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SUMMARY 

U.S. Depar tment  o f  E n e r g y ' s  S t i r l i n g  E g i n e  Highway 
i c l e  Systems program, t h e  NASA Lewis S t i r l i n g  e n g i n e  n o d a l - a n a l y s i s  p e r f o r m -  
e code was e v a l u a t e d  by  compar ing code p r e d i c t i o n s  w i t h o u t  e n g i n e - s p e c i f i c  

c a l i b r a t i o n  f a c t o r s  t o  S t i r l i n g  e n g i n e  t e s t  d a t a .  S t i r l i n g  e n g i n e  t e s t  d a t a  
was o b t a i n e d  from t h e  GPU-3, P-40, and RE-1000 S t i r l i n g  eng ines ,  o v e r  a wide 
range o f  o p e r a t i n g  c o n d i t i o n s .  The code e v a l u a t i o n  p r o c e s s  i n c l u d e d :  an 
i n v e s t i g a t i o n  o f  p r e d i c t i o n  error t r e n d s  f o r  changes i n  t h e  o p e r a t i n g  c o n d i -  
t i o n s ,  an i n v e s t i g a t i o n  i n t o  t h e  cause o f  t h e  power p r e d i c t i o n  e r r o r s ,  and an 
e v a l u a t i o n  of t h e  p o s s i b l e  computer model s h o r t c o m i n g s .  

The e r ro r  i n  p r e d i c t i n g  power o u t p u t  was - 1 1  p e r c e n t  fo r  t h e  P-40 and 
12 p e r c e n t  f o r  t h e  RE-1000 a t  d e s i g n  c o n d i t i o n s  and 16 p e r c e n t  f o r  t h e  GPU-3 
a t  n e a r - d e s i g n  c o n d i t i o n s  (2000 rpm e n g i n e  speed v e r s u s  3000 rpm a t  d e s i g n ) .  
The e f f i c i e n c y  and h e a t  r a t e  p r e d i c t i o n s  showed b e t t e r  agreement w i t h  e n g i n e  
t e s t  d a t a  t h a n  d i d  t h e  power p r e d i c t i o n s .  C o n c e r n i n g  a l l  d a t a  p o i n t s ,  t h e  
GPU-3 p r e d i c t i o n  e r r o r s  were much g r e a t e r  t h a n  t h o s e  f o r  t h e  P-40 or RE-1000. 
The GPU-3 power e r r o r  s i g n i f i c a n t l y  i n c r e a s e d  w i t h  d e c r e a s i n g  power l e v e l  and 
when u s i n g  h e l i u m  w o r k i n g  f l u i d  (compared t o  h y d r o g e n ) .  

i n a c c u r a c y  i n  p r e d i c t i n g  t h e  p r e s s u r e  phase a n g l e .  
p r e d i c t i o n  e r ro r  was m a i n l y  a r e s u l t  o f  i n a c c u r a c y  i n  p r e d i c t i n g  t h e  p r e s s u r e  
a m p l i t u d e .  
p r e s s u r e  a m p l i t u d e  and p h a s i n g  was d i f f i c u l t  because o f  r e l a t i v e l y  l a r g e  e r r o r s  
i n  m e a s u r i n g  t h e  w o r k i n g - f l u i d  p r e s s u r e  phase a n g l e .  
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w The e r ro r  i n  p r e d i c t i n g  t h e  GPU-3 b r a k e  power was m a i n l y  a r e s u l t  of 
The RE-1000 i n d i c a t e d  power 

The a n a l y s i s  o f  P-40 per fo rmance p r e d i c t i o n  e r r o r s  w i t h  r e s p e c t  t o  

A n a l y s i s  i n t o  t h e  GPU-3 p r e s s u r e  phase a n g l e  p r e d i c t i o n  e r r o r  suggested  
t h a t  improvements t o  t h e  h y s t e r e s i s  loss  model c o u l d  have a s i g n i f i c a n t  e f f e c t  
on  o v e r a l l  S t i r l i n g  e n g i n e  per fo rmance p r e d i c t i o n s .  Improvements i n  p r e d i c t -  
i n g  o t h e r  loss mechanisms such as gas leakage b y  t h e  p i s t o n s ,  e f f e c t s  of o s c i l -  
l a t i n g  f l ow  o n  p r e s s u r e  d r o p s  and h e a t  t r a n s f e r ,  and append ix  gap l o s s e s  w i l l  
u n d o u b t e d l y  improve per fo rmance p r e d i c t i o n s  as w e l l .  

INTRODUCTION 

T h i s  s t u d y  was done i n  s u p p o r t  o f  t h e  U.S. Depar tment  o f  Energy (DOE)  
S t i r l i n g  Eng ine  Highway V e h i c l e  Systems program. The NASA Lewis  Research Cen- 
t e r ,  t h r o u g h  i n t e r a g e n c y  agreement DE-AI01-85CE50112 w i t h  DOE, i s  r e s p o n s i b l e  
f o r  management o f  t h e  p r o j e c t  under  t h e  program d i r e c t i o n  o f  t h e  DOE O f f i c e  of  
T r a n s p o r t a t i o n  S y s t e m s ,  Heat  Eng ine  P r o p u l s i o n  D i v i s i o n .  

T h i s  r e p o r t  d e a l s  w i t h  t h e  e v a l u a t i o n  o f  t h e  NASA Lewis  S t i r l i n g  e n g i n e  
n o d a l - a n a l y s i s  per fo rmance code.  T h i s  s t u d y  was comple ted  b y  compar ing  code 
p r e d i c t i o n s  t o  S t i r l i n g  e n g i n e  t e s t  d a t a .  The o b j e c t i v e s  f o r  t h i s  e v a l u a t i o n  



were ( 1 )  t o  d e t e r m i n e  t h e  e x t e n t  o f  agreement o f  t h e  computer model w i t h  a w ide  
range o f  S t i r l i n g  e n g i n e  t e s t  d a t a  from a v a r i e t y  o f  eng ines ,  u s i n g  n o  e n g i n e -  
s p e c i f i c  c a l i b r a t i o n  f a c t o r s  and ( 2 )  t o  i d e n t i f y  shor tcomings  of t h e  model.  

The S t i r l i n g  e n g i n e  computer  model ,  d e s c r i b e d  i n  r e f e r e n c e  1 ,  i s  a n o d a l -  
a n a l y s i s ,  t i m e  m a r c h i n g  s i m u l a t i o n .  T h i s  thermodynamic per fo rmance code i s  
des igned for s i m u l a t i n g  e n g i n e  per fo rmance under  s t e a d y  p e r i o d i c  o p e r a t i n g  
c o n d i t i o n s .  

The s i m u l a t i o n  of S t i r l i n g  e n g i n e  per fo rmance i s  d i f f i c u l t  because common 
s i m p l i f y i n g  assumpt ions  c a n ' t  be made when d e a l i n g  w i t h  t h e  w o r k i n g  f l u i d  
dynamics.  The f l u i d  f low i s  uns teady ,  c o m p r e s s i b l e ,  m a i n l y  t u r b u l e n t ,  and 
m u l t i d i m e n s i o n a l ,  w i t h  v a r y i n g  p r o p e r t i e s .  W i t h  t h e  p r e s e n t  s t a t e  o f  t h e  a r t  
on  m o d e l i n g  t h e s e  complex f lows,  t h e  comple te  s o l u t i o n  t o  t h e  g o v e r n i n g  equa- 
t i o n s  would r e q u i r e  a l a r g e  amount o f  computer t i m e  ( o n  a " s u p e r c o m p u t e r " ) .  
The a l t e r n a t i v e  i s  t o  make s i m p l i f y i n g  assumpt ions  and t e s t  t h e  v a l i d i t y  o f  
t h o s e  assumpt ions  by  compar ing  t h e  computer  model p r e d i c t i o n s  w i t h  t e s t  d a t a .  

In t h e  p a s t ,  e f f o r t s  have been made to  v a l i d a t e  t h e  NASA Lewis  S t i r l i n g  
e n g i n e  computer model .  Tew ( r e f .  2 )  compared and c a l i b r a t e d  s i n g l e - c y l i n d e r  
S t i r l i n g  e n g i n e  computer model p r e d i c t i o n s  w i t h  t e s t  r e s u l t s .  Tew f o u n d  t h a t  
code p r e d i c t i o n s  c o u l d  be improved by  i n c r e a s i n g  t h e  p r e s s u r e  d r o p  p r e d i c t i o n .  
A l l e n  ( r e f .  3)  compared t e s t  r e s u l t s  o f  a 40-kW S t i r l i n g  e n g i n e  t o  computer  
model p r e d i c t i o n s  and s p e c u l a t e d  t h a t  t h e  o v e r  p r e d i c t i o n s  i n  b r a k e  power were 
caused b y  p i s t o n - s e a l  leakage n o t  b e i n g  accounted  f o r  i n  t h e  computer  mode l .  

F r e e - p i s t o n  S t i r l i n g  e n g i n e  computer model p r e d i c t i o n s  from t h e  NASA Lewis  
code w e r e  compared t o  t e s t  d a t a  b y  Tew ( r e f .  4 ) .  The per fo rmance p r e d i c t i o n  
e r r o r  was decreased b y  m a i n l y  i n c r e a s i n g  t h e  p r e d i c t e d  p r e s s u r e  d r o p  and 
d e c r e a s i n g  t h e  d i s p l a c e r  g a s - s p r i n g  leakage f a c t o r .  Geng ( r e f .  5 )  c a l i b r a t e d  
a s l i g h t l y  d i f f e r e n t  v e r s i o n  o f  t h e  f r e e - p i s t o n  S t i r l i n g  e n g i n e  computer 
model .  Large  i n c r e a s e s  i n  t h e  e x p a n s i o n  and compress ion-space h e a t  t r a n s f e r  
c o e f f i c i e n t s  were found to  improve per fo rmance p r e d i c t i o n s .  

The code e v a l u a t i o n  p r o c e s s  r e p o r t e d  h e r e  used e n g i n e  t e s t  d a t a  t h a t  
r e p r e s e n t e d  a w ide  range o f  o p e r a t i n g  c o n d i t i o n s ,  f o r  d i f f e r e n t  t y p e s  o f  S t i r l -  
i n g  e n g i n e s .  A l l  e n g i n e  t e s t  d a t a  was c o l l e c t e d  a t  NASA L e w i s .  The S t i r l i n g  
eng ines  used for t h i s  s t u d y  were t h e  GPU-3, P-40, and RE-1000. The GPU-3 i s  a 
6-kW s i n g l e - c y l i n d e r ,  r h o m b i c - d r i v e  S t i r l i n g  e n g i n e ,  d e s c r i b e d  i n  r e f e r e n c e  6 .  
The P-40 i s  a 40-kW f o u r - c y l i n d e r  d o u b l e - a c t i n g  S t i r l i n g  e n g i n e ,  d e s c r i b e d  i n  
r e f e r e n c e  7 .  The RE-1000 i s  a 1-kW s i n g l e - c y l i n d e r  f r e e - p i s t o n  S t i r l i n g  
e n g i n e ,  d e s c r i b e d  i n  r e f e r e n c e  8 .  A v a r i a b l e - s t r o k e  S t i r l i n g  e n g i n e ,  t h e  
Advenco, was i n i t i a l l y  i n c l u d e d  i n  t h i s  s t u d y ;  however,  because o f  t h e  uncer -  
t a i n t y  i n  t h e  mechan ica l  loss ,  r e a s o n a b l e  compar isons w i t h  t h e  t e s t  d a t a  c o u l d  
no be comple ted .  

P r e d i c t i o n s  were t h e n  made w i t h  t h e  computer model u s i n g  o p e r a t i n g  c o n d i -  
t i o n s  i d e n t i c a l  to  t h o s e  used i n  t h e  t e s t  c e l l .  P r e d i c t e d  and a c t u a l  e n g i n e  
per fo rmance were t h e n  compared and a n a l y z e d .  The e v a l u a t i o n  o f  t h e  S t i r l i n g  
e n g i n e  computer model i n c l u d e d :  an i n v e s t i g a t i o n  o f  p r e d i c t i o n  e r r o r  t r e n d s  
for  changes i n  o p e r a t i n g  c o n d i t i o n s ,  a summary of S t i r l i n g  e n g i n e  p r e d i c t i o n  
e r ro rs ,  and i n v e s t i g a t i o n  i n t o  t h e  cause o f  t h e  p o w e r . p r e d i c t , i o n  e r r o r s ,  and 
f i n a l l y  an e v a l u a t i o n  o f  t h e  p o s s i b l e  computer  model " s h o r t c o m i n g s " .  

I 
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PROCEDURE AND A N A L Y S I S  

D e s c r i p t i o n  o f  S t i r l i n g  Engine Computer Model 

The NASA Lewis S t i r l i n g  e n g i n e  computer model i s  a n o d a l - a n a l y s i s ,  t i m e  
march ing  s i m u l a t i o n .  The nodes, or c o n t r o l  volumes, a r e  used to  s i m p l i f y  t h e  
s o l u t i o n  of t h e  g o v e r n i n g  e q u a t i o n s ,  f o r  each t i m e  s t e p .  Reference I d e s c r i b e s  
t h e  code, wh ich  was i n i t i a l l y  d e s i g n e d  f o r  p r e d i c t i n g  s t e a d y  p e r i o d i c  per form- 
ance f o r  a k i n e m a t i c  S t i r l i n g  e n g i n e .  

The NASA S t i r l i n g  e n g i n e  computer model has been m o d i f i e d  by b o t h  Mechani-  
c a l  Technology I n c o r p o r a t e d  ( r e f .  9) and Tew, o f  NASA,  ( r e f .  4 )  t o  model t h e  
f r e e - p i s t o n  S t i r l i n g  e n g i n e .  The thermodynamics o f  t h e  f r e e - p i s t o n  S t i r l i n g  
eng ine  a r e  s i m i l a r  t o  t h a t  f o r  t h e  k i n e m a t i c  S t i r l i n g  e n g i n e .  The f r e e - p i s t o n  
S t i r l i n g  e n g i n e  does n o t  c o u p l e  t h e  d i s p l a c e r  and p i s t o n  m e c h a n i c a l l y ;  r a t h e r ,  
t h e  m o t i o n  o f  t h e  d i s p l a c e r  and p i s t o n  i s  governed b y  w o r k i n g  f l u i d  and gas- 
s p r i n g  p r e s s u r e  f o r c e s .  The d i s p l a c e r  and p i s t o n  gas s p r i n g s  and gas leakage 
p a t h s  a r e  accounted  f o r  i n  t h e  f r e e - p i s t o n  S t i r l i n g  e n g i n e  s i m u l a t i o n .  

The f r e e - p i s t o n  v e r s i o n  o f  t h e  NASA Lewis S t i r l i n g  e n g i n e  computer model 
was improved by Geng ( r e f .  5 ) .  N o t a b l e  improvements were made i n  t h e  cooler 
h e a t  exchanger model ,  gas leakage model,  and d i s p l a c e r  g a s - s p r i n g  model .  
S u l l i v a n  ( t h e  a u t h o r  of t h i s  r e p o r t )  a l s o  made v a r i o u s  improvements t o  t h e  k i n -  
e m a t i c  v e r s i o n  o f  t h e  computer model .  M a j o r  improvements,  o v e r  t h a t  p r e s e n t e d  
i n  r e f e r e n c e  4 ,  were made i n  t h e  r e g e n e r a t o r  h e a t  exchanger  model and t h e  o v e r -  
a l l  f l o w - p a t h  p r e s s u r e  d r o p  model .  Improvements t o  t h e  o v e r a l l  f l o w - p a t h  p r e s -  
sure  d r o p  model a r e  d e s c r i b e d  i n  r e f e r e n c e  10. 

Pr ior  t o  e v a l u a t i n g  t h e  computer model,  e n g i n e - s p e c i f i c  c a l i b r a t i o n  fac-  
t o rs  t h a t  were used t o  f o r c e  code p r e d i c t i o n s  t o  agree w i t h  e n g i n e  t e s t  d a t a  
were removed. The removal  o f  these c a l i b r a t i o n  f a c t o r s  was necessary  f o r  an 
u n b i a s e d  e v a l u a t i o n  o f  t h e  computer model .  

A l i s t  o f  p o s s i b l e  computer model shor tcomings  was made p r i o r  t o  t h e  com- 
p a r i s o n s .  These p o s s i b l e  shor tcomings  a r e  as fo l lows: 

( 1 )  A u x i l i a r y  and mechan ica l  loss u n c e r t a i n t y  
( 2 )  Inadequate or no gas leakage loss model 
( 3 )  P r i m i t i v e  append ix  gap ( d i s p l a c e r - c y l i n d e r  gap) loss model 
(4) Inadequate  h y s t e r e s i s  ( c y l i n d e r  h e a t  t r a n s f e r )  loss model 
( 5 )  Use o f  s t e a d y  f l ow  f r i c t i o n  f a c t o r  and h e a t  t r a n s f e r  coef f  

( 6 )  S i m p l i f i e d  t r e a t m e n t  o f  t h e  momentum e q u a t i o n  and energy  e 
( 7 )  F i n i t e  number o f  nodes and i n c r e m e n t s  p e r  c y c l e  

r e l a t i o n s  ( a s  w e l l  as 1-D f l u i d  flow a p p r o x i m a t i o n )  

The i m p o r t a n c e  o f  these computer model s h o r t c o m i n g s  was r e a d d r e s s e d  
l y z i n g  r e s u l t s  from t h i s  s t u d y .  

E x p e r i m e n t a l  S t i r l i n g  Engine T e s t i n g  

c i e n t  cor- 

u a t i o n  

when ana- 

The Ground Power U n i t  (GPU) S t i r l i n g  e n g i n e  was b u i l t  b y  t h e  Genera l  
Motors Research L a b o r a t o r y ;  i t  i s  r e f e r r e d  to as t h e  G P U - 3  s i n c e  i t  was meant 
t o  d e l i v e r  3 kW o f  e l e c t r i c a l  energy  from t h e  u n i t  as a whole.  The GPU-3 i s  a 
6-kW. s i n g l e - c y l i n d e r ,  r h o m b i c - d r i v e  S t i r l i n g  e n g i n e ,  d e s c r i b e d  i n  r e f e r e n c e  6 
and p i c t u r e d  i n  f i g u r e  1 .  The GPU-3 t e s t  d a t a  used i n  t h i s  s t u d y  i n c l u d e d  a 
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range o f  average h e a t e r - t u b e  gas t e m p e r a t u r e s ,  mean work ing-space gas p r e s -  
s u r e s ,  and eng ine  speeds w i t h  b o t h  h e l i u m  and hydrogen w o r k i n g  f l u i d s .  Eng ine  
t e s t i n g  d e t a i l s  a r e  g i v e n  i n  r e f e r e n c e s  6 and 1 1 .  GPU-3 d e s i g n  o p e r a t i n g  con- 
d i t i o n s  a r e  g i v e n  i n  t a b l e  I .  

The P-40 S t i r l i n g  e n g i n e  was b u i l t  b y  U n i t e d  S t i r l i n g  o f  Sweden. The 
P-40 i s  a 40-kW, d o u b l e - a c t i n g ,  f o u r - c y l i n d e r  S t i r l i n g  e n g i n e ,  d e s c r i b e d  i n  
r e f e r e n c e  7 and shown i n  f i g u r e  2 .  The P-40 t e s t  d a t a  used i n  t h i s  s t u d y  was 
fo r  a range o f  mean work ing-space gas p r e s s u r e  and e n g i n e  speeds. The w o r k i n g  
f l u i d  was hydrogen and t h e  average h e a t e r - t u b e  w a l l  t e m p e r a t u r e  was h e l d  f i x e d .  
f u r t h e r  P-40 t e s t i n g  d e t a i l s  a r e  i n  r e f e r e n c e  3 .  Eng ine  d e s i g n  o p e r a t i n g  con- 
d i t i o n s  a r e  shown i n  t a b l e  I. 

The RE-1000 f r e e -  
RE-1000 i s  a s i n g l e  cy 
d e s c r i b e d  i n  r e f e r e n c e  
l e c t e d  u s i n g  a dashpot  
gas p r e s s u r e s ,  average 
t e m p e r a t u r e s .  D e t a i l s  
f l u i d  was h e l i u m .  RE-  

The GPU-3, P-40, 

i s t o n  S t i r l i n g  e n g i n e  was b u i l t  by  Sunpower, I n c .  The 
i n d e r  S t i r l i n g  e n g i n e  c a p a b l e  f o  1-kW o u t p u t  and i s  
8 and shown i n  f i g u r e  3 .  The e n g i n e  t e s t  d a t a  was col-  
l o a d ,  f o r  a range of p i s t o n  s t r o k e s ,  mean work ing-space 
h e a t e r - t u b e  w a l l  t e m p e r a t u r e s ,  and average c o o l a n t  i n l e t  
o f  t h e  e n g i n e  t e s t i n g  a r e  i n  r e f e r e n c e  12. The w o r k i n g  
000 d e s i g n  o p e r a t i n g  c o n d i t i o n s  a r e  shown i n  t a b l e  I. 

nd RE-1000 S t i r l i n g  e n g i n e  d imens ions  a r e  l i s t e d  i n  
t a b l e s  A . 1 ,  A.11, A.111, and A . I V  of append ix  A .  The e n g i n e  t e s t  d a t a  t h a t  
were u s e d  i n  t h i s  study a r e  shown i n  t a b l e s  6 . 1 ,  B.11, B.111 o f  appendix B. 
A l l  e n g i n e  t e s t  d a t a  were t a k e n  a t  NASA Lewis .  

S t i r l i n g  Engine Per formance P r e d i c t i o n s  

Necessary i n p u t s  t o  t h e  computer model a r e  d e f i n e d  i n  t a b l e  11. Space 
and t i m e  i n c r e m e n t  s p e c i f i c a t i o n s  f o r  t h e  computer  model were chosen t o  r e s u l t  
i n  a p r e d i c t e d  error i n  t h e  energy  b a l a n c e  o f  r o u g h l y  1 p e r c e n t  or l e s s .  Code 
o p t i o n s  used fo r  t h i s  s t u d y  i n c l u d e d :  w o r k i n g  f l u i d  was m o d e l i n g  u s i n g  r e a l  
p r o p e r t i e s  ( i n s t e a d  o f  i d e a l ) ;  average h e a t e r - t u b e  w a l l  t e m p e r a t u r e  was i n p u t  
fo r  t h e  P-40 and RE-1000, and h e a t e r - t u b e  gas t e m p e r a t u r e  was i n p u t  f o r  t h e  
GPU-3. Also t h e  RE-1000 p i s t o n  and d i s p l a c e r  m o t i o n s  were i n p u t  t o  t h e  com- 
p u t e r  model .  

The S t i r l i n g  e n g i n e  o p e r a t i n g  c o n d i t i o n s  t h a t  were used i n  t h e  computer 
model matched t h o s e  f o r  t h e  e x p e r i m e n t a l  e n g i n e  t e s t i n g .  The mean gas p r e s s u r e  
i n p u t  t o  t h e  model was t h e  e x p e r i m e n t a l  mean compress ion-space gas p r e s s u r e .  
V a r i o u s  h e a t e r - t u b e  w a l l  (or  h e a t e r - t u b e  gas)  t e m p e r a t u r e  mean compress ion-  
space gas p r e s s u r e .  V a r i o u s  h e a t e r - t u b e  w a l l  (or  h e a t e r - t u b e  gas)  t e m p e r a t u r e  
measurements were s p a t i a l l y  averaged and i n p u t  i n t o  t h e  computer  model .  Also 
averaged were v a r i o u s  e n g i n e  component t e m p e r a t u r e s ,  such as c y l i n d e r  w a l l  tem- 
D e r a t u r e  (used f o r  c o n d u c t i o n  c a l c u l a t i o n s ) .  

The GPU-3 averaged h e a t e r - t u b e  gas t e m p e r a t u r e  was t h e  average t e m p e r a t u r e  
measurement from t h r e e  thermocoup les ,  each l o c a t e d  i n s i d e  a s e p a r a t e  h e a t e r  
t u b e .  Two h e a t e r - t u b e  w a l l  t e m p e r a t u r e s  were i n p u t  for  t h e  P-40 s i m u l a t i o n :  
one t o  r e p r e s e n t  t h e  h e a t e r - t u b e s  i n  t h e  back row and one t o  r e p r e s e n t  t h e  
h e a t e r - t u b e s  i n  t h e  f r o n t  row. These two-heater - tube w a l l  t e m p e r a t u r e s  were 
based on a t o t a l  o f  t w e l v e  thermocoup le  r e a d i n g s  w i t h  t h e  thermocoup les  l o c a t e d  

thermocouples w e r e  mounted on  t h e  c o o l e s t  s u r f a c e  ( c i r c u m f e r e n t i a l l y )  o f  t h e  

, 

I a t  v a r i o u s  l o c a t i o n s  a l o n g  t h e  o u t s i d e  h e a t e r - t u b e  w a l l .  The P-40 h e a t e r - t u b e  
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h e a t e r  tube so c o r r e c t i o n s  had t o  be made t o  t h e s e  r e a d i n g s  t o  o b t a i n  an a v e r -  
age ( c i r c u m f e r e n t i a l l y )  t u b e  t e m p e r a t u r e .  These c o r r e c t i o n s  depended o n  t h e  
f u e l  flow r a t e  and were based on  d a t a  from U n i t e d  S t i r l i n g  of Sweden. The 
RE-1000 average h e a t e r - t u b e  w a l l  t e m p e r a t u r e  was an average of t w e l v e  thermo- 
c o u p l e  r e a d i n g s .  

I n d i c a t e d  power was used f o r  t h e  RE-1000 p r e d i c t i o n - e x p e r i m e n t a l  compar i -  
son; b r a k e  power was used f o r  t h e  GPU-3 and P-40 compar ison.  The GPU-3 and 
P-40 b e a t  i n p u t s  were d e f i n e d  as t h e  energy  i n p u t  from t h e  f u e l  minus t h e  
b u r n e r  l o s s e s  ( t h e  b u r n e r  l o s s e s  were c a l c u l a t e d  from e n e r g y  b a l a n c e s ) .  The 
RE-1000 h e a t e r  tubes  were e l e c t r i c a l  c o n d u c t o r s ;  t h e  h e a t  i n p u t  was d e f i n e d  as 
t h e  v o l t a g e  d r o p  a c r o s s  t h e  h e a t e r  t u b e s  t i m e s  t h e  c u r r e n t .  

Throughout  t h i s  r e p o r t  t h e  t e r m  " p r e s s u r e  a m p l i t u d e "  was r e d e f i n e d  t o  be 
t h e  d i f f e r e n c e  between t h e  maximum gas p r e s s u r e  and minimum gas p r e s s u r e .  Nor- 
m a l l y  t h e  gas p r e s s u r e  a m p l i t u d e  i s  d e f i n e d  as maximum minus t h e  mean gas 
p r e s s u r e .  

U s e  o f  t h e  Pressure-Wave C u r v e - F i t  (PWCF) Code 

P r e d i c t i o n  e r r o r s  f o r  t h e  power o u t p u t  and h e a t  i n p u t  depend on  t h e  gas- 
pressure-wave a m p l i t u d e  ( p r e s s u r e  a m p l i t u d e )  e r r o r ,  t h e  gas-pressure-wave/  
p i s t o n - p o s i t i o n  phase a n g l e  ( p r e s s u r e  phase a n g l e )  e r r o r ,  and t h e  mechan ica l  
l o s s  error (when c o n s i d e r i n g  t h e  b r a k e  power p r e d i c t i o n  e r r o r ) .  The power o u t -  
p u t  and h e a t  i n p u t  p r e d i c t i o n  e r r o r s  a l s o  depend o n  any e r r o r  i n  s i m u l a t i n g  
t h e  e n g i n e  volume v a r i a t i o n s ,  b u t  t h e  s i m u l a t e d  volume v a r i a t i o n s  used f o r  t h i s  
s t u d y  were c o n s i d e r e d  p e r f e c t l y  a c c u r a t e .  

I t  was d e s i r e d  t o  d e t e r m i n e  wh ich  p r e s s u r e  parameter  p r e d i c t i o n  e r r o r  
( a m p l i t u d e  or phase a n g l e )  was r e s p o n s i b l e  f o r  t h e  power o u t p u t  and h e a t  i n p u t  
p r e d i c t i o n  e r r o r s ;  a t t e n t i o n  was a l s o  g i v e n  t o  t h e  e f f e c t  o f  a mechan ica l  loss 
er ror .  Due t o  t h e  n a t u r e  o f  t h e  NASA Lewis  S t i r l i n g  e n g i n e  computer  s i m u l a -  
t i o n ,  i t  i s  unab le  t o  p e r f o r m  t h i s  t y p e  o f  i n v e s t i g a t i o n .  Thus, t h e  PWCF code 
was w r i t t e n  fo r  t h i s  p u r p o s e .  
t o r  and a d e t a i l e d  d e s c r i p t i o n  o f  t h e  PWCF code can be f o u n d  i n  append ix  C .  

PWCF s t a n d s  f o r  Pressure-Wave C u r v e - F i t  I n t e g r a -  

The f o l l o w i n g  p r o c e d u r e  was used t o  i n v e s t i g a t e  S t i r l i n g  eng ine  per for rn-  
ance s e n s i t i v i t y  t o  p r e d i c t i o n  e r r o r s  i n  t h e  p r e s s u r e  p a r a m e t e r s :  

( 1 )  I n p u t  e x p e r i m e n t a l  p r e s s u r e  parameters  ( b o t h  a m p l i t u d e  and phase 
a n g l e )  to t h e  PWCF code and c a l c u l a t e  per formance.  

( 2 )  C a l c u l a t e  per fo rmance a g a i n ,  now s u b s t i t u t i n g  e i t h e r  t h e  p r e d i c t e d  
p r e s s u r e  a m p l i t u d e  or t h e  p r e d i c t e d  phase a n g l e .  

( 3 )  Compare t h e  two c a l c u l a t e d  per fo rmances t o  d e t e r m i n e  t h e  e f f e c t  of t h e  
d i f f e r e n c e  between t h e  p r e d i c t e d  and t h e  measured p r e s s u r e  a m p l i t u d e  or phase 
a n g l e .  

Note from appendix  C t h a t  t h e  c a l c u l a t i o n s  from t h e  PWCF code for b r a k e  
power agree w e l l  w i t h  p r e d i c t i o n s  from t h e  NASA Lewis  S t i r l i n g  e n g i n e  computer  
s i m u l a t i o n .  However, agreement f o r  t h e  h e a t  i n p u t  was n o t  a c c e p t a b l e  and t h u s ,  
t h e  PWCF code c o u l d  n o t  be used t o  a n a l y z e  e r r o r s  i n  h e a t  i n p u t .  
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I RESULTS AND DISCUSSION 

T h i s  s e c t i o n  covers  t h e  f o l l o w i n g :  i n v e s t i g a t i o n  o f  t r e n d s  i n  p r e d i c t i o n  
errors fo r  each S t i r l i n g  e n g i n e ,  summary o f  S t i r l i n g  e n g i n e  p r e d i c t i o n  e r r o r s ,  
i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  p r e s s u r e  a m p l i t u d e  and p h a s i n g  on  t h e  power 
o u t p u t  p r e d i c t i o n  e r r o r s ,  and e v a l u a t i o n  o f  t h e  computer model s h o r t c o m i n g s .  
Throughout  t h i s  r e p o r t  t h e  p r e d i c t i o n  "er ror"  r e f e r s  t o  an e r r o r  based o n  p e r -  
centages and i s  d e f i n e d  as t h e  p r e d i c t e d  v a l u e  minus t h e  e x p e r i m e n t a l  v a l u e  
d i v i d e d  by  t h e  e x p e r i m e n t a l  v a l u e .  
c o n s i d e r e d  a l l  o p e r a t i n g  c o n d i t i o n s  f o r  each S t i r l i n g  eng ine  and a r e  accompa- 
n i e d  w i t h  r e p r e s e n t a t i v e  f i g u r e s  showing t h e  t r e n d s .  

The p r e d i c t i o n  e r r o r  t r e n d s  d i s c u s s e d  be low 

Comparisons f o r  t h e  GPU-3 S t i r l i n g  Engine 

The f o l l o w i n g  GPU-3 o p e r a t i n g  c o n d i t i o n s  were v a r i e d :  e n g i n e  speed, mean 
compression-space gas p r e s s u r e ,  average h e a t e r - t u b e  gas t e m p e r a t u r e ,  and work- 
i n g  f l u i d .  Des ign  o p e r a t i n g  c o n d i t i o n s  a r e  shown i n  t a b l e  I .  The c o o l a n t  
i n l e t  t e m p e r a t u r e  was h e l d  c o n s t a n t  a t  20 O C  f o r  a l l  GPU-3 d a t a  p o i n t s  used i n  
t h i s  s t u d y .  Brake power v e r s u s  e n g i n e  speed, for a f i x e d  h e a t e r - t u b e  gas tem- 
p e r a t u r e  and mean p r e s s u r e ,  i s  shown i n  f i g u r e  4. Brake power i s  seen t o  be 
o v e r p r e d i c t e d .  The error i n  p r e d i c t i n g  b r a k e  power i n c r e a s e s  w i t h  e n g i n e  
speed and i s  l a r g e r  when t h e  w o r k i n g  f l u i d  i s  h e l i u m .  F i g u r e  5 shows b r a k e  
power v e r s u s  e n g i n e  speed, f o r  v a r i o u s  mean p r e s s u r e s .  The work ing  f l u i d  i s  
h e l i u m  and t h e  h e a t e r - t u b e  gas t e m p e r a t u r e  i s  h e l d  f i x e d .  The b r a k e  power p r e -  
d i c t i o n  error (remember t h i s  i s  a p e r c e n t a g e  e r r o r )  decreases w i t h  i n c r e a s i n g  
mean p r e s s u r e ;  s i m i l a r  r e s u l t s  o c c u r r e d  when u s i n g  hydrogen w o r k i n g  f l u i d .  
Brake power v a r i a t i o n  w i t h  e n g i n e  speed and h e a t e r - t u b e  gas t e m p e r a t u r e  i s  
shown i n  f i g u r e  6 .  
power p r e d i c t i o n  e r r o r  i s  c o n s i d e r e d  i n s i g n i f i c a n t .  

The e f f e c t  o f  t h e  h e a t e r - t u b e  gas t e m p e r a t u r e  o n  t h e  b r a k e  

Heat  i n p u t  v e r s u s  e n g i n e  speed f o r  hydrogen and h e l i u m  w o r k i n g  f l u i d s  i s  
shown i n  f i g u r e  7 .  The h e a t e r - t u b e  gas t e m p e r a t u r e  and mean p r e s s u r e  a r e  h e l d  
f i x e d .  Heat  i n p u t  i s  o v e r  p r e d i c t e d  fo r  b o t h  gases.  F i g u r e  8 shows h e a t  
i n p u t  v e r s u s  e n g i n e  speed, for a v a r i a t i o n  i n  mean p r e s s u r e  f o r  h e l i u m  w o r k i n g  
f l u i d .  The e r r o r  i n  p r e d i c t i n g  h e a t  i n p u t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  changes 
i n  t h e  e n g i n e  speed and mean p r e s s u r e .  F i g u r e  9 shows h e a t  i n p u t  for v a r i a -  
t i o n s  i n  t h e  e n g i n e  speed and h e a t e r - t u b e  gas t e m p e r a t u r e .  The mean p r e s s u r e  
i s  h e l d  f i x e d  and t h e  w o r k i n g  f l u i d  i s  hydrogen;  t h e  r e s u l t s  a r e  s i m i l a r  when 
u s i n g  h e l i u m  w o r k i n g  f l u i d .  N o t i c e  t h e  p r e d i c t i o n  e r r o r  i n c r e a s e s  as t h e  
n e a t e r - t u b e  gas t e m p e r a t u r e  r i s e s .  

The compression-space p r e s s u r e  a m p l i t u d e  v e r s u s  e n g i n e  speed, for v a r i o u s  
h e a t e r - t u b e  gas tempera tures  and f o r  hydrogen w o r k i n g  f l u i d ,  i s  shown i n  f i g -  
u r e  10; remember t h e  p r e s s u r e  a m p l i t u d e  i s  d e f i n e d  as t h e  maximum p r e s s u r e  
minus t h e  minimum p r e s s u r e .  N o t i c e  t h a t  t h e  e r r o r  i n c r e a s e s  w i t h  t h e  h e a t e r -  
tube gas t e m p e r a t u r e .  The p r e d i c t i o n  error p r o v e d  t o  be i n s e n s i t i v e  t o  mean 
p r e s s u r e .  These t r e n d s  a r e  a b o u t  t h e  same f o r  t h e  expansion-space gas p r e s s u r e  
a m p l i t u d e  as w e l l  as when u s i n g  h e l i u m  w o r k i n g  f l u i d .  The a b s o l u t e  p r e d i c t i o n  
e r r o r  was g r e a t e r  f o r  h e l i u m  w o r k i n g  f l u i d  t h a n  f o r  hydrogen.  A l t h o u g h  t h e  
p r e s s u r e  a m p l i t u d e  er ror  i s  i n s e n s i t i v e  t o  mean p r e s s u r e  and r e l a t i v e l y  insen-  
s i t i v e  t o  eng ine  speed, t h e  GPU-3 b r a k e  power e r r o r  depends o n  p r e s s u r e  and 
i n c r e a s e s  w i t h  e n g i n e  speed; t h i s  suggests  t h a t  t h e  GPU-3 b r a k e  power e r r o r  i s  
n o t  a r e s u l t  of i n a c c u r a c y  i n  t h e  p r e d i c t i o n  o f  t h e  p r e s s u r e  a m p l i t u d e .  



Comparisons for the P-40 Stirling Engine 

Variations in the P-40 engine operating conditions were accomplished by 
changing the mean gas pressure and the engine speed. The working fluid was 
hydrogen for all P-40 tests. P-40 design operating conditions are shown in 
table I. Figure 1 1  shows brake power versus engine speed, for variations in 
mean pressure. Brake power is underpredicted with the error increasing 
slightly with increasing engine speed and decreasing slightly with increasing 
mean pressure; these variations in the P-40 brake power prediction error are 
significantly smaller than those for the GPU-3. Allen's comparison of code 
predictions to engine test data (ref. 3 )  showed that P-40 brake power was 
slightly overpredicted. Prior to this study, the dead volumes that were input 
to the computer model were updated based on recent engine measurements. This 
improvement caused the change in P-40 predictions relative to Allen's 
comparison. 

Heat input versus engine speed, for various mean pressures, is shown in 
figure 12. Heat input agreement is very good with no apparent trends in the 
prediction error (percentage error). Figure 13 shows the compression-space 
pressure amplitude versus engine speed, for various mean pressures. The agree- 
ment again i s  very good with respect to both engine speed and mean pressure. 

Comparisons for the RE-1000 Stirling Engine 

The following RE-1000 operating conditions were varied: piston stroke, 
mean gas pressure, average heater wall temperature, and coolant inlet tempera- 
ture; while one of these parameters was varied, the other three were held at 
design conditions. Engine design operating conditions are shown in table I. 
The working fluid is helium. Measurement error bands are shown on the figures. 

Indicated power versus piston stroke is shown in figure 14. Indicated 
power is over predicted with the prediction error increasing with piston 
stroke. Figures 15 and 16 show indicated power versus mean pressure and heater 
wall temperature, respectively. The indicated power prediction error decreases 
with mean pressure and increases with heater wall temperature. Indicated power 
versus coolant inlet temperature is shown in figure 17. The error decreases 
with increasing coolant inlet tenperature. These variations in t h e  RE-1000 
indicated power prediction error are significantly smaller than those for the 
GPU-3. 

Heat input versus piston stroke is shown in figure 18. Figures 19 and 20 
show heat input versus mean pressure and heater wall temperature, respectively. 
Heat input versus coolant inlet temperature is shown in figure 21. Considering 
all data points, the error in predicting heat input can be considered insensi- 
tive to variations in all four parameters. 

Compression-space pressure amplitude versus heater wall temperature is 
shown in figure 22. The error increases with increasing heater wall tempera- 
ture. Considering a variation in all the independent parameters, a variation 
in the heater wall temperature had the biggest effect on the prediction error 
in the compression-space arnplitude. 
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Summary o f  S t i r l i n g  Engine P r e d i c t i o n  Errors 

Eng ne per formance p r e d i c t i o n  e r r o r s  fo r  d e s i g n  (or  near -des ign)  and low 
power c o n d i t i o n s ,  a r e  shown i n  t a b l e  111. Two low power c o n d i t i o n s  a r e  shown 
for t h e  RE-1000, a t  low p i s t o n  s t r o k e  and a t  low mean gas p r e s s u r e .  For each 
e n g i n e ,  t h e  e r r o r s  f o r  t h e  low power c o n d i t i o n  shown a r e  t y p i c a l  o f  o t h e r  low 
power c o n d i t i o n  e r r o r s ,  n o t  shown on t h e  t a b l e .  

The GPU-3 power e r r o r  i s  t h e  l a r g e s t ,  when compar ing e r r o r s  o f  a l l  
e n g i n e s .  The GPU-3 e r r o r  i s  l a r g e r  w i t h  h e l i u m  w o r k i n g  f l u i d  t h a n  w i t h  hydro-  
gen and a l s o  when d e c r e a s i n g  t h e  power l e v e l .  The e f f i c i e n c y  p r e d i c t i o n  gener-  
a l l y  shows b e t t e r  agreement t o  e n g i n e  t e s t  d a t a  t h a n  does t h e  power p r e d i c t i o n .  
T h i s  i s  due t o  t h e  v a l u e  o f  t h e  h e a t  i n p u t  p r e d i c t i o n  e r r o r .  The h e a t  i n p u t  
and h e a t  o u t  o f  t h e  e n g i n e  e r r o r s  a r e  g e n e r a l l y  l o w e r  t h a n  t h e  power p r e d i c t i o n  
e r ro rs ;  t h e y  a r e  g e n e r a l l y  l a r g e r  f o r  t h e  GPU-3 eng ine ,  when compared t o  t h e  
o t h e r  e n g i n e s .  When compared t o  t h e  power e r r o r s ,  t h e s e  e r r o r s  i n  h e a t  i n p u t  
and h e a t  o u t  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  power l e v e l .  

The e r r o r s  i n  gas t e m p e r a t u r e  were based on  t ime-averaged gas tempera- 
t u r e s .  The p r e d i c t e d  gas t e m p e r a t u r e s  f o r  t h e  GPU-3 and RE-1000 eng ines  com- 
p a r e  w e l l  w i t h  t h e  t e s t  d a t a ;  t h e  p r e d i c t i o n  e r r o r s  f o r  t h e  P-40 a r e  l a r g e r .  

For each e n g i n e ,  t h e  er rors  i n  t h e  expans ion  and compression-space p r e s -  
sure amplitudes are lower than the power errors. The GPU-3 pressure amplitude 
er ro rs  a r e  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  power e r r o r s ;  t h i s  seems t o  suggest  
t h a t  t h e  e r r o r  i n  p r e d i c t i n g  t h e  p r e s s u r e  a m p l i t u d e  i s  n o t  r e s p o n s i b l e  f o r  t h e  
GPU-3 power p r e d i c t i o n  e r r o r .  The P-40 p r e s s u r e  a m p l i t u d e s  a r e  o v e r  p r e d i c t e d .  
The maximum and minimum P-40 gas p r e s s u r e s ,  used t o  d e t e r m i n e  t h e  p r e s s u r e  
a m p l i t u d e s ,  were measured ( w i t h  l a r g e  s t r a i n  gage t r a n s d u c e r s )  i n  t h e  P-40 v e n t  
and p r e s s u r i z a t i o n  l i n e s ,  r e s p e c t i v e l y ;  t h e s e  p r e s s u r e  a m p l i t u d e  measurements 
a r e  c o n s i d e r e d  s u f f i c i e n t l y  a c c u r a t e .  The f a c t  t h a t  t h e  P-40 p r e s s u r e  a m p l i -  
t u d e s  a r e  o v e r  p r e d i c t e d  and t h e  P-40 b r a k e  power i s  under  p r e d i c t e d  suggests  
an i n c o n s i s t e n c y ,  wh ich  w i l l  be d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t .  

The a b s o l u t e  e r r o r  i n  t h e  compress ion-space p r e s s u r e  phase a n g l e  i s  seen 
t o  be r e l a t i v e l y  l a r g e  f o r  t h e  GPU-3 and n e g l i g i b l e  f o r  t h e  RE-1000. The 
GPU-3 phase a n g l e  a b s o l u t e  e r r o r s  a r e  a p p r o x i m a t e  because o f  u n c e r t a i n t y  i n  
t h e  measurement o f  t h e  a c t u a l  e n g i n e  p r e s s u r e  phase a n g l e .  The h e a t  exchanger  
p r e s s u r e - d r o p  a m p l i t u d e  was measured on  t h e  RE-1000 e n g i n e ;  t h e  p r e s s u r e - d r o p  
a m p l i t u d e  p r e d i c t i o n  e r r o r s  a r e  l a r g e .  

P r e s s u r e  Parameters E f f e c t s  on Power P r e d i c t i o n  Errors 

The i n v e s t i g a t i o n  i n t o  t h e  power p r e d i c t i o n  errors was accompl ished by  
u s i n g  t h e  PWCF code, d e s c r i b e d  i n  t h e  PROCEDURE AND A N A L Y S I S  s e c t i o n  and i n  
appendix  C .  Pr ior  t o  u s i n g  t h e  PWCF code f o r  t h e  GPU-3 and P-40 e n g i n e s ,  t h e  
a c c u r a c y  o f  t h e  mechan ica l  loss model i n p u t  t o  t h e  code had t o  be c o n s i d e r e d .  
The GPU-3 b r a k e  power p r e d i c t i o n  e r r o r  may have been caused by  a l a r g e  under-  
p r e d i c t i o n  i n  t h e  mechan ica l  l o s s .  The mechan ica l  loss used f o r  t h e  GPU-3 

mechan ica l  loss was c o n s i d e r e d  t o  be t h e  sum o f  t h e  h e a t  r e j e c t e d  t o  t h e  o i l  
and t h e  b u f f e r - s p a c e  c o o l i n g  w a t e r  ( r e f .  1 1 ) .  An a t t e m p t  was a l s o  made t o  
measure t h e  mechan ica l  loss more d i r e c t l y  by  d o i n g  " m o t o r i n g  t e s t s "  ( r e f .  1 1 ) .  

I p r e d i c t i o n s  was d e r i v e d  from e x p e r i m e n t a l  d a t a  fo r  t h e  energy  b a l a n c e .  The 
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c a l  loss d e r i v e d  from t h e  m o t o r i n g  t e s t  was c o n s i d e r e d  t o  be an 
for t h e  t r u e  GPU-3 mechan ica l  loss.  

F i g u r e  2 3  shows t h e  e f f e c t  t h a t  t h i s  m o t o r i n g  t e s t  d a t a  has on t h e  b rake  
power p r e d i c t i o n  compared t o  t h e  b a s e l i n e  p r e d i c t i o n  ( u s i n g  t h e  energy  b a l a n c e  
mechan ica l  l o s s ) .  A n a l y s i s  o f  a l l  GPU-3 d a t a  showed t h a t ,  when u s i n g  t h e  
m o t o r i n g  t e s t  mechan ica l  loss for  hydrogen w o r k i n g  f l u i d ,  t h e  p r e d i c t i o n  error 
decreased b y  an average o f  18 p e r c e n t  a t  low eng ine  speeds and 60 p e r c e n t  a t  
h i g h  e n g i n e  speeds. When h e l i u m  w o r k i n g  f l u i d  was used,  t h e  use o f  t h e  motor- 
i n g  t e s t  mechan ica l  loss r e s u l t e d  i n  t h e  p r e d i c t i o n  error i n c r e a s i n g  by an 
average of  1 1  p e r c e n t  a t  low speeds and d e c r e a s i n g  by  an average of 3 0  p e r c e n t  
a t  h i g h  e n g i n e  speeds. 

U s i n g  t h e  PWCF code, f i g u r e  2 4  shows t h e  e f f e c t  on b rake  power due t o  t h e  
p r e d i c t i o n  error i n  t h e  p r e s s u r e  a m p l i t u d e  or p r e s s u r e  phase a n g l e ,  for v a r i o u s  
o p e r a t i n g  c o n d i t i o n s .  
m a r i l y  accounted  f o r  by a phase a n g l e  p r e d i c t i o n  e r r o r .  
seen f o r  hydrogen w o r k i n g  f l u i d .  Tew ( r e f .  2 )  f o u n d  t h a t  GPU-3 per formance 
p r e d i c t i o n  a c c u r a c y  c o u l d  be g r e a t l y  improved by  i n c r e a s i n g  t h e  r e g e n e r a t o r  
p r e s s u r e  d r o p  by  a f a c t o r  o f  f o u r  f o r  h e l i u m  w o r k i n g  f l u i d .  
i n g  t h e  p r e d i c t e d  GPU-3 r e g e n e r a t o r  p r e s s u r e  drop ,  wh ich  accounts  for t h e  
m a j o r i t y  o f  t h e  f low p a t h  p r e s s u r e  d rop ,  r e s u l t e d  i n  a n e g l i g i b l e  change i n  
t h e  p r e s s u r e  phase a n g l e .  T h e r e f o r e ,  i n a c c u r a c y  i n  t h e  r e g e n e r a t o r  p r e s s u r e -  
d rop  p r e d i c t i o n  (or  e n t i r e  w o r k i n g  space p r e s s u r e - d r o p  p r e d i c t i o n )  does n o t  
a c c o u n t  f o r  t h e  poor  p r e d i c t i o n s  i n  t h e  GPU-3 b rake  power as i t  d o e s n ' t  improve 
t h e  agreement f o r  t h e  p r e s s u r e  phase a n g l e .  

The error i n  p r e d i c t i n g  t h e  GPU-3 b rake  power was p r i -  
S i m i l a r  r e s u l t s  w e r e  

However, i n c r e a s -  

The use o f  measured P-40  p r e s s u r e  parameters  i n  t h e  PWCF code produced a 
v a l u e  f o r  i n d i c a t e d  power t h a t  was be low t h e  measured v a l u e  of  b rake  power.  
The P-40  p r e s s u r e  phase ang les  w e r e  measured u s i n g  m i n i a t u r e ,  dynamic,  s t r a i n  
gage p r e s s u r e  t r a n s d u c e r s .  Because t h e  P-40 p r e s s u r e  a m p l i t u d e  i s  c o n s i d e r e d  
t o  be a c c u r a t e l y  measured, t h e  measured P-40 p r e s s u r e  phase ang les  must have 
been i n  e r ro r .  U s i n g  t h e  PWCF code, t h e  p r e s s u r e  phase a n g l e  measurement 
e r r o r  was e s t i m a t e d  equa l  to  - 7 O .  Two main prob lems p l a g u e d  t h e  measurement 
o f  t h e  P-40  gas p r e s s u r e  phase a n g l e :  u n c e r t a i n t y  o f  t h e  c rank  a n g l e  and sen- 
s i t i v i t y  errors o f  t h e  m i n i a t u r e ,  dynamic,  s t r a i n  gage p r e s s u r e  t r a n s d u c e r s .  
A l l e n ' s  ( r e f .  3)  s p e c u l a t i o n  t h a t  t h e  i n a c c u r a c y  i n  t h e  p r e d i c t e d  P-40  b r a k e  
power was caused by not modeling the piston-seal leakage was based on the 
dynamic p r e s s u r e  measurement and t h u s ,  t h i s  s p e c u l a t i o n  may be i n c o r r e c t .  

p r e s s u r e  a m p l i t u d e  measurements (based on measurements o f  maximum and minimum 
p r e s s u r e s )  may l e a d  t o  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  P-40  b rake  power p r e d i c -  
t i o n  e r r o r .  The P-40  b rake  power p r e d i c t i o n  er ror  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  e n g i n e  speed, y e t  t h e  p r e s s u r e  a m p l i t u d e  e r r o r  was i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  e n g i n e  speed. T h i s  seems t o  suggest  t h a t  t h e  b rake  power error 
i s  a t t r i b u t e d  t o  an e r r o r  i n  p r e d i c t i n g  t h e  p r e s s u r e  phase a n g l e .  

An e x a m i n a t i o n  o f  error t r e n d s  based on t h e  power measurements and t h e  

U s i n g  t h e  r e s u l t s  o f  t h e  PWCF code, f i g u r e  25  shows t h e  e f f e c t  of t h e  
RE-1000 i n d i c a t e d  power due to  t h e  e r r o r  i n  t h e  p r e s s u r e  a m p l i t u d e  o r  p r e s s u r e  
phase a n g l e ,  fo r  v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  The e r r o r  i n  p r e d i c t i n g  t h e  
i n d i c a t e d  power was p r i m a r i l y  accounted  f o r  by  t h e  p r e s s u r e  a m p l i t u d e  p r e d i c -  
t i o n  e r r o r .  
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E v a l u a t i o n  of Computer Model Shor tcomings 

S e n s i t i v i t y  t o  computer model p r e c i s i o n  - Computer model p r e c i s i o n  was 
v a r i e d  t o  d e t e r m i n e  i t s  e f f e c t  on  t h e  S t i r l i n g  e n g i n e  per formance p r e d i c t i o n  
e r ro r .  Computer model parameters  were a l t e r e d  to  o b t a i n  a " h i g h  p r e c i s i o n "  
computer model .  Then these p r e d i c t i o n s  were compared t o  p r e d i c t i o n s  from t h e  
" s t a n d a r d "  computer model,  for a l l  t h r e e  eng ines  a t  d e s i g n  c o n d i t i o n s .  A l t e r a -  
t i o n s  t o  t h e  code were as fo l lows:  number o f  h e a t  exchanger c o n t r o l  volumes, 
number o f  t i m e  i n c r e m e n t s  p e r  c y c l e ,  and t h e  number o f  e n g i n e  c y c l e s  were 
i n c r e a s e d  to  t h e i r  a s y m p t o t i c  l i m i t .  The number o f  h e a t  exchanger c o n t r o l  
volumes was i n c r e a s e d  from 3 t o  25  ( p e r  h e a t  e x c h a n g e r ) .  The number o f  i n c r e -  
ments p e r  c y c l e  was i n c r e a s e d  from 360 t o  900 and t h e  number o f  e n g i n e  c y c l e s  
was i n c r e a s e d  from 30 t o  100. Also, "two passes"  t h r o u g h  t h e  c a l c u l a t i o n s  
were made, wh ich  approx imate  

I n c r e a s i n g  t h e  computer 
" h i g h "  p r e c i s i o n  r e s u l t e d  i n  
s l i g h t  decrease i n  h e a t  i n p u  
p u t e r  model p r e c i s i o n  caused 
i n c r e a s e ;  t h e r e f o r e ,  i n c r e a s  
f o r  t h e  observed per fo rmance 

y c o u p l e d  t h e '  momentum and-energy  e q u a t i o n s .  

model p r e c i s i o n  from " s t a n d a r d "  p r e c i s i o n  t o  
a s l i g h t  i n c r e a s e  i n  t h e  p r e d i c t e d  power and a 

and h e a t - o u t  p r e d i c t i o n s .  The i n c r e a s e  o f  com- 
t h e  GPU-3 and RE-1000 power p r e d i c t i o n  e r r o r s  t o  
ng t h e  computer model p r e c i s i o n  does n o t  a c c o u n t  
p r e d i c t i o n  e r r o r s .  

Parameters t h a t  e f f e c t  t h e  p r e s s u r e  phase a n g l e  - The l a r g e s t  power p r e -  
d i c t i o n  e r r o r  o c c u r r e d  f o r  t h e  GPU-3 and was caused p r i m a r i l y  b y  i n a c c u r a c y  i n  
p r e d i c t i n g  t h e  p r e s s u r e  phase a n g l e .  For t h e  GPU-3, t h e  maximum gas p r e s s u r e  
o c c u r r e d  a t  a p p r o x i m a t e l y  300°, b u t  i s  p r e d i c t e d  a t  3 1 2 O .  U s i n g  t h e  E q u a t i o n  
of S t a t e  and assuming t h a t  gas p r e s s u r e  i s  a f u n c t i o n  of t i m e  o n l y :  

dP = -P @! V + lx(Ti dMi) + lx(Mi dTi) 

where P i s  gas p r e s s u r e ,  V i s  e n g i n e  volume, R i s  gas c o n s t a n t ,  T i  i s  gas 
t e m p e r a t u r e  i n  i th  c o n t r o l  volume i n  e n g i n e ,  and M i  i s  mass of gas i n  
i t h  c o n t r o l  volume. 

When t h e  p r e s s u r e  wave reaches  a maximum or minimum, dP = 0; a t  t h e s e  
p o i n t s ,  

The two s i d e s  o f  t h i s  e q u a t i o n  a r e  p l o t t e d  i n  f i g u r e  26 ;  t h e  c u r v e s  shown were 
c a l c u l a t e d  w i t h  t h e  computer model f o r  t h e  GPU-3 S t i r l i n g  e n g i n e  a t  t h e  i n d i -  
c a t e d  c o n d i t i o n s .  For t h e s e  o p e r a t i n g  c o n d i t i o n s ,  t h e  computer model p r e d i c t e d  
dP = 0 (maximum gas p r e s s u r e )  a t  312O. N o t i c e  t h a t  t h e  c u r v e s  cross a t  approx-  
i m a t e l y  3 1 2 O ;  t h i s  agreement w i t h  t h e  c r a n k  a n g l e  a t  wh ich  t h e  maximum p r e s s u r e  
o c c u r s  o f f e r s  conf idence i n  t h e  above " p r e s s u r e  v a r i a t i o n "  e q u a t i o n .  I n  o r d e r  
f o r  t h e  p r e d i c t e d  p r e s s u r e  phase a n g l e  to  agree w i t h  t h e  measured v a l u e ,  t h e  
c u r v e s  s h o u l d  cross a t  a p p r o x i m a t e l y  300O. If t h e  

I c u r v e  were t o  r i s e ,  P would have t o  i n c r e a s e  b y  a f a c t o r  o f  a p p r o x i m a t e l y  3 
(assuming t h a t  t h e  volumes and volume v a r i a t i o n s  a r e  c o r r e c t ) ;  t h e  magn i tude 
o f  P c o u l d  n o t  be i n  e r r o r  by a f a c t o r  o f  3 .  Thus, t h e  
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terms w i l l  have to  decrease b y  a f a c t o r  o f  3 .  

From an " o r d e r  o f  magn i tude"  a n a l y s i s ,  

simp1 i f i e s  t o  

R v ( T e  dMe + T c  dMc + Mh dTh) 

where s u b s c r i p t s  e denotes expansion-space,  c denotes  compress ion-space,  and 
h denotes  h o t  s i d e  of t h e  e n g i n e .  Thus, t h e  e r r o r  i n  p r e d i c t i n g  t h e  GPU-3 
p r e s s u r e  phase a n g l e  i s  p r i m a r i l y  due t o  an e r r o r  i n  p r e d i c t i n g  dMe, dMc, o r  
dTh. 

R e l a t i o n s h i p  o f  dMe, dMc, and dTh t o  computer  model shor tcomings  - 
Smi th  ( r e f .  13)  suggested t h a t  t h e  t e m p e r a t u r e  d i f f e r e n c e  between t h e  gas and 
t h e  w a l l  i n  t h e  c y l i n d e r  and t h e  h e a t  t r a n s f e r  r a t e  ( h y s t e r e s i s  l oss )  s h o u l d  
be o u t  o f  phase. I n  t h e  NASA Lewis S t i r l i n g  e n g i n e  computer model ,  t h e  gas- 
w a l l  t e m p e r a t u r e  d i f f e r e n c e  and t h e  h e a t  t r a n s f e r  r a t e  a r e  modeled w i t h  no  
phase d i f f e r e n c e .  I f  t h e  p r e d i c t e d  c y l i n d e r  h e a t  t r a n s f e r  was n o t  modeled i n  
phase w i t h  t h e  g a s - w a l l  t e m p e r a t u r e  d i f f e r e n c e ,  t h e  p o i n t s  o f  maximum and m i n i -  
mum h e a t  t r a n s f e r  would s h i f t  t o  d i f f e r e n t  c r a n k  a n g l e s .  T h i s  s h i f t  i n  t h e  
c y l i n d e r  h e a t  t r a n s f e r  wave would have an e f f e c t  on  t h e  p h a s i n g  of t h e  c y l i n -  
d e r  gas t e m p e r a t u r e  wave r e s u l t i n g  i n  a v a r i a t i o n  i n  dTh; t h i s  c o u l d  cause 
t h e  two c u r v e s  o f  f i g u r e  2 6  t o  i n t e r s e c t  a t  a p o i n t  n e a r  a c r a n k  a n g l e  of 300O. 
I m p r o v i n g  t h e  a c c u r a c y  o f  t h e  h y s t e r e s i s  loss model may improve t h e  GPU-3 p r e s -  
s u r e  phase a n g l e  p r e d i c t i o n ,  wh ich  i n  t u r n  w i l l  improve t h e  GPU-3 per formance 
p r e d i c t i o n  a c c u r a c y .  

Geng ( r e f .  5 )  f o u n d  t h a t  i n c r e a s i n g  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  
e x p a n s i o n  and compress ion  spaces improved RE-1000 per fo rmance p r e d i c t i o n s .  
The expans ion-space h e a t  t r a n s f e r  c o e f f i c i e n t  was i n c r e a s e d  b y  a f a c t o r  o f  230; 
t h e  compress ion-space h e a t  t r a n s f e r  c o e f f i c i e n t  was i n c r e a s e d  by a f a c t o r  of 
50. These v a r i a t i o n s  r e s u l t e d  i n  a r e d u c t i o n  i n  t h e  gas t e m p e r a t u r e  a m p l i t u d e ,  
wh ich  reduced t h e  p r e d i c t e d  p r e s s u r e  a m p l i t u d e  ( w h i l e  t h e  p r e s s u r e  phase a n g l e  
changed b y  o n l y  0 . 2 O ) .  
e r ro r  i n  p r e d i c t i n g  t h e  i n d i c a t e d  power to  be reduced from 12 t o  3 p e r c e n t .  I n  
t h i s  a u t h o r ' s  s t u d y ,  t h e  p r e s s u r e  a m p l i t u d e  e r r o r  was f o u n d  t o  be m a i n l y  
r e s p o n s i b l e  for t h e  e r r o r  i n  p r e d i c t i n g  t h e  RE-1000 i n d i c a t e d  power.  

The r e d u c t i o n  of t h e  p r e s s u r e  a m p l i t u d e  caused t h e  

T h i s  a u t h o r  i n c r e a s e d  t h e  p r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  for t h e  
GPU-3 b y  t h e  same amount as Geng had. The e f f e c t  on  p r e d i c t e d  per fo rmance was 
d i f f e r e n t  t h a n  t h a t  observed b y  Geng. For  t h e  GPU-3, t h e  phase a n g l e  of t h e  
gas t e m p e r a t u r e  changed ( t h e  t e m p e r a t u r e  a m p l i t u d e  was i n s e n s i t i v e ) ,  r e s u l t i n g  
i n  a v a r i a t i o n  i n  dTh. The e r r o r  i n  p r e d i c t i n g  t h e  p r e s s u r e  phase a n g l e  was 
c o n s e q u e n t l y  reduced,  wh ich  r e s u l t e d  i n  t h e  b r a k e  power p r e d i c t i o n  e r r o r  b e i n g  
reduced from 16 t o  12  p e r c e n t .  E a r l i e r ,  t h i s  i n v e s t i g a t i o n  showed t h a t  t h e  
p r i m a r y  r e a s o n  f o r  t h e  GPU-3 b r a k e  power e r r o r  was i n a c c u r a c y  i n  p r e d i c t i n g  t h e  
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pressure phase angle. Note that increasing the cylinder heat transfer coeffi- 
cient improved the prediction accuracy for the appropriate pressure parameter 
for each engine (pressure amplitude for the RE-1000, pressure phase angle for 
the GPU-31, which in turn decreased the error in predicting power. This seems 
to support the speculation that inaccuracy in the hysteresis loss model 
accounts for at least part of the Stirling engine prediction error. 

Another possible error was inaccuracy in predicting dMe and dMc. Gas 
leakage past the displacer and piston seals would relate to the prediction of 
dMe and dM,. This gas leakage is grossly accounted for in the GPU-3 model 
and not accounted for in either the P-40 or RE-1000 models. Therefore, the 
gas leakage model also needs to be addressed, but it is not known what effect 
this improvement will have on overall performance predictions. 

Computer model shortcomings revisited - The list of possible computer 
model shortcomings was introduced in the PROCEDURE AND ANALYSIS section. From 
this investigation, we know: 

( 1 )  Auxiliary and mechanical loss - Uncertainty does not account for the 
majority of the Stirling engine performance prediction error with the possible 
exception of the high-speed points for the GPU-3. 

( 2 )  Gas leakage loss  model - Inaccuracy in the gas leakage loss model may 
have a significant effect on the Stirling engine performance prediction error. 

(3) Appendix gap loss model - Significance of possible inaccuracy was not 
evaluated and is still unknown. 

(4) Hysteresis loss model - Inaccuracy in the hysteresis loss model may 
have a significant effect on the Stirling engine performance prediction error. 

( 5 )  Friction factor and heat transfer coefficient correlations - Signifi- 
cance of possible inaccuracy was not evaluated and is still unknown (referring 
to steady flow and 1-D assumptions). 

( 6 )  Momentum and energy equations - Numerical treatment of these equations 
does not account for the majority of the Stirling engine performance prediction 
error for the engines considered. 

( 7 )  Number of nodes and increments per cycle - Approximations due to using 
the standard number of nodes and time increments per cycle does not result in a 
significant error in predicting Stirling engine performance. 

SUMMARY OF RESULTS 

The major results from the evaluation of the NASA Lewis Stirling engine 
computer simulation are presented below. Computer model predictions were com- 
pared to Stirling engine test data for t h e  GPU-3, P-40, and RE-1000 Stirling 
engines. 

1 .  The error in predicting power at design* conditions was 16 percent for , the GPU-3, - 1 1  percent for the P-40, and 12 percent for the RE-1000. The GPU-3 

~ 

*Near-design conditions for the GPU-3. 
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e r r o r  s i g n i f i c a n t l y  i n c r e a s e d  w i t h  d e c r e a s i n g  power l e v e l  or when u s i n g  h e l i u m  
as t h e  w o r k i n g  f l u i d  i n s t e a d  o f  hydrogen.  

2 .  The e f f i c i e n c y ,  h e a t  i n p u t ,  and h e a t  o u t  o f  t h e  e n g i n e  p r e d i c t i o n s  
g e n e r a l l y  showed b e t t e r  agreement w i t h  e n g i n e  t e s t  d a t a  t h a n  d i d  t h e  power 
p r e d i c t i o n .  

3 .  The p e r c e n t a g e  e r r o r s  i n  t h e  GPU-3 and P-40  b r a k e  power p r e d i c t i o n s  
i n c r e a s e d  w i t h  i n c r e a s i n g  e n g i n e  speed and d e c r e a s i n g  mean gas p r e s s u r e ;  t h e  
b r a k e  power p r e d i c t i o n  e r r o r  was a t t r i b u t e d  t o  an i n a c c u r a c y  i n  p r e d i c t i n g  t h e  
p r e s s u r e  phase a n g l e .  

4 .  The p e r c e n t a g e  e r r o r  i n  t h e  RE-1000 i n d i c a t e d  power p r e d i c t i o n  was 
a t t r i b u t e d  t o  an e r r o r  i n  p r e d i c t i n g  t h e  p r e s s u r e  a m p l i t u d e .  

5 .  The average gas t e m p e r a t u r e s  had n e g l i g i b l e  p r e d i c t i o n  errors f o r  t h e  
GPU-3 and RE-1000; t h e  e r r o r s  i n  p r e d i c t i n g  t h e  average gas t e m p e r a t u r e  were 
l a r g e r  f o r  t h e  P-40 .  

6 .  The computer model p r e c i s i o n  i n  terms o f  t h e  number of nodes,  c y c l e s ,  
and t i m e  i n c r e m e n t s  p e r  c y c l e  was n o t  a s i g n i f i c a n t  f a c t o r  i n  t h e  d i f f e r e n c e  
between p r e d i c t i o n s  and t e s t  d a t a .  

7 .  For  t h e  GPU-3, i n c r e a s i n g  t h e  c y l i n d e r  h e a t  t r a n s f e r  c o e f f i c i e n t s  
r e s u l t e d  m a i n l y  i n  a c o r r e c t i o n  t o  t h e  p r e s s u r e  phase a n g l e  p r e d i c t i o n .  For 
t h e  RE-1000, t h e  same change r e s u l t e d  i n  a c o r r e c t i o n  t o  t h e  p r e s s u r e  a m p l i t u d e  
p r e d i c t i o n .  The i n c r e a s e d  a c c u r a c y  i n  p r e d i c t i n g  t h e  GPU-3 p r e s s u r e  phase 
a n g l e  and t h e  RE-1000 p r e s s u r e  a m p l i t u d e  reduced t h e  power p r e d i c t i o n  e r r o r s  
for  b o t h  e n g i n e s .  

CONCLUSIONS 

The main o b j e c t i v e  o f  t h i s  s t u d y  was t o  compare p r e d i c t i o n s  from t h e  NASA 
Lewis  S t i r l i n g  e n g i n e  per fo rmance code t o  S t i r l i n g  e n g i n e  t e s t  d a t a ,  f o r  a 
v a r i e t y  o f  S t i r l i n g  eng ines  u s i n g  n o  e n g i n e - s p e c i f i c  c a l i b r a t i o n  f a c t o r s .  
Then, a n a l y z e  t h e s e  d i f f e r e n c e s  t o  t r y  t o  d e t e r m i n e  s h o r t c o m i n g s  i n  t h e  com- 
p u t e r  model.  

The eng ines  used f o r  t h i s  s t u d y  were t h e  GPU-3, P -40 ,  and RE-1000. The 
error i n  p r e d i c t i n g  t h e  GPU-3 b r a k e  power was a r e s u l t  o f  t h e  i n a c c u r a c y  i n  
p r e d i c t i n g  t h e  w o r k i n g  f l u i d ' s  p r e s s u r e  phase a n g l e ;  t h e  p r e s s u r e  phase a n g l e  
i s  t h e  p r e s s u r e  p h a s i n g  w i t h  r e s p e c t  t o  t h e  p i s t o n  p o s i t i o n .  The e r r o r  i n  p r e -  
d i c t i n g  t h e  RE-1000  i n d i c a t e d  power was d e t e r m i n e d  t o  be a r e s u l t  of i n a c c u r a c y  
i n  p r e d i c t i n g  t h e  gas p r e s s u r e  a m p l i t u d e .  

I n  d o i n g  t h i s  s t u d y ,  a r e l a t i v e l y  l a r g e  measurement e r r o r  was d e t e c t e d  i n  
t h e  P-40  p r e s s u r e  phase a n g l e .  The p r e s s u r e  phase a n g l e  c o u l d  n o t  be used i n  
t h e  a n a l y s i s  and t h u s  an a c c u r a t e  u n d e r s t a n d i n g  o f  t h e  P - 4 0  p r e d i c t i o n  d i s c r e p -  
ancy was i m p o s s i b l e .  The r e q u i r e d  l e v e l  o f  measurement a c c u r a c y  needs t o  be 
c a r e f u l l y  c o n s i d e r e d  when measur ing  per fo rmance p a r a m e t e r s ,  such as t h e  w o r k i n g  
f l u i d ' s  p r e s s u r e  a m p l i t u d e  and phase a n g l e ,  needed fo r  compar isons of p r e d i c -  
t i o n s  t o  t e s t  d a t a .  
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Errors i n  p r e d i c t i n g  S t i r l i n g  eng ine  per fo rmance c o u l d  be caused b y  u n s a t -  
i s f a c t o r y  computer model p r e c i s i o n ,  wh ich  r e l a t e s  to  a p p r o x i m a t i o n s  made t o  
s i m p l i f y  t h e  s o l u t i o n  o f  t h e  g o v e r n i n g  c o n s e r v a t i o n  e q u a t i o n s .  
mat ions  i n c l u d e d  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  t o  these e q u a t i o n s  and t h e  
d e c o u p l i n g  o f  t h e  momentum and energy  e q u a t i o n s  i n  t h e  NASA Lewis computer 
model .  When c o n s i d e r i n g  t h e s e  a p p r o x i m a t i o n s ,  t h i s  s t u d y  conc luded t h a t  t h e  
t r e a t m e n t  o f  these g o v e r n i n g  e q u a t i o n s  does n o t  account  f o r  t h e  i n a c c u r a c y  
seen i n  p r e d i c t i n g  e n g i n e  per fo rmance.  

t h a n  t h a t  for  t h e  P-40 or RE-1000 S t i r l i n g  eng ines  and, t h e r e f o r e ,  work went 
i n t o  u n d e r s t a n d i n g  t h e  p r e s s u r e  phase a n g l e  p r e d i c t i o n  e r r o r .  The a c c u r a c y  i n  
p r e d i c t i n g  t h e  GPU-3 p r e s s u r e  phase a n g l e  was f o u n d  t o  be c l o s e l y  r e l a t e d  t o  
t h e  a c c u r a c y  i n  p r e d i c t i n g  t h e  w o r k i n g  f l u i d  mass v a r i a t i o n  i n  t h e  e x p a n s i o n  
space and compress ion space and t h e  a c c u r a c y  i n  p r e d i c t i n g  t h e  gas t e m p e r a t u r e  
v a r i a t i o n  f o r  t h e  " h o t - s i d e "  o f  t h e  S t i r l i n g  e n g i n e .  

These a p p r o x i -  

G e n e r a l l y ,  t h e  p e r c e n t a g e  e r r o r  i n  p r e d i c t i n g  t h e  GPU-3 power was l a r g e r  

M o d e l i n g  o f  t h e  p i s t o n  and d i s p l a c e r  mass leakage p a s t  t h e  s e a l s  c o u l d  
have an impact  on t h e  mass v a r i a t i o n  p r e d i c t i o n ;  c u r r e n t l y  t h i s  e f f e c t  i s  
accounted  for  c r u d e l y  or  n o t  a t  a l l  (depend ing  on t h e  s p e c i f i c  e n g i n e )  i n  t h e  
S t i r l i n g  e n g i n e  computer code. Also, p a s t  work suggests  t h a t  improvements t o  
t h e  h y s t e r e s i s  ( c y l i n d e r  h e a t  t r a n s f e r )  model would a l t e r  t h e  " h o t - s i d e "  gas 
t e m p e r a t u r e  v a r i a t i o n  p r e d i c t i o n .  

The c y l i n d e r  h y s t e r e s i s  loss was i n c r e a s e d  f o r  t h e  GPU-3 and RE-1000 by 
i n c r e a s i n g  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  expans ion  and compress ion  
spaces. A s  a r e s u l t ,  a c c u r a c y  improved i n  power p r e d i c t i o n s  f o r  b o t h  e n g i n e s  
because o f  decreases i n  t h e  GPU-3 p r e s s u r e  phase a n g l e  e r r o r  and t h e  RE-1000 
p r e s s u r e  a m p l i t u d e  e r r o r .  N o t i c e  t h a t  an improvement was made i n  t h e  p r e d i c -  
t i o n  o f  t h e  p r e s s u r e  parameter  t h a t  was m a i n l y  r e s p o n s i b l e  f o r  t h e  r e s p e c t i v e  
e n g i n e ' s  power p r e d i c t i o n  e r r o r .  T h i s  s e n s i t i v i t y  s t u d y  s u p p o r t s  t h e  sugges- 
t i o n  t h a t  an improvement i n  t h e  h y s t e r e s i s  loss model c o u l d  s i g n i f i c a n t l y  bene- 
f i t  s t i r l i n g  e n g i n e  per fo rmance p r e d i c t i o n s .  One recommendat ion o f  t h i s  s t u d y  
i s  t o  improve t h e  m o d e l i n g  o f  t h i s  h y s t e r e s i s  loss.  

Much work remains t o  be done t o  u n d e r s t a n d  t h e  t r u e  p h y s i c s  o f  t h e  St ir l-  
i n g  e n g i n e .  The d i f f e r e n t  loss mechanisms need t o  be i n v e s t i g a t e d  i n  g r e a t e r  
d e p t h  and t h e i r  e f f o r t  on e n g i n e  per fo rmance u n d e r s t o o d .  These loss mechan- 
i s m s  i n c l u d e :  c y l i n d e r  h y s t e r e s i s  l oss ,  gas leakage loss ,  e f f e c t  of o s c i l l a t -  
i n g  f low on p r e s s u r e  d r o p  and h e a t  t r a n s f e r ,  appendix  gap l oss ,  and v e l o c i t y  
and t e m p e r a t u r e  m a l d i s t r i b u t i o n s .  C u r r e n t l y ,  a s i g n i f i c a n t  " loss unders tand-  
i n g "  e f f o r t  i s  b e i n g  made i n  t h e  a r e a  o f  o s c i l l a t i n g  f low e f f e c t s .  
; t u d i e s  a r e  b e g i n n i n g  on m u l t i d i m e n s i o n a l  a n a l y s i s  o f  t h e  gas flow p a t h .  

Also, 
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APPENDIX A 

ENGINE DIMENSIONS 

Tables A . 1 ,  A . 1 1 ,  A . 1 1 1 ,  and A . I V  g i v e  GPU-3, P - 4 0 ,  and RE-1000 S t i r l i n g  
eng ine  d imens ions  and o t h e r  o p e r a t i n g  parameters .  



TABLE A . 1  . GPU-3 ENGINE DIMENSIONS AND PARAMETERS (FROM R E F  . 6 )  

’ M i sce l l aneous :  
Number o f  c y l i n d e r s  . . . . . . . . . . . . . . .  
T y p e o f  eng ine  . . . . . . . . . . . . . . . . . .  
Type o f  d r i v e  . . . . . . . . . . . . . . . . . .  
Type o f  s h a f t  s e a l s  . . . . . . . . . . . . . . .  
C y l i n d e r  b o r e  w i t h  l i n e r .  cm ( i n . )  . . . . . . . .  
C y l i n d e r  b o r e  above l i n e r  ( t o p  o f  d i s p l a c e r  sea l  a t  

o f  l i n e r  a t  d i s p l a c e r  top.dead.center) . cm ( i n . )  
S t r o k e .  cm ( i n . )  . . . . . . . . . . . . . . . . .  
D isp lacemen t  maxim m change i n  t o t a l  work ing-space 

vo lume).  cms ( i n . ’ )  . . . . . . . . . . . . . .  
P i s t o n - r o d  d i a m e t e r .  cm ( i n . )  . . . . . . . . . .  
D i s p l a c e r - r o d  d i a m e t e r .  cm ( i n . )  . . . . . . . . .  
D i s p l a c e r  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . .  
D i s p l a c e r  w a l l  t h i c k n e s s .  c m  ( i n . )  . . . . . . . .  
Expansion-space c l e a r a n c e .  cm ( i n . )  . . . . . . .  
Compression-space c l e a r a n c e .  cm ( i n . )  . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  

. . . . . . . .  
t o p  . . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . .  
. . . . . . . .  
. . . . . . . .  

. . . . . .  1 

. . D i s p l a c e r  

. . .  Rhombic 

. 6.99 ( 2 . 7 5 )  

. 7.01 ( 2 . 7 6 )  . 3.15 ( 1 . 2 4 )  

119.6 ( 7 . 3 0 )  
2 .22 (0 .875 )  

0.953 ( 0 . 3 7 5 )  
. 6.96 ( 2 . 7 4 )  
0.159 (0 .0625)  

0.163 ( 0 . 0 6 4 )  
0.030 (0 .012 )  

. . .  S l i d i n g  

C o o l e r :  
Tube l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  4.60 ( 1 . 8 1 )  

Tube i n s i d e  d iamete r .  cm ( i n . )  . . . . . . . . . . . . . . . . .  0.108 (0.0425)  
Tube o u t s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . .  0.159 (0 .0625)  

Number o f  tubes p e r  c o o l e r  . . . . . . . . . . . . . . . . . . . . . . . . .  39 

H e a t - t r a n s f e r  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . .  3.56 ( 1 . 4 0 )  

Number o f  tubes p e r  c y l i n d e r  . . . . . . . . . . . . . . . . . . . . . . . .  312 

H e a t e r :  
Mean tube  l e n g t h .  cm ( i n . )  

Regenera to r  s i d e  . . . . . . . . . . . . . . . . . . . . . . . .  12.90 (5 .08)  
C y l i n d e r  s i d e  . . . . . . . . . . . . . . . . . . . . . . . . .  11.63 ( 4 . 5 8 )  

H e a t - t r a n s f e r  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . .  7.77 ( 3 . 0 6 )  
Tube i n s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . .  0.302 (0 .119 )  
Tube o u t s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . .  0.483 (0.190)  
Number o f  tubes p e r  c y l i n d e r  ( c o n s i d e r  tubes  t o  

r e g e n e r a t o r  and c y l i n d e r  s e p a r a t e l y )  . . . . . . . . . . . . . . . . . . .  80 

Regenera to rs :  
Leng th  ( i n s i d e ) .  cm ( i n . )  . 
D iamete r  ( i n s i d e ) .  cm ( i n . )  
Number p e r  c y l i n d e r  . . . .  
M a t r i x :  

W i r e - c l o t h  m a t e r i a l  . . .  
C l o t h  mesh p e r  2 .5  cm ( 1  i n  
W i re  d i a m e t e r  . cm ( i n . )  . 
Number o f  l a y e r s  . . . . .  
F i l l e r  f a c t o r .  p e r c e n t  . . 

. . . . . . . . . . . . . . . . . . . .  2.26 ( 0 . 8 9 )  

. . . . . . . . . . . . . . . . . . . .  2.26 ( 0 . 8 9 )  

. . . . . . . . . . . . . . . . . . . . . . . . .  8 

. . . . . . . . . . . . . . . .  304 s t a i n l e s s  s t e e l  
) . . . . . . . . . . . . . . . . . . . .  200x200 
. . . . . . . . . . . . . . . . .  0.00406 ( 0 . 0 0 1 6 )  
. . . . . . . . . . . . . . . . . . . . . . . .  308 
. . . . . . . . . . . . . . . . . . . . . . .  30 .3  

D r i v e :  
Connect ing-rod l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . .  4 . 6 0  ( 1 . 8 1 )  
Crank r a d i u s .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . .  1.38 (0 .543 )  
E c c e n t r i c i t y .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  2 . 0 8  ( 0 . 8 2 )  

I n s u l a t i o n  cove rc :  
C r o s s - s e c t i o n a l  a rea .  cm2 ( i n . 2 )  . . . . . . . . . . . . . . . . . .  6.45 ( 1 . 0 0 )  
Length between thermocouples.  cm ( i n . )  . . . . . . . . . . . . . . .  1.27 ( 0 . 5 0 )  
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TABLE A . 1 1  . GPU-3 ENGINE DEAD VOLUMES (FROM REF . 6 )  

[AII volumes i n  cm3 ( i n . ’ ) . ]  

Expansion space c l e a r a n c e  volume: 
C lea rance  around d i s p l a c e r  . . . . . . . . . . . . . . . . . . . . . . . . .  3.34 (0.204)  
C lea rance  above d i s p l a c e r  . . . . . . . . . . . . . . . . . . . . . . . . .  7.41 (0 .452 )  
Volume f rom end o f  h e a t e r  t ubes  i n t o  c y l i n d e r  . . . . . . . . . . . . . . .  1.74 1 0 . 1 0 6 1  

I n s u l a t e d  p o r t i o n  o f  t ubes  l e a d i n g  t o  expansion space . . . . . . . . . . .  9.68 ( 0 . 5 9 1 )  
Heated p o r t i o n  f o  tubes . . . . . . . . . . . . . . . . . . . . . . . . . .  47.46 ( 2 . 8 9 6 )  
I n s u l a t e d  p o r t i o n  o f  t ubes  l e a d i n g  t o  r e g e n e r a t o r  . . . . . . . . . . . . .  13.29 ( 0 . 8 1 1 )  
A d d i t i o n a l  volume i n  f o u r  tubes  used f o r  i n s t r u m e n t a t i o n  . . . . . . . . . .  2.74 (0 .167 )  
Volume i n  header  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.67 (0 .468 )  

T o t a l  . . . .  12.49 (0 .762 )  

Hea te r  dead volume: 

T o t a l  . . . .  80.84 ( 4 . 9 3 3 )  

Regenera to r  dead volume: 
Volume between r e g e n e r a t o r s  and h e a t e r  t ubes  . . . . . . . . . . . . . . . .  8.75 ( 0 . 5 3 4 )  
Volume w i t h i n  m a t r i x  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50.60 ( 3 . 0 8 8 )  
Volume between r e g e n e r a t o r s  and c o o l e r  t ubes  . . . . . . . . . . . . . . . .  6.16 l0.37hl 

T o t a l  . . . .  65.51 (3 .998 )  

Volume i n  c o o l e r  tubes . . . . . . . . . . . . . . . . . . . . . . . . . . .  13.14 (0 .802 )  

Volume i n  c o n n e c t i n g  passages f rom c o o l e r  t ubes  t o  

C o o l e r  dead volume: 

Compressi on-space c l e a r a n c e  volume: 

compress ion space . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.57 (0 .767 )  
C lea rance  around power p i s t o n  . . . . . . . . . . . . . . . . . . . . . . .  7.36 (0 .449 )  
C lea rance  between d i s p l a c e r  and power p i s t o n  . . . . . . . . . . . . . . . .  10.077)  

T o t a l  . . . .  21.19 (1 .293 )  

T o t a l  dead volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  193.2 ( 1  1.79)  
Minimum l i v e  volume (power p i s t o n  a t  T O C )  . . . . . . . . . . . . . . . .  39.2 ( 2 . 3 9 1  
C a l c u l a t e d  minimum t o t a l  work ing-space volume . . . . . . . . . . . . . .  232.4 ( 1 4 . 1 8 )  
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M i  sce l  laneous : 
Number o f  c y l i n d e r s  . . . . . . . . . . . . . . . . . . . . . .  4 ( s q u a r e  4 a r rangement )  
O v e r a l l  d imens ions  . cm ( i n . )  . . . . . . . . . . . . . . .  7 8 . 5 ~ 6 5 . 5 ~ 5 8 . 0  ( 3 0 . 9 ~ 2 5 . 8 ~ 2 2 . 8 )  

H e a t e r  t ype  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I n v o l u t e  t a b u l a r  
Number o t  h e a t e r  tubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
Hea te r  tube  m a t e r i a l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  M u l t i m e t  N-155 

1 H e a t e r  t ube  o u t s i d e  d i d m e t e r .  on ( i n . )  . . . . . . . . . . . . . . . . . .  0 . 4 5 0  ( 0 . 1 7 7 2 )  1 H e a t e r  t ube  I n s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . .  0 . 3 0  ( 0 . 1 1 8 1 )  

i Icni ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25.18 ( 9 . 9 1 3 )  

' Regenera to rs :  1 Number o f  r e g e n e r a t o r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
Reyenera to r  m a t e r i a l  . . . . . . . . . . . . . . . . .  304 s t a i n l e s s  s t e e l  w i r e  ine5h qauz  t. 
Regenera to r  n a t r i x  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . .  5.70 (2.244) 
Regenerd to r  l n a t r i x  l e n g t h .  c m  ( i n . )  . . . . . . . . . . . . . . . . . . . .  3 . 9 0  ( 1 . 5 3 5 )  
Reqenerd to r  m a t r i x  w i r e  d i a m e t e r  . cin ( i n . )  . . . . . . . . . . . . . . .  0 .0050 (0.001968)  i R e g ~ n e r a t o r  [ n a t r i x  p o r o s i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 5 8  

' C o o l e r s :  

! 

1 

Heate r  tube  l e i q t h  . I:m ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  2 8 . 0 7  ( 1 1 . 0 5 )  
E t t e c t i v e  h e a t e r  t ube  l e n g t h  f o r  h e a t  t r a n s t e r  . 

Number o f  c o o l e r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
Number o f  c o o l e r  t ubes  p e r  c o o l e r  . . . . . . . . . . . . . . . . . . . . . . . . . .  192 
C o o l e r  t ube  o u t s i d e  d i a m e t e r  . cm ( i n . )  . . . . . . . . . . . . . . . . . .  0.150 (0 .05906)  
C o o l e r  t ube  i n s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . .  0.10 (0 .03937)  
C o o l e r  t ube  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  8.000 ( 3 . 1 5 0 )  
E f f e c t i v e  c o o l e r  t ube  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . .  6.721 ( 2 . 6 4 6 )  
E f f e c t i v e  c001 .ng  w a  e r  t l o w  a r e a  t h r o u g h  

1.ooler-s . emz ( i n . ' )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.10 ( 3 . 1 1 6 )  

Connec t ing  d u c t s :  
Average h e a t e r - t u b e  m a n i f o l d  i n s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . .  0.50 (0 .1968)  
Average expans ion  s p a c e l h e a t e r - t u b e  m a n i f o l d  

f l o w  p a t h  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  1 .20  (0 .4724)  
Average h e a t e r - t u b e / r e g e n e r a t o r  mani f o l d  f l o w  

p a t h  l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  1.30 (0 .5118)  
C o o : e r / c o m p r e s c i o n - s p a c e  c o n n e c t i n g  d u c t  

C o o l e r / c o i i i p r r s s i o n - s p d c e  c o n n e c t i n g  d u c t  
l e n a t h  . c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 4 0  ( 3 . 3 0 7 )  

C o o l e r  casing i n s i d e  d i a m e t e r .  c m  ( i n . )  . . . . . . . . . . . . . . . . . .  4 . 8 0  ( 1 . 8 9 0 )  

d i a m e t e r  . c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.40 (0 .5512)  

P i s t o n  s t r o k e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  4.000 (1 .575 )  
P i s t o n  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  5.406 ( 2 . 1 2 8 )  

I Engine dead volumes: 
I Expars ion-space c l e a r a n c e  volume. cm3 ( i n . 3 )  . . . . . . . . .  
j E f i pans ion - \pace /hea te r_conne  t i n g  d u c t  volume. cm3 ( i n . 3 )  . . 
' 1 t i e a t e r  dead volume. cmJ ( in:  5 ) 

H e a t e r / r e g e n e r a t o r s  c o n n e c t i  g duc s volume. cm3 ( i n . 3 j  . . . .  

Qegenera to r / coo le r  conn c t i n g  d u c t s  volume. cm3 ( i n . 3 )  5 '  . 
~ C o o l e r s  dead volume. cm ( i n . 3 )  . . . . . . . . . . . . . . .  

' Yot appendix  yap volume. c m 3 _ (  i n  . . . . . . . . . . . . . .  
Co ld  appendix  gas volume. cmJ ( i n . 3 )  

. . . . . . . . . . . . . . .  

~ Qeqenerators  dead volume. cm9 ( i n . $ )  . . . . . . . . . . .  

~ Compression-space c l e a r a n c e  volumtj. cm? ( i n  . 8 . . . . . . . .  

. . . .  

~ o o l e r s / c o m p r e s s i o n - s p a c e  c o n n e c t i n g  d c t s  v lume. em3 ( in.3) 

. . . . . . . . . . . . .  

. . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . .  

1.810 (0 .1104)  
4.409 (0 .2690)  

. 35.71 ( 2 . 1 7 9 )  

. 16.66 ( 1 . 0 1 6 )  

. 115.5 (7 .045 )  
5.099 (0 .3111)  

. 24.13 (1 .472 )  

. 49.87 ( 3 . 0 4 3 )  
7.270 (0 .4435)  
7.220 (0 .4405)  

0.7220 (0 .04405)  

ORIGINAL PAGE IS 
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TABLE A . I V  . DESCRIPTION OF THE GEOMETRY OF THE RE-1000 (FROM REF . 8 )  

M i  s c e l  1 aneous : 
Number o f  cy1 i n d e r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
Hous ing  w e i g h t .  k g  ( l b )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  416 ( 9 1 7 )  
Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  F r e e - p i s t o n  w i t h  dashpot  
Des ign  w o r k i n g  f l u i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H e l i u m  
Design f r e q u e n c y .  Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 
Des ign  p r e s s u r e .  MPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . 0  
Bounce space volume. cm3 . . . . . . . . . . . . . . . . . . . . . .  20. 500 (1250)  
Des ign  power. W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1000 

C y l i n d e r  b o r e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  5.722 ( 2 . 2 5 2 7 )  

Maximum d i s p l a c e r  1 s t r o k e .  cm ( i n . ) .  . . . . . . . . . . . . . . . . . . . . .  4.01 ( 1 . 5 7 9 )  
D i s p l a c e r  1 l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  15.21 ( 5 . 9 9 )  

Maximum d i s p l a c e r  2 s t r o k e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . .  5.18  ( 2 . 0 3 9 )  
D i s p l a c e r  2 l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  14.05  ( 5 . 5 3 )  

Maximum power p i s t o n  s t r o k e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . .  4.35  ( 1 . 7 1 3 )  

D e s c r i p t i o n  . . . . . . . . . . . . . . . . . . . . . . . . .  135 r e c t a n g u l a r  gas passages 
Passage w i d t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0508 ( 0 . 0 2 0 )  
Passage d e p t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.376 ( 0 . 1 4 8 )  
Length .  cm ( i  ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . 9 2 ( 3 . 1 1 8 )  

Wetted p e r ’ m e t e r  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  115.2 ( 4 5 . 3 5 4 )  
20.42 ( 1 . 246)  

Design d i s p l a c e r  phase a n g l e .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

Cool e r  : 

Flow a r e a .  c m ” ( i n : 2 j  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 5 8  ( 0 . 4 0 0 )  

Volume. cmJ ( i n  . 3, . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
H e a t e r :  

D e s c r i p t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Tabu1 a r  
Tube m a t e r i a l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I n c o n e l  7 1 8  
Number o f  tubes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 
Tube l e n g t h .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.34 ( 7 . 2 2 0 )  
Tube i n s i d e  d i a m e t e r .  mm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  2.362 ( 0 . 0 9 3 )  
Tube o u t s i d e  d i a m e t e r .  mm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  3.175 ( 0 . 1 2 5 )  
Des ign  maximum w a l l  t e m p e r a t u r e .  O C  (OF) . . . . . . . . . . . . . . . . . . . .  650 (1202)  

Length  c o n t a i n i n g  w i r e  mesh. cm ( i n . )  . . . . . . . . . . . . . . . . . . .  6.446 ( 2 . 5 3 8 )  
O u t s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  7.18 ( 2 . 8 2 5 )  
I n s i d e  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . . .  6 . 0 7  ( 2 . 3 9 1 )  
I n n e r  w a l l  t h i c k n e s s .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  0 . 1 3  ( 0 . 0 5 )  
M a t r i x  m a t e r i a l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  304SS Metex 
Wire d i a m e t e r  . mm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.0889 ( 0 . 0 0 3 5 )  
P o r o s i t y .  r e g e n e r a t o r  1 .  p e r c e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  75.9 
P o r o s i t y .  r e g e n e r a t o r  2 .  p e r c e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 1 . 2  
Weight o f  m a t r i x .  r e g e n e r a t o r  1 .  g ( l b )  . . . . . . . . . . . . . . . . . . . .  139 ( 0 . 3 1 )  
Weight o f  m a t r i x .  r e g e n e r a t o r  2 .  g ( l b )  . . . . . . . . . . . . . . . . . . . .  108 ( 0 . 2 4 )  

S tandard  power p i s t o n  o s c i l l a t i n g  mass. kg ( l b )  . . . . . . . . . . . . . . .  5.97 ( 1 3 . 1 7 )  

Power p i s t o n  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . .  5.718 ( 2 . 2 5 1 4 )  
D i s p l a c e r  1 mass. k g  ( l b )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.426 ( 0 . 9 3 9 )  
D i s p l a c e r  I d i a m e t e r  . cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  5.b7  ( 2 . 2 3 2 )  
D i s p l a c e r  1 r o d  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . .  1.663 ( 0 . 6 5 4 8 )  
D i s p l a c e r  1 b o r e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  1.666 ( 0 . 6 5 6 0 )  
D i s p l a c e r  2 mass. k g  ( l b )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.381 ( 0 . 8 4 0 )  
D i s p l a c e r  2 d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  5.67  ( 2 . 2 3 2 )  
O i s p l a c e r  Z r o d  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . .  1.806 ( 0 . 7 1 1 0 )  
D i s p l a c e r  2 b o r e .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . . .  1.808 ( 0 . 7 1 1 8 )  

Regenera t o r :  

P i s t o n s :  

L i g h t  power p i s t o n  o s c i l l a t i n g  mass. k g  ( l b )  . . . . . . . . . . . . . . . . .  3.48  ( 7 . 6 7 )  
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TABLE A . I V  - Concluded. 

Dead volumes: 
. . . . . . . . . . . . . . . . .  9.83 ( 0 . 6 0 )  

3i- 1.64 ( 0 . 1 0 )  

D i  s p l  ace r  l / c y l  i nder  a n n u l a r  gap, 
8.36 ( 0 . 5  1 ) 

Expansion-space o hea e r  t ube  j u n c t i o n ,  cmii;;n.j) . . . . . . . . . . . . .  3.80 ( 0 . 2 3 )  

. . . . . . . . . . . . . . . .  D i  s p l  a c e r  2 / c y l  i n d e r  a n n u l a r  gap, 
Expansion-space i n s t r u m e n t a t i o n  . . . . . . . . . . . . . .  

Hea te r  tubes,  cm5 ( i n . S )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  '27 .4  ( 1 . 6 7 )  
Hea te r  tube t o  r e g e n e r a t o r  p l e  um j u  c t i o n ,  cm' ( i n . 3 )  
Regenerator  h o t  end plenum. cm9 (in.3) . . . . . . . .  
Regenerator  plenum r i n g ,  cm3 ( i n .  ) . . . .  
I n s t r u m e n t a t i o n  p r t s  ( e a t e r / r e g e n e r a t o r ) ,  cm3 i i i . 3 ) '  
Regenerator  1 ,  cm9 ( i n  .9) . . . . . . . . . . . . . .  
Regenerator  2 .  cm3 ( i n  . 3 )  
Regenerator  c o l d  end plenum, cm3 ( i n . 3 )  . . . .  
~ n s t r u m e n t  t i o n  g o r t s  ( r e g e n e r a t o r / c o o l e r ) ,  cm3 i i n . 3 )  

- 3 . : :  C o o l e r ,  cm3 ( i n .  ) 
C o o l e r  plenum a t  t h e  compress ion space, ~ m ~ ~ i i n .  
Compression-space n s t r u  e n t a t i o n  p o r t s ,  cm ( i n . ' )  . 
C y 1  i n d e r  p o r t s ,  c m j  ( i n  .?) . . . . . . . . . . . . . .  
P i s t o n / s p i d e r  c l e a r a n c e ,  cm3 . . . . . . . .  
Annu la r  r i n g  around t h e  s p i d e  cm ( i n . 3 )  . . . . . .  
Power p i s t o n  c e n t e r  p o r t ,  cm ( i n . 3 )  . . . . . . . . .  

. . . . . . . . . . . . . .  

. . . . . . . . . . .  

D i s p l a c e r  Lvor c o r e ,  0 3  (in,'; . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

5.90 ( 0 . 3 6 )  
4.10 ( 0 . 2 5 )  
0.83 (0 .05)  
1.64 ( 0 . 1 0 )  
56.1 ( 3 . 4 2 )  
69.1 ( 3 . 6 7 )  
4 .23  ( 0 . 2 6 )  
3 .41  ( 0 . 2 1 )  

20.42 ( 1 . 2 5 )  
7.15 ( 0 . 4 4 )  
3 . 1 5  ( 0 . 1 9 )  
1 .21  ( 0 . 0 7 )  
18.0 ( 1 . 2 1 )  
3.82 ( 0 . 2 3 )  
2 .95  ( 0 . 1 8 )  
5 .90  ( 0 . 3 6 )  

Ma t e r i  a1 s : 
H e a t e r  head 

Regenerator  o u t e r  cy1 i n d e r  . . . . . . . . . . . . . .  
Expansion-space dome . . . . . . . . . . . . . . . . .  
R e g e n e r a t o r  i n n e r  c y 1  i nder  w a l l  . . . . . . . . . . .  

O i  s p l  a c e r  . . . . . . . . . . . . . . . . . . . . . . .  
C o o l e r  . . . . . . . . . . . . . . . . . . . . . . . . .  
Cy1 i nder  

Power p i s t o n  . . . . . . . . . . . . . . . . . . . . .  
D i s p l a c e r  . . . . . . . . . . . . . . . . . . . . . .  

Standard power p i s t o n  . . . . . . . . . . . . . . . . .  
L i g h t  power p i s t o n  . . . . . . . . . . . . . . . . . . .  

. . . . . . .  316 s t a i n l e s s  s t e e l  

. . . . . . .  316 s t a i n l e s s  s t e e l  

. . . . . . .  316 s t a i n l e s s  s t e e l  

. . . . . . .  321 s t a i n l e s s  s t e e l  

. . . . . . . . . . . .  6061-T6 A1 

. . . . . .  6016-T6 A1 w i t h  chrome 
o x i d e  c o a t i n g  

. . . . .  304 s t a i n l e s s  s t e e l  w i t h  
o x i d e  c o a t i n g  

6061-T6 A1 body w i t h  Xy lan  c o a t i n g  
and m i l d  s t e e l  mass 

6061-T6 A1 body w i t h  X y l a n  c o a t i n g  
and A1 mass 

D i a m e t r a l  c l e a r a n c e s :  
D i s p l a c e r  1 r o d / r o d  c y l i n d e r ,  mm ( i n . )  . . . . . . . . . . . . . . . . . . .  0.030 ( 0 . 0 0 1 2 )  
D i s p l a c e r  1 b o d y / d i s p l a c e r  c y l i n d e r ,  mm ( i n . )  . . . . . . . . . . . . . . .  0.381 ( 0 . 0 1 5 )  
D i s p l a c e r  2 r o d / r o d  c y l i n d e r ,  mm ( i n . )  . . . . . . . . . . . . . . . . . . .  0.020 ( 0 . 0 0 0 8 )  
D i s p l a c e r  2 b o d y / d i s p l a c e r  c y l i n d e r ,  mm ( i n . )  . . . . . . . . . . . . . . .  0 .381  ( 0 . 0 1 5 )  
Power p i s t o n / p i s t o n  c y l i n d e r ,  inm ( i n . )  . . . . . . . . . . . . . . . . . . .  0 .033  ( 0 . 0 0 1 )  

D i s p l a c e r  gas s p r i n g :  
No. 1 d e s i g n  mean volume, cm3 ( i n . 3 )  . . . . . . . . . . . . . . . . . . . . .  31.79 ( 1 . 9 4 )  

No. 2 d e s i g n  mean volume, cm3 ( i n . 3 )  . . . . . . . . . . . . . . . . . . . . .  18.8 (1 .147 )  
No. 1 r o d  d i a m e t e r .  cm ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  1.663 (0 .655 )  

No. 2 r o d  d i a m e t e r ,  c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  1.806 ( 0 . 7 1 1 )  

Cen te r  p o r t s :  
Power p i s t o n  p o r t  l o c a t i o n  ( d i s t a n c e  f rom i n w a r d  

D i s p l a c e r  1 ( d i s t a n c e  f rom expans ion  space l i m i t  t o  

D i s o i a c e r  2 ( d i s t a n c e  f rom expans ion  space l i m i t  t o  

l ; m i t  t o  c e n t e r  p o r t  open ing  p o s i t i o n  ) ,  cm ( i n . )  . . . . . . . . . . . . .  2 . 0 5  ( 0 . 8 1 )  

p o s i t i o n  where t h e  c e n t e r  p o r t  o p e n s ) ,  cm ( i n . )  . . . . . . . . . . . . . .  1.90 ( 0 . 7 5 )  

p o s i t i o n  where t h e  c e n t e r  p o r t  opens ) ,  cm ( i n . )  . . . . . . . . . . . . . .  2.64 ( 1 . 0 4 )  
Cen te r  p o r t  d i a m e t e r  (power p i s t o n ) ,  mm ( i n . )  . . . . . . . . . . . . . . . .  1 . 1  ( 0 . 0 4 2 )  

1 Center  p o r t  d i a m e t e r  ( d i s p l a c e r s ) ,  mm ( i n . )  . . . . . . . . . . . . . . . . .  1.0 ( 0 . 0 4 0 )  

I 

I 1 
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A P P E N D I X  6 

E N G I N E  TEST DATA 

Tab les  6 .1 ,  B.11, and 6.111 g i v e  t h e  GPU-3, P-40, and RE-1000 S t i r l i n g  
e n g i n e  t e s t  d a t a  used f o r  t h i s  s t u d y  computer code e v a l u a t i o n .  A l l  t h e  e n g i n e  
t e s t  d a t a  were t a k e n  a t  NASA Lewis Research C e n t e r .  
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TABLE B.1 - 

2.13 
2.04 
1.33 
2.71 
2.39 
1.50 
4.47 
2.93 
2.30 
5.24 
4.16 

Mean 
pressure,  

MPa 

18.5 11.52 
24.4 8.39 
22.0 6.04 
24.2 11.23 
26.7 8.97 
24.3 6.19 
28.3 15.79 
29.1 10.07 
30.8 7.48 
33.3 15.72 
34.5 12.08 

Engine 
speed, 

r P m  

I 

Average 
heater-  

tube 
gas 

temper- 
a t u r e ,  

"C 

HE 1 -41A 
H3 1 -43A 
HE 1 -45A 
HE3-41B 
HE3-436 
HE3-45A 
HE3-6 1 A 
HE3-62A 
HE3-64B 
HE3-81A 
HE3-82A 

Brake 
power, 

kW 

2.86 3516 593 
2.84 2506 580 
2.84 1501 574 
2.90 3494 698 
2.86 2520 70 1 
2 .86 1515 70 1 
4.28 3499 68 3 
4.23 3009 698 
4.20 1995 706 
5.61 3512 685 
5.63 3019 690 

Brake 
thermal 

e f f i c i e n c y ,  
pe rcen t  

Heat 
i n p u t ,  

kW 

Heat 
t o  

c o o l e r  
coo l  a n t  , 

kW 

Cool a n t  
AT 

across 
c o o l e r  , 

"C 

R u n  
i d e n t i t y  

2 
Hydrogen 

2.86 
2.84 
2.85 
2.86 
2.85 
2.86 
4.23 
4.25 
4.25 
6.98 
7.02 

3495 
2499 
1492 
3519 
2499 
1471 
3516 
2002 
1501 
1999 
1504 

7.4 
5.3 
3.4 
7.3 
5 .4  
3.6 

10.5 
6.0 
4.7 
9.2 
7.1 

580 
584 
58 1 
68 1 
669 
679 
68 7 
652 
659 
663 
659 

H 1-438 
H 1-456 
H3-41A 
H3-43A 
H3-45A 
H3-61A 
H25-648 
H25-656 
tl25- 1 04A 
H25-105A 

11.5 
6.6 
5.2 
9.8 
7.6 

He1 i um 

0.26 
0.94 
0.92 
0.95 
1.53 
1.25 
2.03 
2.58 
2.40 
3.42 
3.77 

2.7 
12.8 
17.6 
8.8 

19.0 
10.0 
12.6 
18.3 
23.4 
18.1 
20.8 

9.59 
7.34 
5.24 

10.81 
8.07 
6.24 

16.17 
14.11 
10.26 
18.92 
18.09 

8 . 1  
5.6 
3.5 
8.3 
5.9 
3.8 

9 . 1  
6.3 
4.0 
9.0 
6.4 
4.1 

11.4 
9.9 
6 .5  

14.4 
12.4 

13.5 
11.9 
8 .4  

18.5 
16.3 

TABLE 6 . 1 1  - 
Run 

i d e n t i t y  
Mean 

pressure,  
MPa 

Engine 
speed, 

r P m  

Brake 
power, 

kW 

Brake 
thermal  

e f f i c i e n c y ,  
pe rcen t  

Heat 
i n p u t ,  

kW 

Heat 
t o  

c o o l e r  
c o o l a n t ,  

kW 

Cool ant 
AT 

across 
c o o l e r ,  

"C 

2.0 
2.3 
2.1 
2.5 
3.6 
4.0 
4 .3  
4.5 
5.7 
5.6 
5.7 
6.7 

388 
395 
396 
387 
393 
397 
386 
394 
389 
39 1 
392 
390 

5.12 
5.11 
5.13 
5.10 

10.12 
10.08 
10.13 
10.15 
15.13 
15.08 
15.09 
15.17 

947 
2000 
3002 
3918 

997 
2000 
3003 
400 1 
1413 
2002 
2999 
4000 

4.78 
9.47 

13.11 
15.02 
9.95 

19.18 
26.14 
31.29 
21.70 
27.79 
37.48 
43.21 

28.3 
32.0 
32.7 
28.7 
33.6 
35.7 
33.4 
31.9 
36.9 
36.4 
34.3 
30.3 

11.3 
19.0 
25.6 
35.1 
18.9 
33.4 
50.5 
64.4 
36.2 
47.3 
69.8 
96.7 

58.8 
76.4 

109.3 
142.5 

~~ 

aAmpl i tude - peak-to-peak va lues .  
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GPU-3 TEST DATA 

557 
569 
553 
643 
61 7 
634 
660 
638 
623 
655 
637 

Expansion- 
space 
h e a t e r  

d u c t  gas 
temper- 
a t u r e ,  

w o r k i n g  f l u i d  

72 
61 
52 
70 
62 
53 
86 
68 
63 
80 
72 

compression- space space 

t u r e ,  

1.78 
1.82 
1.80 
1.82 
1.82 
1.84 
2.63 
2.70 
2.70 
4.42 
4.43 

OC I 

300 
300 

3 300 
300 
300 
300 
300 
304 
306 
300 
303 

1.96 300 
1.90 300 
1.88 300 
2.00 300 
1.94 300 
1.76 305 
2.46 300 
2.87 300 
2.85 300 
3.66 300 
3.68 300 

w o r k i n g  f l u i d  

30 0 
295 
300 
300 
300 
305 
300 
300 
300 
300 
300 

572 
548 
55 1 
677 
668 
674 
67 7 
677 
672 
67 1 
674 

Cooler-  
compression- 

space d u c t  
gas tempera- 

t u r e  
O C  

98 
82 
66 
95 
80 
70 

117 
106 
87 

123 
113 

Maxi mum 
compression- 

space 
p ressu re ,  

MPa 

1.84 
1.76 
1.74 
1.84 
1.82 
1.72 
2.73 
2.54 
2.49 
4.22 
4.23 

Minimum 
compression- 

space 
p r e s s u r e ,  

MPa 

Expansion- 
space 

p r e s s u r e  
phase 

ang l  e, b 
deg 

Compression- Compression- 
space space 

p r e s s u r e  p r e s s u r e  
r a t i o  ampl i tude ,  a 

MPa 

6.27 
6.26 
6.30 

~ 6.30 
~ 12.53 

12.50 
12.57 
12.49 
18.86 
18.79 
18.65 
18.73 

1.74 
1.69 
1.80 
1.82 
1.86 
1.88 
2.77 
2.77 
2.81 
3.53 
3.64 

Compression- 
space 

p r e s s u r e  

b 
phase 

ang l  e, 
deg 

300 
300 
300 
300 
300 
300 
300 
300 
303 
300 
304 

Energy 
balance 

e r r o r ,  
pe rcen t  4 

6.2 
2.5 
8.1 
1.3 
2.5 
5.0 

-1.3 
2.8 

-1.5 
1.4 
0.6 

1 

' 0 . 4  
-1  . o  

1 .8 
1.9 

-1.6 
5.3 
4.8 
1 .o 
2.5 

-1.6 
1.5 

P-40 T E S T  DATA 

Expansion- 
space h e a t e r  

d u c t  gas 
tempera tu re  , 

"C 

657 
659 
654 
646 
660 
639 
628 
613 
640 
623 
597 
575 

57 
57 
57 
59 
59 
60 
62 
63 
62 
63 
65 
69 

3.89 
3.86 
3.85 
3.83 
7.73 
7.69 
7.71 
7.68 

11.55 
11.50 
11.45 
11.51 

1.60 
1.61 
1.62 
1.63 
1.61 
1.62 
1.62 
1.62 
1.63 
1.63 
1.62 
1.62 

2.38 
2.41 
2.44 
2.47 
4.81 
4.82 
4.87 
4.81 
7.32 
7.29 
7.19 
7.22 
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TABLE B.111 - RE-1000 

Mean 
p res -  
su re ,  

M Pa 

Run 
i den- 
t i  t y  

P i s t o n  
s t r o k e ,  

Cll l  

1006 
1010 
1012 
1017 
1024 
1030 
1070 
1079 
1121 
1200 

7.04 
7.03 
7.05 
7.06 
7.05 
7.06 
5.53 
4.01 
7.07 
7.03 

1.80 
2.60 
3.00 
2.60 
2.60 
2.60 
2.61 
2.61 
2.61 
2.60 

Average 
h e a t e r  

w a l l  
temper- 

a t u r e ,  
"C 

600 
599 
599 
550 
500 
450 
599 
599 
600 
600 

Cool i ng 
w a t e r  
i n l e t  

temper- 
a t u r e ,  

"C 

25 
25 
25 
25 
25 
25 
25 
25 
40 
55 

Engine 
f re -  

HZ 
quency . 

30.2 
30.1 
30.2 
30.2 
30.2 
30.2 
26.9 
23.0 
30.3 
30.2 

I n d  i ca ted  
power, 

W 

570 
939 

1100 
846 
765 
643 
759 
520 
907 
837 

I n d i c a t e d  
e f f i c i e n c y  , 

p e r c e n t  

24.4 
25.8 
24.6 
24.7 
22.8 
20.4 
26.4 
24.7 
25.2 
24.0 

Heat 
i n p u t ,  

W 

2338 
3643 
4467 
3424 
3348 
3159 
2879 
2109 
3599 
3493 

Expansion- 
space gas 
t emoe ra -  coo l  e r  

coo l  a n t  , 
W 

1892 
2736 
3265 
2713 
268 1 
2595 
2137 
1242 
2532 
2108 

t u r e ,  
"C 

568 
558 
552 
51 1 
462 
415 
555 
553 
557 
558 

~ 

aAmpl i t u d e  - peak-to-peak v a l u e s .  
bPhase a n g l e  - a n g l e  between t h e  maximum gas p r e s s u r e  and minimum w o r k i n g  space volume. 
c P  - gas p r e s s u r e .  
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TEST DATA 

Regenerator- 
cooler  gas 

temperature, 
"C 

Regenerator- 
heater  gas 

temperature, 
"C 

Compression- Compression- 
space gas space 

temperature, pressure 
"C amp1 i tude.a 

564 
548 
540 
507 
46 1 
416 
555 
560 
559 
559 

91 
91 
93 
92 
90 
89 
80 
70 

109 
123 

40 
56 
65 
53 
54 
55 
49 
42 
64 
75 

kPa I 
792 

1147 
1344 
1166 
1176 
1181 
910 
645 

1171 
1161 

Compression- 
space 

pressure 

b 
phase 

angl e ,  
deg 

-19.8 
-15.7 
-14.0 
-14.1 
-12.5 
-10.3 
-18.0 
-19.7 
-14.9 
-13.7 

Cooler 
W P , C  
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7 
7 
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D i  s p l  acer 
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W P . C  

70 
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100 
100 
100 
70 
50 
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90 
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APPENDIX C 

DESCRIPTION OF THE PWCF CODE 

The Pressure-Wave Curve-Fit (PWCF) computer code was used to calculate the 
Stirling engine power given mean gas pressures, pressure amplitudes, and pres- 
sure phase angles for both the expansion space and compression space. 

The gas pressure parame 

P =  e 

P =  C 

ers were curve-fit 

'em + z P ea sin[a + 

pcm + - 1 P sin[a + 2 ca 

n the following manner: 

where Pem is the mean expansion-space gas pressure, Pea is the expansion- 
space gas pressure amplitude (defined as maximum pressure - minimum pressure), 
a i s  the engine crank angle or piston angular position, Be is the expansion- 
space pressure phase angle, 13 varies linearly with a in order to simulate 
the nonharmonic nature o f  the Stirling engine gas pressure variation with time, 
and the subscript c indicates compression-space gas pressure parameters. 

Having a mathematical relationship for the Stirling engine gas pressure, 
it was straightforward to calculate the Stirling engine indicated power and 
heat input. Work per cycle is $(Pe dVe + P, dV,>. Heat input was approxi- 
mated as $(Pe dVe). The integration was accomplished numerically and both 
expressions were multiplied by engine frequency to arrive at power or energy 
f 1 ow rate . 

The accuracy of the PWCF code was evaluated by comparing the PWCF code's 
calculated value of Stirling engine indicated power to that predicted from the 
NASA Stirling engine computer simulation. Indicated power errors resulting 
from the use of this PWCF code at design conditions are 

GPU-3 error :- 1 percent 

P-40 error = 8 percent 

RE-1000 error = 1 percent 

Thus, the PWCF code was considered sufficiently accurate for calculating indi- 
cated power. 

Heat input calculated with the PWCF code was compared to that predicted 
from the NASA Stirling engine computer simulation. The discrepancy was 40 to 
50 percent for all three engines, and thus this PWCF code was not considered 
accurate enough for calculating heat input. 
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TABLE I . . STIRLING ENGINE DESIGN OPERATING CONDITIONS 

GPU-3 I 
Gas mean p r e s s u r e .  MPa . . . . . . . . . . .  6 .9  
Engine speed. rpm . . . . . . . . . . . .  3000 
Average h e a t e r  gas tempera tu re .  "C . . . . .  677 
Coo lan t  i n l e t  t empera tu re .  "C . . . . . . .  20 
Coo lan t  . . . . . . . . . . . . . . . . .  Water 
Work ing f l u i d  H2 

P-40 

. . . . . . . . . . . . . . .  

t 
Gas mean p r e s s u r e .  MPa . . . . . . . . . .  15.0 
Engine speed. rpm . . . . . . . . . . . .  4000 
Average h e a t e r  w a l l  t empera tu re .  O C  . . . .  720 
Coo lan t  i n l e t  t empera tu re .  O C  . . . . . . .  50 
Coo lan t  . . . . . . . . . . . . . . . . .  Water 

. . . . . . . . . . . . . . .  Working f l u i d  H2 

I RE- 1000 

Gas mean p r e s s u r e .  MPa . . . . . . . . . . .  7.0 
P i s t o n  s t r o k e .  cm . . . . . . . . . . . . .  2.6 
Average h e a t e r  w a l l  t empera tu re .  O C  . . . .  600 
Engine f requency .  Hz  . . . . . . . . . . . .  30 
Coo lan t  i n l e t  t empera tu re .  "C . . . . . . .  25 
Coo lan t  . . . . . . . . . . . . . . . . .  Water 
Working f l u i d  . . . . . . . . . . . . . . .  He 
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TABLE 11. - STIRLING ENGINE COMPUTER MODEL INPUTS 
~ _ _ _ _  ~~~~ 

Eng ine geometry 

Code space and t i m e  s p e c i f i c a t i o n s :  
Number o f  eng ine  c y c l e s  
Number o f  c o n t r o l  volumes f o r  each component 
Number o f  t i m e  s t e p s  p e r  c y c l e  

Code o p t i o n s :  
Work ing f l u i d  - r e a l ,  i d e a l  ( r e a l  used f o r  t h i s  s t u d y )  
Gas t y p e  - Hz,  He, m i x t u r e  
H e a t e r  tempera tu re  - w a l l ,  gas 
RE-1000 - i n p u t  p i s t o n  m o t i o n  o r  s o l v e  f o r  p i s t o n  m o t i o n  ( input  used f o r  t h i s  s t u d y )  

Engine o p e r a t i n g  c o n d i t i o n s :  
Mean gas p r e s s u r e  
Engine speed 
H e a t e r  w a l l  o r  average gas tempera tu re  
Cy1 i nder  w a l l  and r e g e n e r a t o r  w a l l  t empera tu res  
C o o l a n t  f l o w  r a t e  
C o o l a n t  i n l e t  t empera tu re  
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TABLE 111. 

Operating condi t ions Power,b 
( a )  percent  

E f f i c i e n c y ,  Heat 
percent  i n p u t ,  

percent  

P = 2.8 MPa, W = 2500 rpm 38.0 
P = 6.9 MPa, W = 2000 rpm ( n e a r  design)  16.0 

- STIRLING 

cool a n t ,  
percent  

14.8 20.1 23.4 
-1.6 17.9 21.6 

P = 5 MPa, W = 1000 rpm -8.8 
P = 15 MPa. W = 4000 rprn (design)  -1 1.4 

P = 2.8 MPa, W = 2500 rpm 
P = 5.5 MPa, W 3500 rpm 

-14.6 6.8 7.5 
-3.9 -7.8 -17.3 

129.1 78.2 28.6 I 80.1 1 45.1 I 24.1 I ’::; I 

P = 4 MPa, St = 2.6 cm 
P 7 MPa, S t  = 1.8 cm 
P = 7 MPa, S t  = 2.6 cm (design)  

20.1 8.9 10.3 27.5 
1.5 -4.1 5.8 -5.4 

12.4 -.8 13.0 5.4 
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ENGINE PREDICTION ERRORS 

Expansion- 
space gas 

temperature, 
O C  

Compression- 
space gas 

temperature, 
O C  

Expansion- 
space 

pressure 
ampl i tude, 

percent 

Compression- 
space 

pressure 
phase angle ,  

deg 

Compression- 
space 

pressure 
ampl i tude, 

percent 

Heat 
exchanger 

pressure 
drop 

ampl i tude, 
percent 

-1  
-7 

--- 7 7 .4  7 . 7  -6 
12 12.8 9.0 -6 --- 

5 
-1 1 

--- 4 17.8 12.1 -7 
7 10.8 15.8 -5 -- 

30 
1 1  

31 

-- --- 5 -- 4 .0  
24 9.0 2 .7  ---- --- 

2 2 --- 11.3 1 .4  
4 5 ---- 5 .4  -1.3 

-1 6 ---- 7 .1  -0.1 

-49 
-5 1 
-4 7 



.REGENERATOR 

FIGURE 1. - CROSS-SECTIONAL VIEW OF GPU-3 SINGLE-CYLINDER STIRLING ENGINE. 
THE HYDROGEN CWRESSOR VAS R m V E D  FRCH THE NASA TEST €KINE. 
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FIGURE 3.  - CROSS-SECTIONAL VIEW OF RE-1000 FREE-PISTON 
STIRLING ENGINE. 
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ENGINE SPEED, RPM 

FIGURE 4. - GPU-3 BRAKE POWER VERSUS ENGINE SPEED FOR HY- 
D R W N  AND HELIUM WORKING FLUIDS. 
GAS TEIPERATURE. 690 OC: MEAN CWRESSIOW-SPACE GAS PRES- 
SURE. 2.8 WA. 

AVERAGE HEATER-TUBE 

E A N  CWRESSION- 
SPACE GAS PRESSURE. 
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0 9.1 
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- 
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FIGURE 5. - GPU-3 BRAKE POWER VERSUS ENGINE SPEED FOR VARI- 
OUS MEAN CWRESSION-SPACE PRESSURES. 
6As TEMPERATURE, 690 OC: WORKING GAS. HELILW. 

AVERAGE HEATER-TUBE 

AVERAGE KATER-TUBE 
GAS TERf'ERATURE. 

OC 

0 690 
0 580 

- 

- PREDICTED PERFORMANCE --- ENGINE TEST DATA 

0- /e----- 

FIGURE 6. - GPU-3 BRAKE POWER VERSUS ENGINE SPEED FOR VARI- 
MEAN CWRESSION-SPACE OUS HEATER-TUBE GAS PERATURES.  

PRESSURE. 2.8 WA; YORKING 6AS. HYDROEN. 
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WORKING GAS 15 - 
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ENGINE TEST DATA 
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F'dIRE 7. - GPU-3 HEAT INPUT VERSUS ENGINE SPEED FOR HYDROGN 

I I 

AND HELIUM WORKING FLUIDS. 
ATURE. 690 OC: MEAN MS PRESSURE, 2.8 R A .  
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FIGURE 8 .  - GPU-3 HEAT INPUT VERSUS ENGINE SPEED FOR VARI- 
OUS MEAN CONPRESSION-SPACE PRESSURES. AVERAGE HEATER- 
TUBE GAS TEMPERATURE. 690 OC: WORKING GAS, HELIUM. 
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FIGURE 9 .  - GPU-3 HEAT INPUT VERSUS ENGINE SPEED FOR VARI- 
OUS HEATER-TUBE GAS TEMPERATURES. MEAN CONPRESSION-SPACE 
PRESSURE IS 2.8 RA. WORKIN6 GAS. HYDROGEN. 

AVERAGE HEATER-TUBE 
GAS TEMPERATURE, 
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FIGURE 10. - GPU-3 COMPRESSION-SPACE PRESSURE MPLITUDE 
(PEAK TO PEAK VALUES) VERSUS ENGINE SPEED FOR VARIOUS 
HEATER-TUBE GAS TEMPERATURES. MEAN COMPRESSION-SPACE 
PRESSURE. 2.8 R A :  WORKIE 6AS. HYDROGEN. 
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