUPERATOR 4 

€10.94 RADIATOR 

c : 3  
91.39 kW 

Figure 2. - CBC system schematiC. 
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