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ABSTRACT 

Performance of  a krypton gas  power loop w i t h  a Brayton s i n g l e -  
s h a f t  r o t a t i n g  u n i t  and heat-exchanger u n i t  i n d i c a t e d  an e s t ima ted  
loop  n e t  e f f i c i e n c y  and g r o s s  a l t e r n a t o r  power ou tpu t  of approxi-  
mately 30 pe rcen t  and 1 2  k i l o w a t t s  r e s p e c t i v e l y  a t  a  t u r b i n e  i n l e t  
t empera ture  of 1600' F, a compressor d i s cha rge  p r e s s u r e  of 37 p s i a  
and a compressor i n h e t  t empera ture  of 55' F. A t  a  t u r b i n e  i n l e t  
t empera ture  of  1140 F,  a compressor d i s cha rge  p r e s s u r e  of 52 p s i a  
and a compressor i n l e t  t empera ture  of 100' F ,  t h e  es t imated  n e t  
e f f i c i e n c y  and g r o s s  a l t e r n a t o r  power were reduced t o  approximately 
7 pe r cen t  and 4 k i l o w a t t s  r e s p e c t i v e l y .  
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SUMMARY 

The i n v e s t i g a t i o n  of  a  k ryp ton  g a s  power loop  i n c o r p o r a t i n g  a  
Brayton s i n g l e - s h a f t  r o t a t i n g  u n i t  and a  Brayton heat -exchanger  u n i t  
was conducted a t  t u r b i n e  i n l e t  t empera tu res  of 1200 t o  1600' F  a t  com- 
p r e s s o r  d i s c h a r g e  p r e s s u r e s  of 1 5  t o  56 p s i a  and a t  compressor i n l e t  
t e m p e r a t u r e s  of  70,  85 and 100' F. Limited  d a t a  were o b t a i n e d  a t  t h e  
a l t e r n a t o r  h i g h  power l e v e l s  because  of  a  t e m p e r a t u r e  l i m i t a t i o n  p l a c e d  
on t h e  a l t e r n a t o r  i n t e r n a l  t e m p e r a t u r e s .  I s o l a t e d  d a t a  p o i n t s  f a l l i n g  
o u t s i d e  t h e  parameter  r anges  were a l s o  ob ta ined .  R e s u l t s  o f  t h e  i n -  
v e s t i g a t i o n  i n d i c a t e d  an e s t i m a t e d  loop  n e t  e f f i c i e n c y  of  approximate ly  
30 p e r c e n t  a t  a  t u r b i n e  i n l e t  t e m p e r a t u r e  o f  1600' F ,  a  compressor d i s -  
c h a r g e  p r b s s u r e  of 37 p s i a  and a  compressor i n l e t  t e m p e r a t u r e  of 55' F. 
The g r o s s  a l t e r n a t o r  power o u t p u t  was approximate ly  12 k i l o w a t t s .  

I n c r e a s i n g  t h e  compressor i n l e t  t empera tu re i  t o  70' F ,  a t  a  com- 
p r e s s o r  d i s c h a r g e  p r e s s u r e  of  35.5 p s i a ,  t h e  e s t i m a t e d  l o o p  n e t  e f f i c i e n c y  
and t h e  g r o s s  a l t e r n a t o r  power o u t p u t  were approximate ly  29 p e r c e n t  and 
9  k i l o w a t t s  r e s p e c t i v e l y .  Recupera to r  e f f e c t i v e n e s s  of  89 p e r c e n t  and 
9 1  p e r c e n t  were o b t a i n e d  a t  t h e  h i g h  and low p r e s s u r e  s i d e s  r e s p e c t i v e l y  
f o r  b o t h  of  t h e s e  c o n d i t i o n s .  

Decreas ing  t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  r e s u l t e d  i n  s i g n i f i c a n t  
r e d u c t i o n s  i n  t h e  l o o p  e f f i c i e n c y  and a l t e r n a t o r  power o u t p u t .  A t  a  
t e m p e r a t u r e  of 1 1 4 0 ~  F a t  t h e  t u r b i n e  i n l e t ,  a compressor d i s c h a r g e  
p r e s s u r e  o f  52 p s i a  and a  compressor i n l e t  t e m p e r a t u r e  o f  100' F ,  t h e  
e s t i m a t e d  loop  n e t  e f f i c i e n c y  dropped t o  approximate ly  7  p e r c e n t ;  t h e  
g r o s s  a l t e r n a t o r  o u t p u t  t o  4 k i l o w a t t s .  

INTRODUCTION 

NASA, s i n c e  t h e  advent  of  s p a c e  e x p l o r a t i o n ,  h a s  been engaged i n  
t h e  d e s i g n  and development of  s p a c e  e l e c t r i c a l  power g e n e r a t i n g  sys tems .  
One s u c h  sys tem c u r r e n t l y  under i n v e s t i g a t i o n  o p e r a t e s  on t h e  Brayton 
thermodynamic c y c l e .  Two c o n f i g u r a t i o n s  have been proposed,  v i z . ,  a  



two-shaf t  sys tem produc ing  1 2  k i l o w a t t s  of  e l e c t r i c a l  power a t  400 h e r t z  
w i t h  argon g a s  a s  t h e  working f l u i d  ( r e f .  1)  and a  s i n g l e - s h a f t  sys tem 
des igned  t o  p r o v i d e  2 t o  15  k i l o w a t t s  a t  1200 h e r t z  w i t h  a  working g a s  
mix tu re  of hel ium and xenon hav ing  a  molecular  weight  e q u i v a l e n t  t o  t h a t  
of  k ryp ton  g a s ,  83 .8  ( r e f s .  2  and 3 ) .  G a s - l u b r i c a t e d  b e a r i n g s  a r e  employed 
t o  s u p p o r t  t h e  s h a f t s  of  t h e  turbomachinery  of  each c o n f i g u r a t i o n ,  Pe r -  
formance c h a r a c t e r i s t i c s  of  t h e  turbomachinery  components of  t h e  two- 
s h a f t  eng ine  a r e  r e p o r t e d  i n  r e f e r e n c e s  4  th rough  7 ,  

The p r i n c i p a l  gas - loop  components of  t h e  s i n g l e - s h a f t  sys tem a r e  
t h e  Brayton r o t a t i n g  u n i t  (BRU---a t u r b i n e ,  a l t e r n a t o r  and compressor 
s u p p o r t e d  by a  s i n g l e  s h a f t ) ,  t h e  Brayton h e a t  exchanger u n i t  (BHXU--- 
a  s i n g l e  u n i t  c o n s i s t i n g  o f  a  g a s - t o - g a s  r e c u p e r a t o r  and a  g a s - t o - l i q u i d  
h e a t  exchanger) and a  h e a t  s o u r c e ,  S i n c e  t h e  c o s t  of  t h e  helium-xenon 
g a s  mix tu re  i s  h i g h e r  t h a n  k ryp ton  and because  of  t h e  p o s s i b i l i t i e s  of  
l e a k s ,  t h e  i n i t i a l  t e s t i n g  of  t h e  Brayton components and power l o o p s  
r e p o r t e d  h e r e i n  was accomplished w i t h  k&ypton. Performance s h o u l d  i m -  
p rove  when helium-xenon is t h e  working g a s  due  t o  i t s  b e t t e r  h e a t - t r a n s f e r  
c h a r a c t e r i s t i c s .  The p e r f o r h a n c e  of  t h e  BRU o p e r a t i n g  w i t h  argon and 
w i t h  k ryp ton  g a s e s  a t  a  t u r b i n e  i n l e t  t e h p e r a t u r e  of approximate ly  1 5 0 0 ~  F 
i s  r e p o r t e d  i n  r e f e r e n c e  8 .  The performance of  a  power sys tem u s i n g  
an e l e c t r i c  h e a t  s o u r c e ,  o p e r a t i n g  w i t h  k ryp ton  g a s ,  i n  a  vacuum env i ron-  
ment, and a t  t u r b i n e  i n l e t  t e m p e r a t u r e s  of  1250 t o  1450' F is r e p o r t e d  
i n  r e f e r e n c e  9 .  

I n  t h i s  i n v e s t i g a t i o n  t h e  performance of  a  k ryp ton  g a s  power l o o p  
hav ing  a  Brayton s i n g l e - s h a f t  r o t a t i n g  u n i t  and a  Brayton h e a t  exchanger  
u n i t  i n  t h e  g a s  loop  was measured f o r  t u r b i n e  i n l e t  t e m p e r a t u r e s  from 
1200 t o  1600 F ,  compressor i n l e t  t e m p e r a t u r e s  of  70,  85 and l o o 0  F and 
compressor d i s c h a r g e  p r e s s u r e s  of  approximate ly  1 5  p s i a  t o  56 p s i a .  
The loop  was o p e r a t e d  f o r  210 hours  i n  an a tmospher ic  environment.  The 
e f f e c t s  o f  compressor ,d i scharge  p r e s s u r e ,  t u r b i n e  i n l e t  t e m p e r a t u r e  and 
compressor i n l e t  t e m p e r a t u r e  on compressor and t u r b i n e  p r e s s u r e  r a t i o s ,  
a l t e r n a t o r  power o u t p u t  and sys tem e f f i c i e n c i e s  o b t a i n e d  f r o m : t h e  i n -  
v e s t i g a t i o n  a r e  p r e s e n t e d  h e r e i n .  

DESCRIPTION OF BRAYTON ROTATING UNIT AND HEAT EXCHANGER UNIT 

The power l o o p  t e s t e d ,  shown s c h e m a t i c a l l y  i n  f i g u r e  1, c o n s i s t e d  
o f  a  Brayton power convers ion sys tem and t e s t  s u p p o r t  equipment. 

I 

The power convers ion  sys tem c o n s i s t s  of a  r o t a t i n g  package (BRU) 
and a  hea t -exchanger  u n i t  (BHXU). These  u n i t s  were des igned and f a b -  
r i c a t e d  by AiResearch Manufactur ing Company. 

Brayton Rotat ing.  Uni t  (BRU) - The BRU ( f i g .  2) which is 20 i n c h e s  
i n  d i a m e t e r ,  36 i n c h e s  l o n g  and weighs approximate ly  145 pounds, c o n s i s t s  
of  a  t u r b i n e ,  an a l t e r n a t o r  and a  compressor mounted on a  s i n g l e  s h a p t  
des igned  t o  r o t a t e  a t  36,000 rpm. The s h a f t  is suppor ted  by g a s - l u b r i -  
c a t e d  b e a r i n g s  des igned  t o  o p e r a t e  i n  t h e  hydrodynamic ( s e l f - a c t i n g )  



mode. The r a d i a l  inf low t u r b i n e  ( r e f .  10) h a s  an impel lo r  d iameter  of  
4.97 inches .  The r a d i a l  outflow compressor impe l lo r  ha s  a  d iameter  of  
4.25 inches .  The fou r -po l e  b r u s h l e s s  a l t e r n a t o r  i s  of t h e  Lunde l l  t y p e  
hav ing  a  s o l i d  r o t o r  (3.3-inch diameter)  and two s t a t i o n a r y  f i e l d  windings 
f o r  s e r i e s  and shun t  e x c i t a t i o n .  The a l t e r n a t o r  is r a t e d  f o r  14 .3  k i l o -  
vol t -amperes  a t  0.75 l agg ing  power f a c t o r ,  120/208 v o l t s ,  and a  f requency 
of 1200 h e r t z .  Cooling of  t h e  a l t e r n a t o r  is by means of two l i q u i d  
passages  (one redundant ) .  Performance c h a r a c t e r i s t i c s  of t h e  a l t e r n a t o r  
a r e  p r e sen t ed  i n  r e f e r e n c e s  11 and 1 2 .  

\ 

The BRU can b e  t e s t e d  i n  e i t h e r  t h e  v e r t i c a l  o r  h o r i z o n t a l  p o s i t i o n .  
For  t h i s  t e s t ,  t h e  BRU is  mounted v e r t i c a l l y  w i t h  t h e  t u r b i n e  end up 
i n  an aluminum framework. 

Brayton Heat Exchanger Uni t  (BHXU). - The BHXU ( f i g ,  3) i n c o r p o r a t e s  
a  r e c u p e r a t o r  (gas- to-gas  counterf low h e a t  exchanger) w i t h  a  was te  h e a t  
(gas - to - l iqu id)  c ross -counte r f low h e a t  exchanger. The BHXU i s  20 i nches  
wide,  56 i nches  l ong  and weighs approximately 440 pounds. The c o r e  of  
t h e  r e c u p e r a t o r  (8.5 by 20 by 20 inches)  c o n s i s t s  of p l a t e - and - f i n  sand- 
wich c o n s t r u c t i o n  brazed a s  a  s i n g l e  u n i t .  Two passages  (one redundant)  
on t h e  l i q u i d  s i d e  a r e  provided.  Core dimensions o v e r a l l  a r e  6 .5  by 16 
by 20 i nches .  The co re s  of bo th  t h e  r e c u p e r a t o r  and t h e  waste  h e a t  
exchanger were assembled i n t o  a  s i n g l e  u n i t  by welding t o  t r a n s i t i o n  
s e c t i o n s  and heade r s .  

A spoo l  p i e c e  w i t h  a  remotely c o n t r o l l e d  check va lve  is used t o  
connect  t h e  o u t l e t  of t h e  compressor t o  t h e  i n l e t  t o  t h e  h igh -p re s su re  
s i d e  of t h e  r e c u p e r a t o r .  Two p o r t s ,  one on each s i d e  of  t h e  check v a l v e ,  
a r e  employed t o  charge and ven t  t h e  power convers ion system of i ts  working 
f l u i d  (krypton) . 

DESCRIPTION OF TEST SUPPORT EQUIPMENT 

The t e s t  suppo r t  equipment i nc ludes  an e l e c t r i c  h e a t  sou rce ,  a  gas-  
management module, a  l i q u i d - c o o l a n t  o r  h e a t - r e j e c t i o n  module, a  gas-  
rec lamat ion  module, and an e l e c t r i c a l  subsystem. \ 

Heat Source. - The e l e c t r i c  h e a t  sou rce ,  l o c a t e d  upstream of  t h e  
t u r b i n e ,  u se s  J o u l e  h e a t i n g  ( I ~ R  hea t ing)  i n  a  bank of 500 s t a g g e r e d  
Inconel-600 t u b e s  (0.375-inch diameter  by 0 ,065- inch w a l l  t h i c k n e s s  by 
12 i nches  long) t h a t  a r e  supported on each end by a  ceramic header  p l a t e  
of 95-percent  alumina.  The ends of t h e  t u b e s  were connected w i t h  l i n k s  
i n  s e r i e s  t o  form t h r e e  s e p a r a t e  r e s i s t o r s .  With a  r e s i s t a n c e  of  approxi-  
mately 1% ohms p e r  r e s i s t o r ,  and a  d e l t a  connect ion t o  a  3-phase 208-vol t  
l i n e - t o - l i n e  power s o u r c e ,  approximately 90 k i l o w a t t s  of e l e c t r i c  power 
a r e  a v a i l a b l e  t o  h e a t  t h e  working gas .  Gas f low is pe rpend icu l a r  t o  t h e  
s t agge red - tube  bank. Photographs of  t h e  h e a t e r  c o r e  and t h e  assembled 
h e a t e r  a r e  p r e sen t ed  i n  f i g u r e s  4  and 5  r e s p e c t i v e l y .  The l a r g e  t u b e s  
p r o j e c t i n g  from t h e  h e a t e r  ( f i g .  5) s e r v e  a s  ins t rumenta t ion-  and power- 
l e a d  channels .  The l ong  ex tens ion  from t h e  h e a t e r  body is  r e q u i r e d  t o  



main ta in  low tempera tures  a t  t h e  t u b e  ends. The h e a t  sou rce  and i ts  
i n s u l a t e d  connect ions  t o  t h e  BHXU and t h e  BRU a r e  shown i n  f i g u r e s  6 
and 7  r e s p e c t i v e l y .  The i n s u l a t i o n  f o r  t h e  h e a t  s o u r c e  and a l l  o t h e r  
h igh- tempera ture  s u r f a c e s  was a  h i g h - s i l i c a  f i b e r - t y p e  of b l a n k e t  i n -  
s u l a t i o n .  The i n s u l a t i o n  was e f f e c t i v e  f o r  an o p e r a t i n g  tempera ture  
of 2000° F  i n  a i r .  

Gas-Management Module. - The gas-management module ( f i g .  8) con- 
s i s t e d  o f  p r e s s u r i z e d  working gas  b o t t l e s ,  p i p i n g  and v a l v i n g  r e q u i r e d  
t o  charge  and t o  ven t  t h e  power convers ion system a s  w e l l  a s  t o  supply 
j a c k i n g  gas  t o  t h e  gas  bear ings  ( h y d r o s t a t i c  mode of opera t ion)  du r ing  
loop  s t a r t u p  and shutdown. 

Two remotely c o n t r o l l e d  v a l v e s ,  p a r a l l e l  t o  one ano the r ,  were em- 
ployed t o  charge t h e  l oop ,  v i z . ,  a  v a l v e  having a  l a r g e  f low d i s c h a r g e  
c o e f f i c i e n t  du r ing  t h e  i n i t i a l  i n j e c t i o n  of t h e  ga s  f o r  s t a r t u p ,  and a  
v a l v e  having a  sma l l  flow d i s cha rge  c o e f f i c i e n t  t o  add inven tory  when 
r e q u i r e d  du r ing  t h e  t e s t i n g .  A c a l i b r a t e d  o r i f i c e  p l a t e  downstream of 
t h e  p a r a l l e l e d  va lves  was used t o  measure t h e  i n j e c t i o n  r a t e  du r ing  s t a r t -  
up. Two remotely c o n t r o l l e d  v a l v e s  p a r a l l e l  t o  one ano ther  were a l s o  
employed t o  ven t  t h e  gas  from t h e  loop ;  a  h i g h  f low d i s cha rge  c o e f f i c i e n t  
v a l v e  f o r  u se  du r ing  loop shutdown, and a  sma l l  f low d i s cha rge  c o e f f i c i e n t  
v a l v e  f o r  minor adjustment  i n  inven tory  w i t h i n  t h e  ga s  loop ,  

Gas-Reclamation Module. - The rec lamat ion  module c o n s i s t e d  of two 
s p h e r i c a l  v e s s e l s  having a  t o t a l  volume of 100 cub i c  f e e t  f o r  r e c e i v i n g  
and s t o r i n g  t h e  working gas  du r ing  t e s t i n g  and shutdown. During t h e  
t e s t ,  a  p r e s s u r e  of approximately 8  p s i a  was mainta ined i n  t h e  v e n t  
t anks .  A gas  compressor was used t o  pump t h e  gas  from t h e s e  v e s s e l s  
t o  g a s  inven tory  b o t t l e s  t o  p r e s s u r e s  of  approximately 800 p s i g .  

Heat Re,jection Module. - (Fig.  9) - The l i q u i d  coo l an t  used t o  
remove was te  h e a t  from t h e  power loop was a  commercially a v a i l a b l e  
s i l i c o n e - b a s e  f l u i d  (Dow Corning-200, having a  v i s c o s i t y  of  2  c e n t i s t o k e s  
a t  77' F).  The c o o l a r ~ t  was pumped th rough  one coo l an t  passage o f  t h e  
BHXU t o  remove h e a t  from t h e  ga s  p r i o r  t o  i t s  en t r ance  t o  t h e  compressor 
and th rough  bo th  coo l an t  passages  i n  t h e  a l t e r n a t o r .  Coolant  f low was 
requi&ed through bo th  passages  t o  main ta in  t h e  accep t ab l e  a l t e r n a t o r  
t empera tures  f o r  t h e  h e a t  s h i e l d  cone a t  t h e  h i g h e r  power l e v e l s  and 
a t  t u r b i n e  i n l e t  t empera tures  above 1 4 0 0 ~  F. The poor conduc t iv i t y  
of krypton compared t o  helium-xenon aggravated t h i s  problem. Flow th rough  
a l l  o f  t h e ' c o o l a n t  passages  were remotely and independent ly  c o n t r o l l e d .  

The h e a t  t r a n s f e r r e d  t o  t h e  coo l an t  from t h e  BHXU and t h e  a l t e r n a t o r  
was removed by means of  a  coo lan t - to -wate r  h e a t  exchanger l o c a t e d  up- 
s t ream of and i n  s e r i e s  w i t h  a  commercially a v a i l a b l e  r e f r i g e r a t i o n  u n i t  
( f i g .  1) . 

A l l  of t h e  p ip ing  and va lv ing  from t h e  r e f r i g e r a t i o n  u n i t  t o  
t h e  l i q u i d  coo l an t  passages  of t h e  was te  h e a t  exchanger and t o  t h e  



a l t e r n a t o r ,  and t h e i r  r e t u r n  l i n e s  t o  a  common flow-through r e s e r v o i r  
were i n s u l a t e d  w i t h  a  f i b r o u s - s i l i c a  aluminum-foil-backed t y p e  of i n -  
s u l a t i n g  t a p e  s u i t a b l e  f o r  ope ra t i on  up t o  900' F. 

E l e c t r i c a l :  - The a l t e r n a t o r  ou tpu t  i s  d i s s i p a t e d  th rough  a  simu- 
l a t e d  v e h i c l e  l oad  and a  speed -con t ro l l ed  p a r a s i t i c  load .  The simu- 
l a t e d  v e h i c l e  l o a d  is  a  c o ~ m e r c i a l l y  a v a i l a b l e  a d j u s t a b l e  and ba lanced  
th ree-phase  r e s i s t i v e  l oad  bank. A breadboard v e r s i o n  of  t h e  Brayton 
engine speed c o n t r o l l e r  was used.  The ope ra t i ng  p r i n c i p l e  of t h e  engine 
speed c o n t r o l l e r  i s  d i s cus sed  i n  r e f e r e n c e  13.  The speed c o n t r o l  con- 
sists of t h r e e  s e p a r a t e  e l e c t r o n i c  speed c o n t r o l l e r s  and t h r e e  t h r e e -  
phase  p a r a s i t i c  l oads .  The speed c o n t r o l l e r  a p p l i e s  p a r a s i t i c  l o a d  
a s  s h a f t  speed i n c r e a s e s  above 36,000 rpm and main ta ins  it t o  w i t h i n  
2 p e r c e n t  of nominal. 

INSTRUMENTAT I O N  

The i n s t rumen ta t i on  used f o r  t h i s  t e s t  c o n s i s t e d  of p r e s s u r e  t r a n s -  
duce r s ,  thermocouples,  a  f low v e n t u r i ,  t u r b i n e  f lowmeters,  speed s e n s o r s  
and power moni tor ing equipment. 

Absolute  P re s su re s .  - A s t a t i c  p r e s s u r e  t a p  w i t h  a  s t r a i n - g a g e  
t y p e  of t r a n s d u c e r  was employed a t  t h e  i n l e t  and o u t l e t  of each of  
t h e  compressor and t u r b i n e ,  and a t  t h e  i n l e t  t o  t h e  flow v e n t u r i  l o c a t e d  
between t h e  o u t l e t  of t h e  h igh -p re s su re  s i d e  of t h e  r ecupe ra to r  and 
t h e  i n l e t  t o  t h e  h e a t  source .  

D i f f e r e n t i a l  P r e s su re s .  - S t a t i c  t a p s  and d i f f e r e n t i a l  s t r a i n -  
gage t r a n s d u c e r s  were used t o  o b t a i n  t h e  p r e s s u r e  drop a c r o s s  t h e  low- 
p r e s s u r e  s i d e  of t h e  r e c u p e r a t o r ,  a c r o s s  t h e  h igh-pressure  s i d e  of  t h e  
r e c u p e r a t o r ,  a c ro s s  t h e  l i q u i d  s i d e  of t h e  waste  h e a t  exchanger,  and 
a c r o s s  t h e  engine v e n t u r i  i n l e t  t o  t h r o a t  s e c t i o n s .  

Temperatures.  - Gas tempera tures  a t  t h e  i n l e t  and o u t l e t  of t h e  
t u r b i n e  were each ob ta ined  from t h e  average of 3  chromel-alumel thermo- 
couple  r ake .  Gas t empera tures  a t  t h e  i n l e t  and o u t l e t  of  t h e  r e c u p e r a t o r  
h i g h  p r e s s u r e  s i d e  and t h e  i n l e t  t o  t h e  r e c u p e r a t o r  low p r e s s u r e  s i d e  
were ob ta ined  from an average of f o u r  chromel-alumel probe- type thermo- 
couples .  The gas  t empera ture  a t  t h e  o u t l e t  of t h e  r e c u p e r a t o r  low 
p r e s s u r e  s i d e  was ob ta ined  from an average of 10 chromel-alumel probe- 
t y p e  thermocouples.  The gas  t empera ture  a t  t h e  o u t l e t  of t h e  g a s  s i d e  
of  t h e  was te  h e a t  exchanger was ob ta ined  from t h e  average o f  f o u r  chromel- 
alumel probe- type thermocouples.  L iqu id  coo l an t  t empera tures  i n t o  and 
ou t  of t h e  was te  h e a t  exchanger were each ob ta ined  from an i ron-cons tan tan  
s k i n  thermocouple. 

Flow Rates :  - System gas  f low r a t e s  were c a l c u l a t e d  from t h e  engine 
v e n t u r i  i n l e t  p r e s s u r e ,  v e n t u r i  d i f f e r e n t i a l  p r e s s u r e  and t h e  t empera ture  
a t  t h e  o u t l e t  o f  t h e  h i g h  p r e s s u r e  s i d e  of t h e  r ecupe ra to r .  



Liquid  coo l an t  f low r a t e s  t o  t h e  waste  h e a t  exchanger of t h e  BHXU 
and t o  b o t h  a l t e r n a t o r  passages  were i n d i v i d u a l l y  sensed by t u r b i n e -  
t y p e  flowmeters.  S i g n a l s  from t h e s e  f lowmeters were condi t ioned  t o  
dc ou tpu t s  u s i n g  f requency- to-dc v o l t a g e  c o n v e r t e r s .  

BRU S h a f t  Speed. - R o t a t i v e  speed was ob t a ined  by means of b o t h  
a l t e r n a t o r  frequency and a  capac i t ance  probe l o c a t e d  i n  t h e  BRU n e a r  
t h e  compressor j o u r n a l  bear ing .  The s i g n a l  from t h e  probe was cond i t i oned  
t o  a  dc ou tpu t  u s ing  a  frequency-to-dc v o l t a g e  conve r t e r .  Speed was 
observed on a  f requency counte r .  

E l e c t r i c a l .  - The power, vo l t age  and c u r r e n t  of each of She t h r e e  
phases  o f  t h e  a l t e r n a t o r  and t h e  s imula ted  v e h i c l e  l oad  were measured 
w i t h  t r u e  root-mean-square ins t ruments .  

I n s t rumen ta t i on  ou tpu t  s i g n a l s  were d i sp l ayed  i n  t h e  c o n t r o l  room 
and t r a n s m i t t e d  t o  a  ded i ca t ed  on - l i ne  d i g i t a l  computer. The d i g i t a l  
computer has  200 i n p u t  and conver ted t h e  r e q u i r e d  da t a  t o  
eng ineer ing  u n i t s  f o r  an e l e c t r i c  t y p e w r i t e r .  

PROCEDURE 

The gas  loop  s t a r t u p  and shutdown techniques  were s i m i l a r  t o  t h o s e  
de sc r ibed  i n  r e f e r e n c e  11. During t h e  210-hour t e s t ,  cons t an t  v a l u e s  
of compressor i n l e t  and t u r b i n e  i n l e t  t empera tures  were mainta ined 
wh i l e  compressor d i s cha rge  p r e s su re  was va r i ed .  Compressor i n l e t  tem- 
p e r a t u r e s  were measured a t  t h e  o u t l e t  of t h e  ga s  s i d e  of t h e  was t e  h e a t  
exchanger. 

The i n v e s t i g a t i o n  was conducted th rough  a  t u r b i n e  i n l e t  t empera ture  
range of 1200' F t o  1600' F and compressor d i s cha rge  p r e s s u r e  r ange  
of 1 5  p s i a  t o  56 p s i a  a t  compressor i n l e t  t empera tures  of 55,  70,  85 
and 100° F. I s o l a t e d  d a t a  p o i n t s  f a l l i n g  o u t s i d e  t h e s e  ranges  were 
a l s o  t aken .  

Two l i m i t a t i o n s  were s e t  dur ing  t h e  t e s t ,  v i z . ,  (1) t o  o b t a i n  
d a t a  a t  a  minimum a l t e r n a t o r  power ou tpu t  of approximately 2  k i l o w a t t s  
and (2) t o  minimize t h e  amount of t e s t  t ime  w i t h  a l t e r n a t o r  i n t e r n a l  
t empera ture  exceeding &50° F. Because of t h e s e  l i m i t a t i o n s ,  t h e  amount 
of  d a t a  t aken  a t  some of  t h e  t u r b i n e  i n l e t  t empera tures  was l i m i t e d .  
I t  i s  expected,  because  of t h e  much b e t t e r  h e a t - t r a n s f e r  p r o p e r t i e s  
of  t h e  proposed Brayton engine working f l u i d ,  t h a t  t h e  h i g h  a l t e r n a t o r  
i n t e r n a l  t empera tures  w i l l  n o t  be  a s  l i m i t i n g  a  f a c t o r  when t h e  system 
is  opera ted  w i t h  t h e  helium-xenon gas  mixture .  

Data were ob t a ined  a t  an a l t e r n a t o r  f requency of approximately 
1220 h e r t z  ( r o t a t i v e  speed of 36,600 rpm) i n s t e a d  of  1200 h e r t z  due t o  



a  mis tun ing  of t h e  speed c o n t r o l l e r .  The speed c o n t r o l l e r  was l a t e r  
tuned  t o  o b t a i n  t h e  p r o p e r  o p e r a t i n g  f requency.  

DISCUSSION 

Performance c h a r a c t e r i s t i c s  o f  t h e  k ryp ton  g a s  power loop ,  h e r e i n  
d e s i g n a t e d  a s  power sys tem,  and i t s  components a r e  p r e s e n t e d  f o r  a  
nominal  r o t a t i v e  speed of  36,600 rpm (1220 h e r t z )  . 

Brayton R o t a t i n g  U n i t ,  BRU 

The e f f e c t s  of t h e  compressor d i s c h a r g e  p r e s s u r e  PCD on t h e  
compressor s t a t i c  p r e s s u r e  r a t i o  (PCD/PCI) on t h e  eng ine  f l o w r a t e  W 
and on t h e  t u r b i n e  s t a t i c  p r e s s u r e  r a t i o  (PTI/PTD) a t  nominal com- 
p r e s s o r  i n l e t  t e m p e r a t u r e s  TCI of  70,  85 ,  and 100' F a r e  shown i n  
f i g u r e s  10(a)  t h r o u g h  10(e)  f o r  t u r b i n e  i n l e t  t e m p e r a t u r e s  from 1200 
t o  1600' F, 

Engine f l o w r a t e .  - The eng ine  f l o w r a t e  i s  determined by t h e  o p e r a t i n g  
c o n d i t i o n s  a t  t h e  compressor.  Weight f low i n c r e a s e d  w i t h  i n c r e a s i n g  
compressor d i s c h a r g e  p r e s s u r e ,  PCD , and w i t h  d e c r e a s i n g  compressor 
i n l e t  t e m p e r a t u r e ,  TCI , a s  demonst ra ted  i n  f i g u r e s  1 0  (a) , 1 0  (b) , and 
1 0 ( e ) .  The maximum f l o w r a t e  of  approximate ly  1 . 6 7  pounds p e r  second 
o b t a i n e d  d u r i n g  t h e  t e s t i n g  was a t  a  compressor d i s c h a r g e  p r e s s u r e  of  
56 p s i a  a t  a  compressor i n l e t  t e m p e r a t u r e  of  100' F. 

Compressor and t u r b i n e  s t a t i c  p r e s s u r e r a t i o s .  - The compressor 
p r e s s u r e  r a t i o  ( d i s c h a r g e  t o  i n l e t ,  PCD/PCI) dec reased  w i t h  i n c r e a s i n g  
PCD and w i t h  i n c r e a s i n g  TCI . E f f e c t s  due t o  TCI on PCD/PCI were 
more s i g n i f i c a n t  a t  a  t u r b i n e  i n l e t  t e m p e r a t u r e  o f  1600° F ( f i g .  1 0 ( e ) )  
and a t  a  PCD of  40 p s i a  t h e  compressor p r e s s u r e  r a t i o  was reduced 
approximate ly  from 2 t o  1 .88  by i n c r e a s i n g  TCI from 55 t o  l o o 0  F. 

The t u r b i n e  p r e s s u r e  r a t i o  ( i n l e t  t o  d i s c h a r g e ,  PTI/PTD) i n c r e a s e d  
s l i g h t l y  w i t h  i n c r e a s i n g  compressor d i s c h a r g e  p r e s s u r e  PCD . However, 
i n c r e a s i n g  compressor i n l e t  t e m p e r a t u r e  TCI r e s u l t e d  i n  d e c r e a s i n g  
t h e  t u r b i n e  p r e s s u r e  r a t i o .  A t  TTI of  1600' F (fig.  10(e)) a t  PCD = 40 
p s i a  , i n c r e a s i n g  TTS from 55 t o  100' F ,  r e s u l t e d  i n  a  r e d u c t i o n  i n  
PTp/pTD from approximately 1 . 8 6  t o  approximate ly  1 . 7 3 .  

C r o s s p l o t s  t o  demons t ra te  t h e  t u r b i n e  i n l e t  t e m p e r a t u r e ,  TTI , 
e f f e c t s  on t h e  compressor and t u r b i n e  p r e s s u r e r a t i o s  a r e  p r e s e n t e d  i n  
f i g u r e s  11 and 1 2  r e s p e c t i v e l y .  Decreases  i n  b o t h  PCD/PCI and PTI,"PJ~ 
r e s u l t e d  a s  TTI was i n c r e a s e d .  A t  a  compressor i n l e t  t e m p e r a t u r e  of  
l o o 0  F and a t  PCD of  approximate ly  50 p s i a ,  PCD/PCI was dec reased  
from approximate ly  1.87 t o  1 .82 and PTD/PTI from approximate ly  1 . 7 5  
t o  1 . 7 1  when TTI was d e c r e a s e d  from 1600 t o  1140' F. 



A l t e r n a t o r  power. - The effects of  t h e  t e s t  v a r i a b l e s  on the a l t e r -  
n a t o r  power o u t p u t  a r e  shown i n  f i g u r e  13 .  I n c r e a s e s  i n  power o u t p u t  
were  o b t a i n e d  w i t h  i n c r e a s i n g  compressor d i s c h a r g e  p r e s s u r e ,  w i t h  i n -  
c r e a s i n g  t u r b i n e  i n l e t  t e m p e r a t u r e  and w i t h  d e c r e a s i n g  compressor i n l e t  
t e m p e r a t u r e .  I n c r e a s i n g  PCD from 1 5  p s i a  t o  48 p s i a  a t  TTI = 1600' F 
and TCI = 100' F  i n c r e a s e d  a l t e r n a t o r  power o u t p u t  from 3 kW t o  
approximate ly  12 kW (fig.  1 3  (c ) )  . A t  a  P C ~  of  52 p s i a  ( f i g .  1 3  (c))  
t h e  a l t e r n a t o r  power of  approximate ly  4 kW was ob ta ined  by d e c r e a s i n g  
t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  t o  1140' F. A t  a  PCD o f  37 p s i a  and 
a  t u r b i n e  i n l e t  t e m p e r a t u r e  of 1600' F ,  d e c r e a s i n g  t h e  compressor i n l e t  
t e m p e r a t u r e  from 100 t o  55' F caused an  i n c r e a s e  i n  a l t e r n a t o r  o u t p u t  
from approximate ly  9 . 2  kW t o  approximate ly  12 kW; an i n c r e a s e  i n  power 
o f  approximate ly  29 p e r c e n t .  A t  TTI = 1500° F  and PC-, = 39 p s i a  
t h e  a l t e r n a t o r  o u t p u t  was i n c r e a s e d  approximate ly  4 1  p e r c e n t  (8.2 t o  
1 1 . 6  kW) when TCI was reduced from 100 t o  55O F. 

Brayton Heat Exchanger U n i t  

Recupera to r .  - The v a r i a t i o n  of t h e  r e c u p e r a t o r  t e m p e r a t u r e  e f f e c t i v e -  
n e s s  and p r e s s u r e  drop w i t h  compressor d i s c h a r g e  p r e s s u r e  a t  a  t u r b i n e  
i n l e t  t e m p e r a t u r e  of  1 6 0 0 ~  F a r e  p r e s e n t e d  i n  f i g u r e  1 4 .  The tempera-  
t u r e  e f f e c t i v e n e s s  of t h e  low p r e s s u r e  s i d e  o f  t h e  r e c u p e r a t o r ,  ETL , 
( t u r b i n e  d i s c h a r g e  t o  w a s t e  h e a t - h e a t  exchanger i n l e t )  is d e f i n e d  a s :  

where 

T1 = g a s  t e m p e r a t u r e  a t  i n l e t  of  r e c u p e r a t o r  low p r e s s u r e  
s i d e  

T2 = g a s  t e m p e r a t u r e  a t  o u t l e t  of  r e c u p e r a t o r  low p r e s s u r e  
s i d e  

T3 = g a s  t e m p e r a t u r e  a t  i n l e t  o f  r e c u p e r a t o r  h i g h  p r e s s u r e  
s i d e  

The t e m p e r a t u r e  e f f e c t i v e n e s s  of  t h e  r e c u p e r a t o r  h i g h  p r e s s u r e  s i d e ,  
E T ~  , is d e f i n e d  a s  

where 

T4 = g a s  t e m p e r a t u r e  a t  t h e  o u t l e t  of  t h e  r e c u p e r a t o r  h i g h  
p r e s s u r e  s i d e  



The da t a  p r e sen t ed  i n  f i g u r e  1 4  i n d i c a t e  t h a t  t h e  compressor i n l e t  
t empera ture ,  TCI , has  no s i g n i f i c a n t  i n f l u e n c e  on e i t h e r  t h e  tempera- 
t u r e  e f f e c t i v e n e s s  o r  t h e  p r e s s u r e  drops.  On t h e  low p r e s s u r e  s i d e ,  
ETL was reduced from approximately 95 pe rcen t  t o  92 pe rcen t  and t h e  
p r e s s u r e  drop,  APL , was i nc r ea sed  from approximately % p s i d  t o  approxi-  
mately 1/3 p s i d  when t h e  compressor d i s cha rge  p r e s s u r e  was i nc r ea sed  
from 15  t o  36 s i a .  A t  t h e  h igh  a l t e r n a t o r  power c o n d i t i o n ,  TCI = 55' F I: a t  TTI = 1600 F, an ETL of approximately 91% pe rcen t  was ob ta ined .  
On t h e  h i g h  p r e s s u r e  s i d e ,  ETH was e s s e n t i a l l y  cons t an t  a t  approxi-  
mately 891; p e r c e n t  w i t h  i n c r e a s i n g  PCD . The p r e s s u r e  d rop ,  APH , 
i nc r ea sed  from approximately 1/3 p s i d  t o  1/2 p s i d .  

Waste h e a t  exchanger,  - The v a r i a t i o n  of t h e  t empera ture  e f f e c t i v e -  
ne s s  of  t h e  gas  s i d e  of t h e  was te  h e a t  exchanger,  , w i t h  compressor 
d i s c h a r g e  p r e s s u r e  is p re sen t ed  i n  f i g u r e  15 .  The e c t i v e n e s s  QG 
i s  de f ined  a s  

where 

T5 = gas  t empera ture  a t  t h e  gas  o u t l e t  s i d e  of t h e  was te  
h e a t  exchanger 

T6 = l i q u i d  coo l an t  t empera ture  a t  t h e  l i q u i d  i n l e t  s i d e  
of t h e  was te  h e a t  exchanger 

The e f f e c t i v e n e s s ,  ETG , decreased  w i t h  i n c r e a s i n g  compressor 
d i s cha rge  p r e s su re .  The s i g n i f i c a n t  e f f e c t ,  however, is due t o  changes 
t o  t h e  compressor i n l e t  t empera ture  a t  TCI = 70' F . ETG was reduced 
from 9 6  pe rcen t  t o  95 pe rcen t  a s  t h e  compressor d i s cha rge  p r e s s u r e  PCD 
was i nc r ea sed  from approximately 15 .5  p s i a  t o  29 p s i a .  I n c r e a s i n g  com- 
p r e s s o r  i n l e t  t empera ture  t o  l o o 0  F r e s u l t e d  i n  a  r educ t i on  of approxi-  
mately 9  percen tage  p o i n t s  over t h e  same PCD range.  

The tempera ture  e f f e c t i v e n e s s  of t h e  l i q u i d  coo l an t  s i d e  of  t h e  
was tehea t  exchanger,  E , is  presen ted  i n  f i g u r e  16  a s  a  f u n c t i o n  
of  l i q u i d  f l o w r a t e s  a t  TEve d i f f e r e n t  combinations of l i q u i d  tempera- 
t u r e s  a t  t h e  h e a t  exchanger i n l e t  and gas  t empera ture  a t  t h e  compressor 
i n l e t .  The e f f e c t i v e n e s s  of t h e  l i q u i d  s i d e  is de f ined  a s  

- T7-T6 
E~~ - where 

T2-T6 

T7 = l i q u i d  coo l an t  t empera ture  a t  o u t l e t  s i d e  of  t h e  was te  
h e a t  exchanger 



I n c r e a s i n g  l i q u i d  f l o w r a t e  r e s u l t e d  i n  r e l a t i v e l y  s m a l l  r e d u c t i o n s  i n  
t h e  e f f e c t i v e n e s s .  ETC was s i g n i f i c a n t l y  i n f l u e n c e d  by b o t h  t h e  g a s  
t e m p e r a t u r e  t o  t h e  compressor and t h e  l i q u i d  c o o l a n t  i n l e t  t e m p e r a t u r e ,  
i n d i c a t i n g  t h a t  t h e  g a s  s i d e  c o n t r o l l e d  t h e  h e a t  t r a n s f e r .  E f f e c t i v e -  
n e s s  v a l u e s  above 90 p e r c e n t  were o b t a i n e d  a t  t h e  combination o f  h i g h  
compressor i n l e t  and low l i q u i d  i n l e t  t e m p e r a t u r e s  (100 and 45' F  r e s p e c -  
t i v e l y ) .  Lower ETC r e s u l t e d  when t h e  compressor i n l e t  t e m p e r a t u r e  
was reduced and/or t h e  l i q u i d  i n l e t  t e m p e r a t u r e  was i n c r e a s e d .  Values 
of  e f f e c t i v e n e s s  below 70 p e r c e n t  were o b t a i n e d  when t h e  compressor 
i n l e t  t e m p e r a t u r e  was 70' F  w i t h  t h e  l i q u i d  i n l e t  t e m p e r a t u r e  a t  60° F. 

The v a r i a t i o n  of  l i q u i d  s i d e  p r e s s u r e  d rop ,  OPC w i t h  l i q u i d  f low- 
r a t e ,  and g a s  t e m p e r a t u r e  a t  t h e  compressor i n l e t  i s  demonst ra ted  i n  
f i g u r e  1 7 .  I n c r e a s e s  i n  t h e  p r e s s u r e  drop were o b t a i n e d  w i t h  i n c r e a s e s  
i n  l i q u i d  f l o w r a t e  and w i t h  d e c r e a s i n g  compressor i n l e t  g a s  tempera-  
t u r e .  A t  a  l i q u i d  f l o w r a t e  of  1 . 5  g a l l o n s  p e r  minu te ,  t h e  APC i n c r e a s e d  
from 2.5  p s i d  t o  3 ,85  p s i d  by reduc ing  t h e  g a s  t e m p e r a t u r e  t o  t h e  com- 
p r e s s o r  from 100 t o  70' F ,  a t  1 . 8  g a l l o n s  p e r  minute  from approximate ly  
3 . 1  p s i d  t o  4 .8  p s i d .  

E f f i c i e n c y .  - The e f f e c t s  of  compressor d i s c h a r g e  p r e s s u r e  on 
sys tem e f f i c i e n c y  a r e  p r e s e n t e d  i n  f i g u r e  19 .  Gross sys tem e f f i c i e n c y ,  

TSG is d e r i v e d  from t h e  r a t i o  of  g r o s s  a l t e r n a t o r  power o u t p u t  t o  
t h e  h e a t e r  t h e r m a l  i n p u t  t o  t h e  k ryp ton  g a s .  

where 

A~ 
= g r o s s  a l t e r n a t o r  power o u t p u t  

W = eng ine  f l o w r a t e  

= s p e c i f i c  h e a t  a t  c o n s t a n t  g a s  p r e s s u r e  

TTI = t u r b i n e  i n l e t  t e m p e r a t u r e  

Tq = t e m p e r a t u r e  a t  o u t l e t  of  h i g h  p r e s s u r e  s i d e  of  t h e  
r e c u p e r a t o r  

K = convers ion  f a c t o r  (BTU t o  kW) 

I f  t h e  power r e q u i r e d  t o  o p e r a t e  a l l  t h e  a u x i l i a r i e s  of a  f l i g h t  
v e r s i o n  Brayton Cycle Power S y s t e m . a t  t h e  minimum speed  c o n t r o l ,  i s  
assumed t o  b e  1400 w a t t s  a s  i s  done i n  r e f e r e n c e  9 ,  t h e n  a  sys tem n e t  
e f f i c i e n c y  , vSN can b e  e s t i m a t e d .  System g r o s s  e f f i c i e n c i e s  f o r  
t h e  t e s t  pa ramete r s  and t h e  e s t i m a t e d  n e t  e f f i c i e n c i e s  a t  t u r b i n e  i n l e t  
t e m p e r a t u r e s  of  1600,  1200 and 1 1 4 0 ~  P only a r e  p r e s e n t e d  i n  f i g u r e  19 .  



A t  a  P of 37 p s i a  and a  compressor i n l e t  t e m p e r a t u r e  of 55O F a  
g r o s s  e E f i c i e n c y  of  approximate ly  34 p e r c e n t  r e s u l t e d ;  e s t i m a t e d  n e t  
e f f i c i e n c y  was approximate ly  30 p e r c e n t .  

I n c r e a s i n g  t h e  compressor i n l e t  t e m p e r a t u r e  t o  70' F  a t  a  compressor 
d i s c h a r g e  p r e s s u r e  of approximate ly  35 .5  p s i a  t h e  g r o s s  and e s t i m a t e d  
n e t  e f f i c i e n c i e s  dec reased  t o  approximate ly  33 p e r c e n t  and 29 p e r c e n t  
r e s p e c t i v e l y .  

A t  a  compressor i n l e t  t e m p e r a t u r e  of  100' F  ( f i g .  1 9 ( c ) )  a t  TTI = 
1600' F  and PCD = 48 p s i a ,  t h e  g r o s s  and e s t i m a t e d  n e t  efficiencies 
were approximate ly  30 p e r c e n t  and 27 p e r c e n t  r e s p e c t i v e l y .  Decreas ing  
t u r b i n e  i n l e t  t empera tu re  t o  1140' F  r e s u l t e d  i n  an e s t i m a t e d  n e t  
e f f i c i e n c y  a t  P C ~  = 52 p s i a  of  approximate ly  7  p e r c e n t ;  a  g r o s s  
e f f i c i e n c y  of  approximate ly  11 p e r c e n t .  

CONCLUDING REMARKS 

The performance c h a r a c t e r i s t i c s  o f  a  k ryp ton  g a s  power loop  w i t h  
a  Brayton s i n g l e - s h a f t  r o t a t i n g  u n i t  and a  Brayton heat -exchanger  u n i t  
were o b t a i n e d  t h r o u g h  a  range  of  compressor i n l e t  t e m p e r a t u r e s ,  t u r b i n e  
i n l e t  t e m p e r a t u r e s  and compressor d i s c h a r g e  p r e s s u r e s .  Krypton h a s  
t h e  same molecu la r  weight  a s  t h e  helium-xenon mix tu re  p lanned f o r  u s e  
i n  t h e  Brayton power system. 

R e s u l t s  of  t h e  i n v e s t i g a t i o n  i n c l u d e :  

(1) Assuming a  1400-watt  power l o a d  t o  o p e r a t e  a u x i l i a r i e s ,  an  
e s t i m a t e d  sys tem n e t  e f f i c i e n c y  of  approximate ly  30 p e r c e n t  was o b t a i n e d  
a t  a  t u r b i n e  i n l e t  t empera tu re  of  1600' F ,  a  compressor d i s c h a r g e  p r e s s u r e  
of  37 p s i a  and a t  a  compressor i n l e t  t e m p e r a t u r e  of 55' F. The r e s u l t i n g  
r e c u p e r a t o r  t e m p e r a t u r e  e f f e c t i v e n e s s  on t h e  h i g h  and low p r e s s u r e  s i d e s  
were approximate ly  89 p e r c e n t  and 9 1  p e r c e n t  r e s p e c t i v e l y .  The g r o s s  
a l t e r n a t o r  power o u t p u t  co r respond ing  t o  t h e s e  o p e r a t i n g  c o n d i t i o n s  
was approximate ly  12 kW. 

( 2 )  A t  a  t u r b i n e  i n l e t  t e m p e r a t u r e  of  1140' F  a  compressor d i s -  
charge  p r e s s u r e  o f  52 p s i a  and a t  a  compressor i n l e t  t e m p e r a t u r e  of 
100' F ,  an e s t i m a t e d  n e t  e f f i c i e n c y  o f  approximate ly  7 p e r c e n t  r e s u l t e d .  
A t  t h e s e  c o n d i t i o n s  t h e  g r o s s  a l t e r n a t o r  o u t p u t  was approximate ly  4 kW. 

Lewis Research  Cen te r  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Cleve land ,  Ohio, February  25,  1970 
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Figure 2: Brayton Rota t ing  U n i t .  



Figure 3: Brayton Heat Exchanger Unit. 



Figure b :  Core bundle of t h e  e l e c t r i c  hea t  source. 



Figure 5 :  Assembled heat source. 



Figure 6: E l e c t r i c  hea t  source and Brayton 
Heat Ekchanger Unit i n s t a l l a t i o n .  



Figure  7:  E l e c t r i c  h e a t  sou rce  and Brayton rotat in: ;  u n i t  i n s t a l l a t i o n .  



Figure 8: Gas management module. 



Figure 9: Heat r e j e c t i o n  module. 



COMPRESSOR DISCHARGE PRFSSURE, PcD (PSTA ) 

ure l0:Effect of Compressor Discharge Pressure on Turbine FTessu 
Compressor Pressure Ratio, and Weight Flow. Krypton Gas 

(a) Turbine I n l e t  Temperature 1200' F. 



COMPRESSOR DISCHARGE PRESSURE, PC, (PSIA ) 
Figure 1 0 : E f f e c t  of Compressor Discharge Pressure on Turbine Pressure Ratio, 

Compressor Pressure Ratio, and Weight Flow, Krypton Gas 
(b)  Turbine I n l e t  Temperature 1300° F. 



Figure 10:Effect  of Compressor Discharge Pressure on Turbine Pressure Ratio, 
Compressor Pressure Ratio, and Weight Flow. Krypton Gas 

(Q) Turbine I n l e t  Temperature U0o0 F. 



COMPRESSOR DISCHARGE PRESSLRE, Po (PSIA) 

Figure lO:.Effect of Compressor Discharge Pressure on Turbine Pressure Ratio, 
Compressor Pressure Ratio, agd Weight Flow. 

(d) Whine I n l e t  Temperature 1.500 F, Krypton Gas 



Figure lO:.Effect of Compressor Discharge Pressure on Turbine Pressure Ratio, 
Compressor Pressure Ratio, and Weight Flow. Krypton Gas 

(a) Whine Inlet Temperature 1600' F. 
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COMPRESSOR DISCHARGE PRESSURE, PCI, (PSIA) 

Figure 11: E f f e c t  of Compressor Discharge pressure  on Compressor pressure  ratio, 

Krypton Gas 
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COMPR'PSSOR DISCHARGE PRESSURE, PC (PSIA ) 

Figure 12: Effect  of Compressor Discharge pressure  on Turbine p ressure  r a t i o .  

Krypton Gas 



Figure 13:Effect  of Compressor Discharge Pressure on Alternator Power 0utput.KryptOn Gas 

(a )  Compressor Irifet (b) Compressor I n l e t  (c )  Compressor I n l e t  
Temperature = 70 F. Temperature ' 8s4 F. Tempsrature = 100" F. 
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COMPRESSOR DISCHARGE PRESSURE, PC,, (PSIA ) 

(a )  Low Pressure Side 

Figure 14: Variation of Recuperator Pressure Drop and Recuperator 
Temperature Effectiveness with Compressor Discharge 
Pressure a t  Turbine I n l e t  Temperature of 1600' I?. Krypton Gas 
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Figure 15: Effects of Discharge Pressure on the temperature effectiveness 
of the gas side of The Waste Heat- Heat Exchanger, Turbine 
Inlet Temperature = 1.600' F. Krypton Gas 

0 1 

Liquid Flow Rate - GPM 

Figure 16 : Effect  of coolant flow r a t e  on t he  waste hea t  heat-exchanger, 
l i qu id  s i de  temperature effect iveness .  Krypton Gas 



Liquid Flow Rate - GpM 

Figure l 7 : E f f e c t  of coolant flow r a t e  on the waste heat heat-exchanger, 
pressure drop . Krypton Gas 
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COMPRESSOR DISCHARGE PRESSURE PC, (PSIA) 

Figure 18 : Variation of system loss  pressure ratio with compressor discharge pressure. 
Krypton Gas; 



Figure 19 : Effect  of compressor discharge pressure on system efficiency.  Krypton Gas 

(a) Compressor i n l e t  temperature 7 0 O ~  
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Figure 19 : Continued. ( b )  Compressor i n l e t  temperature = 8Sa)?, Krypton Gas 



Figure 19 : Concluded. ( c )  Compressor in le t  temperature. = 100"~. Krypton Gas 


