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ABSTRACT 

The Space Power R e s e a r c h  E n g i n e  (SPRE), a 
f r e e - p i s t o n  S t i r l i n g  e n g i n e  w i t h  l i n e a r  a l t e r n a -  
to r ,  i s  b e i n g  t e s t e d  a t  t h e  NASA L e w i s  R e s e a r c h  
C e n t e r  a s  p a r t  of t h e  C i v i l  Space T e c h n o l o g y  
I n i t i a t i v e  (CSTI) as  a c a n d i d a t e  for h i g h  c a p a c i t y  
space  p o w e r .  T h i s  p a p e r  p r e s e n t s  r e s u l t s  of b a s e -  
l i n e  e n g i n e  t e s t s  a t  d e s i g n  a n d  o f f - 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 .  
w i t h  code  mode l  p r e d i c t i o n s .  

The t e s t  r e s u l t s  a r e  compared  

INTRODUCTION 

t h e  
Bec 
S t i  
f o r  

The work r e p o r t e d  i n  t h i s  p a p e r  i s  f unded  b y  
NASA C i v i l  Space T e c h n o l o g y  I n i t i a t i v e  ( C S T I ) .  

a u s e  o f  i t s  h i g h  t h e r m a l  e f f i c i e n c y  p o t e n t i a l ,  
r l i n g  i s  a c a n d i d a t e  for  h i g h  c a p a c i t y  power 

s p a c e  sys tems  i n  t h e  l a t e  1 9 9 0 ' s  a n d  i n t o  t h e  
n e x t  c e n t u r y .  S i n c e  t h e  f r e e - p i s t o n  S t i r l i n g  i s  a 
r e l a t i v e l y  i m m a t u r e  t e c h n o l o g y ,  t h e  SPRE e n g i n e s  
were  b u i l t  t o  s e r v e  as  r e s e a r c h  t o o l s  t o  e v a l u a t e  
t h e  e n g i n e  i n  i t s  i n i t i a l  f o r m  and  t o  p r o v i d e  a 
t e s t  b e d  for component  t e c h n o l o g y  d e v e l o p m e n t .  
T h i s  r e p o r t  p r e s e n t s  a p o r t i o n  o f  t h e  t e s t  d a t a  
o b t a i n e d  a t  t h e  NASA L e w i s  R e s e a r c h  C e n t e r  w i t h  
t h e  SPRE I i n  i t s  o r i g i n a l  or b a s e l i n e  c o n f i g u r a -  
t i o n .  Compute r  p r e d i c t i o n s  u s i n g  t h e  HFAST code  
a r e  a l s o  p r e s e n t e d  for c o m p a r i s o n .  

TEST OBJECTIVES 

1 .  To e s t a b l i s h  a r e f e r e n c e  s e t  o f  d a t a  a t  
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  o v e r  a r a n g e  o f  tem- 
p e r a t u r e  r a t i o s  from 1 . 6  t o  2 . 4  a n d  mean p r e s s u r e s  
f r o m  5.0 t o  15.0 MPa. These d a t a  a r e  i n t e n d e d  f o r  
t h e  v a l i d a t i o n  o f  c o m p u t e r  codes  and  f o r  c o m p a r i -  
s o n  w i t h  f u t u r e  t e s t  d a t a .  

2 .  To d e t e r m i n e  t h e  e n g i n e  p e r f o r m a n c e  
s e n s i t i v i t y  t o  v a r i a t i o n s  i n  o p e r a t i n g  c o n d i t i o n s ;  
p a r t i c u l a r l y  i t s  s e n s i t i v i t y  t o  o p e r a t i n g  
t e m p e r a t u r e s .  

3. To c h e c k  o u t  and  t u n e  t h e  f a c i l i t y  s y s t e m s .  

SPRE I TEST EQUIPMEN1 

The SPRE I i s  o n e  o f  two e n g i n e s  t h a t  were  
d e s i g n e d  and  b u i l t  b y  M e c h a n i c a l  T e c h n o l o g y ,  I n c . ,  

( M T I )  o f  La tham,  N Y ,  u n d e r  c o n t r a c t  w i t h  NASA. 
The second  e n g i n e  i 'eniains a t  M T I .  These e n q i n e s  
wei-e b u i l t  by  s p l i t t i n y  t h e  o r i g i n a l  Space Power 
D e m o n s t r a t o r  E n y i n e  (SPDE, i n  h a l v e s  a n d  m o d i f y i n g  
t h e  o p e n  h o t  ends o f  t h e  c y l i n d e r s  b y  a d d i n g  
c l o s u r e  h e a d s .  R e f e r e n c e s  1 to  3 d e s c r i b e  t h e  
SPDE p r o g r a m  and  e n g i n e  t e s t  r e s u l t s .  The p h o t o -  
g r a p h  i n  F i g .  1 shows t h e  SPRE I i n s t a l l e d  i n  t h e  
NASA L e w i s  t e s t  f a c i l i t y .  F i g .  2 i s  a cross sec -  
t i o n  d r a w i n g  o f  t h e  SPRE show ing  i t s  m a j o r  p a r t s .  
Because o f  t h e  l i m i t e d  amount o f  space a v a i l a b l e  
i n  t h i s  p a p e r ,  o n l y  t h e  f o l l o w i n g  b r i e f  d e s c r - i p -  
t i o n  o f  t h e  t e s t  a r ra r l ge inen t  i s  p r e s e n t e d .  

H e a t  i s  s u p p l i e d  t o  t h e  e n g i n e  b y  c i r c u l a t i n g  
m o l t e n  s a l t  through t h e  e n g i n e  h e a t e r .  Waste h e a t  
i s  r emoved  from t h e  e n g i n e  b y  c i r c u l a t i n g  w a t e r  
t h r o u g h  t h e  c o o l e r .  H e l i u m  i s  u s e d  as  t h e  r o l - k i n g  
g a s .  The e n g i n e  p r o d u c e s  e l e c t r i c a l  power  b y  
means o f  a l i n e a r  a l t e r n a t o r  d r i v e n  d i r e c t l y  b y  
t h e  power  p i s t o n .  The e l e c t r i c a l  power  i s  a b s o r b e d  
b y  a n  e l e c t r i c a l  r e s i s t a n c e  l o a d ,  w h i c h  c o n t r o l s  
t h e  a l t e r - n a t o r  o u t p u t  v o l t a g e  and  r e s u l t i n g  p i s t o n  
s t r o k e .  The SPRE I e n g i n e  and t e s t  f a c i l i t y ,  
i nc 1 ud i n g  i n s t 1- unie n t a t i on, a r e  de s c r i b e d  i n 
r e a s o n a b l e  d e t a i  1 i n  [ 4 1 .  

GENERAL T E S T  PROCEDURES 

B e f o r e  s t a r t i n g ,  t h e  e n g i n e  was p r e s s u r i z e d  
w i t h  h e l i u m  w o r k i n g  gas to  5 . 0  MPa; t h e  c o o l i n g  
w a t e r  flow was s e t  t o  a b o u t  1 . 2  l i t e r l s e c ;  t h e  
s a l t  flow was e s t a b l i s h e d  a t  a b o u t  1 . 7  l i t e r l s e c ;  
and  t h e  e n g i n e ' s  h e a t e r  was p r e h e a t e d  u n t i l  t h e  
a b s o l u t e  t e m p e r a t u r e  r a t i o  o f  t h e  h e a t e r  t o  c o o l e r  
m e t a l  t e m p e r a t u r e s  was a b o u t  1 . 6 .  The e n g i n e  was 
t h e n  s t a r t e d  u s i n g  60 Hz e l e c t r i c a l  p o w e r .  . A f t e r  
t h e  e n g i n e  s t a r t e d ,  t h e  mean p r e s s u r e  was r a i s e d  
t o  7 . 5  MPa. and  d a t a  were t a k e n  a t  t e m p e r a t u r e  
r a t i o s  o f  1 . 7 ,  1 .8 ,  and  2 . 0 .  A t  each  t e m p e r a t u r e  
l a t i o  d a t a  w e r e . t a k e n  a t  5 ,  6 ,  7 ,  8 ,  9 ,  a n d  IO mm 
p i s t o n  a m p l i t u d e s  ( h a l f  s t r o k e ) .  W h i l e  h o l d i n g  
t h e  t e m p e r a t u r e  r a t i o  a t  2 . 0 ,  d a t a  were a l s o  t a k e n  
a t  5 .0 ,  7 . 5 ,  10.0, 1 2 . 5 ,  and  1 5 . 0  MPa for t h e  p r e v -  
i o u s l y  m e n t i o n e d  p i s t o n  a m p l i t u d e s .  A t  15 MPa 
d a t a  were  a l s o  t a k e n  a t  10 .79  and  1 1 . 0 7  mni ( n o m -  
n a l  d e s i g n  maximum p i s t o n  a m p l i t u d e  i s  1 0 . 0  inin) to 
d e t e r - m i n e  t h e  a c t u a l  l i m i t  o i  p i s t o n  a m p l i t u d e  and  
o u t p u t  power- a t  15 MPa and  a t e m p e r a t u r e  r a t i o  o f  
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2 . 0 .  D a t a  measurements a t  15 MPa and  a t  o t h e r  
t e m p e r a t u r e  r a t i o s  were p l a n n e d .  However ,  w h i l e  
p r e p a r i n g  to make a n o t h e r  t e s t  w i t h  t h e  e n g i n e  t o  
c o m p l e t e  t h e  d a t a  s e t ,  t h e  a l t e r n a t o r  p l u n g e r  was 
s e v e r e l y  damaged i n  a n  u n f o r t u n a t e  a c c i d e n t .  Con- 
s i d e r a b l e  t i m e  has  been r e q u i r e d  to  r e p a i r  t h e  
p l u n g e r  a n d  to  s o l v e  a number o f  o t h e r  p r o b l e m s .  
A t  t h i s  w r i t i n q ,  e n q i n e  d a t a  have  n o t  been  
measured  a t  I5-MPa ?or t e m p e r a t u r e  r 
t h a n  2 .0 .  

CODE PREDICTIONS 

The S t i r l i n g  e n g i n e  p e r f o r m a n c e  
g e n e r a t e  t h e  p r e d i c t e d  d a t a  i n  t h e  p 
t h i s  r e p o r t  was HFAST, v e r s i o n  1.02. 
w r i t t e n  b y  M e c h a n i c a l  T e c h n o l o g y ,  I n  
u n d e r  MTI  i n t e r n a l  R&D f u n d i n q .  The 

t ios  o t h e r  

code  u s e d  t o  
o t s  shown i n  

HFAST was 
. ,  ( M T I )  
m a j o r  d e v e l o p -  

men t  o f  HFAST began  i n  1985 and  c o n t i n u e d  t h r o u g h '  
1987.  The HFAST code  i s  c u r r e n t l y  b e i n g  f u r t h e r  
i m p r o v e d  b y  MTI  u n d e r  c o n t r a c t  w i t h  NASA. HFAST 
c a n  s i m u l a t e  b o t h  f r e e - p i s t o n  and  k i n e m a t i c  S t i r l -  
i n g  e n g i n e s .  HFAST assumes t h a t  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  a r e  h a r m o n i c  
f u n c t i o n s  o f  t i m e .  The s o l u t i o n  i s  t h e n  f o u n d  b y  
s o l v i n g  a s y s t e m  o f  n o n l i n e a r ,  a l g e b r a i c  e q u a t i o n s  
r a t h e r  t h a n  a s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s .  

c o n t r o l  vo lumes  for t h e  c o m p u t e r  s i m u l a t i o n  as  
shown i n  F i g .  3 .  A s i n g l e  c o n t r o l  vo lume was u s e d  
t o  model  e a c h  t h e  d i s p l a c e r  a p p e n d i x  gap ,  
e x p a n s i o n  space ,  h e a t e r ,  c o o l e r ,  and  p r i m a r y  
c o m p r e s s i o n  space .  Two c o n t r o l  vo lumes  were 
u s e d  t o  model  e a c h  t h e  r e g e n e r a t o r  a n d  t h e  
c o o l e r - t o - 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 u c t s .  
T h i s  s e t u p  n e g l e c t e d  t h e  second  c o m p r e s s i o n - s p a c e  
vo lume ( s e e  F i g .  2)' w h i c h  e x i s t s  a t  t h e  c o l d  e n d  
of t h e  d i s p l a c e r .  S i n c e  HFAST i s  a o n e - d i m e n s i o n a l  
c o d e ,  t h e  a d d i t i o n  o f  t h e  second  c o m p r e s s i o n - s p a c e  
v o l u m e  to t h e  c o m p u t e r  model  p r o b a b l y  w o u l d  n o t  
h a v e  h a d  a s i g n i f i c a n t  e f f e c t  on t h e  p r e d i c t i o n s .  
When a second  c o m p r e s s i o n - s p a c e  v o l u m e  was added  
to t h e  NASA L e w i s  SPRE c o d e ,  w h i c h  i s  a one -  
d i m e n s i o n a l  c o d e ,  t h e  e f f e c t  o n  t h e  code  p r e d i c -  
t ions  was i n s i g n i f i c a n t .  

The SPRE w o r k i n g  space was d i v i d e d  i n t o  n i n e  

The a c t u a l  measured  p i s t o n  a n d  d i s p l a c e r  
m o t i o n s ,  f r e q u e n c i e s ,  mean p r e s s u r e s ,  s a l t  and  
w a t e r  f lows, a n d  t e m p e r a t u r e s  were u s e d  as  inputs  
to  t h e  HFAST c o d e .  P r e d i c t i o n s  were  made for com- 
p r e s s i o n - s p a c e  p r e s s u r e  v a r i a t i o n s ,  p i s t o n  P V  
p o w e r ,  h e a t e r  and c o o l e r  h e a t  f l o w s ,  p i s t o n  PV 
e f f i c i e n c y ,  a n d  o t h e r  p a r a m e t e r s  f o r  c o m p a r i s o n  to 
SPRE I measured  d a t a .  

RESULTS 

The i n i t i a l  SPRE I d a t a  p r e s e n t e d  e a r l i e r  C41 
d i f f e r  from t h e  d a t a  p r e s e n t e d  i n  t h i s  p a p e r .  The 
d i f f e r e n c e s  a r e  due t o  a change i n  t h e  c a l c u l a t i o n  
f o r  t h e  c o o l e r  w a t e r - s i d e  t u b e  w a l l  t e m p e r a t u r e .  
A f t e r  r e v i e w i n g  t h e  r a n g e  o f  P r a n d t l  a n d  R e y n o l d s  
numbers e x i s t i n g  i n  t h e  SPRE c o o l e r ,  i t  was d e t e r -  
m i n e d  t h a t  t h e  w a t e r - s i d e  h e a t - t r a n s f e r  c o r r e l a t i o n  
( s e e  L51.  E q .  9 . 1 0 8 b )  u s e d  d u r i n g  t h e  i n i t i a l  t e s t -  
i n g  was n o t  a p p r o p r i a t e .  The p r e d i c t e d  t e m p e r a t u r e  
d r o p  b e t w e e n  t h e  t u b e  w a l l  t e m p e r a t u r e  and  t h e  
b u l k  w a t e r  t e m p e r a t u r e  t e n d e d  to  be too h i g h .  

T h e r e f o r e  t h e  c a l c u l a t e d  c o o l e r  w a l l  t e m p e r a t u r e  
was h ighe r .  t h a n  t h e  d c t u a l  c o o l e r  wa l  1 t e m p e r a t i i r e  
and  t h e  c a l c u l a t e d  wal  I t e m p e r a t u r e  r a t i o  be tween  
t h e  h e a t e r  t u b e s  and  t h e  c o o l e r  t u b e s  was l o w e r  
t h a n  t h e  a c t u a l  t e m p e r a t u r e  r a t i o .  The c o o l e r ,  
wa t e  r - s i de he a t  - t (.an s f e 1' c o r  r e 1 a t  i o n  was r e p  1 aced  
w i t h  a new c o r r e l a t i o n  C61. The r e v i s e d  c a l c u l a -  
t i o n  for' c o o l e r  t u b e  o u t s i d e - w a l l  t e m p e r a t u r e  has 
been used  fo r  a l l  s u b s e q u e n t  t e s t s .  

F i g u r e  4 shows t h e  w a l l  t e m p e r a t u r e  r a t i o  
d e t e r m i n e d  u s i n g  t h e  r e v i s e d  c a l c u l a t i o n  v e r s u s  
p i s t o n  a m p l i t u d e  for- t h e  d a t a  t a k e n  a t  a w a l l  tem- 
p e r a t u r e  r - a t i o  o f  2 . 0  p r e s e n t e d  i n  [ S I .  F o r  com- 
p a r i s o n ,  t h e  c a l c u l a t e d  w a l l  t e m p e r a t u r e  r a t i o s  
f o r  t h e  SPRE d a t a  r e p o r t e d  i n  t h i s  p a p e r  ai-e a l s o  
shown. A l t h o u g h  t h e  o r i g i n a l  d a t a  was i n t e n d e d  t o  
be a t  a t e m p e r a t u r e  r - a t i o  o f  2 .0 ,  t h e  t e m p e r a t u r e  
r a t i o s  were a c t u a l l y  h i g h e r ,  a p p r o a c h i n g  2 . 1  a t  
9 mni p i s t o n  amp1 i t i l d e .  

U n l e s s  o t h e r w i s e  s t a t e d  t h e  d a t a  p l o t s  d i s -  
c u s s e d  b e l o w  a r e  f o r  a t e m p e r a t u r e  r a t i o  o f  2.0.  

The measured  o p e r a t i n g  f r e q u e n c i e s  as  a 
f u n c t i o n  o f  e n g i n e  mean p r e s s u r e  a t  a t e m p e r a t u r e  
r a t i o  of 2 .0  fo r  6 .0 ,  8 .0 ,  and  10.0 mm p i s t o n  
a m p l i t u d e s  a r e ~ s h o w n  i n  f i g u r e  5 .  The f r e q u e n c y  
v a r i e s  a p p r o x i m a t e l y  i n  p r o p o r t i o n  t o  t h e  s q u a r e  
roo t  o f  t h e  mean p r e s s u r e  from a b o u t  60 to 
100 H z .  The f r e q u e n c y  i s  a f f e c t e d  s l i g h t l y  b y  t h e  
p i s t o n  a m p l i t u d e ;  t e n d i n g  to  d r o p  as p i s t o n  a n i p l i -  ' 

t u d e  i n c r e a s e s .  A t  15 I4Pa mean p r e s s u r e  t h e  f r e -  
q u e n c y  d r o p s  I . 4  Hz when t h e  p i s t o n  amp1 i t u d e  i s  
i n c r e a s e d  from 6 t o  10 mm. T h i s  i s  most l i k e l y  
due  t o  an i n c v e a s e  i n  e f f e c t i v e  s y s t e m  d a m p i n g  
caused  b y  gas f low l o s s e s  i n c r e a s i n g  a t  a h i g h e r  
r a t e  t h a n  t h e  power  as  t h e  p i s t o n  a m p l i t u d e  i s  
i n c r e a s e d .  

The p i s t o n  PV power  ( r a t e  o f  work  p e r f o r m e d  
o n  t h e  power  p i s t o n  b y  t h e  c o m p r e s s i o n - s p a c e  g a s )  
v e r s u s  p i s t o n  a m p l i t u d e  i s  shown i n  f i g u r e  6 .  The 
p i s t o n  PV power i s  based  o n  t h e  o p e r a t i n g  f r e q u e n c y  
a n d  t h e  i n t e g i - a 1  o f  P dV u s i n g  f i r s t  o r d e r  h a r -  
m o n i c  e x p r e s s i o n s  for t h e  c o m p r e s s i o n - s p a c e  
p r e s s u r e  a m p l i t u d e  and  phase  a n g l e  r e l a t i v e  t o  t h e  
p i s t o n  m o t i o n ,  p i s t o n  a m p l i t u d e ,  and  p i s t o n  a r e a .  
D a t a  a r e  shown f o r  mean p r e s s u r e s  o f  1 5 . 0 ,  10.0, 
a n d  5 .0  MPa. The PV power- v a r i e s  n e a r l y  l i n e a r l y  
w i t h  i n c r e a s i n g  p i s t o n  a m p l i t u d e  and a l s o  w i t h  
i n c r - e a s i n g  mean p r e s s u r e  r a i s e d  t o  a b o u t  t h e  1 . 5  
p o w e r .  The ineasiri.ed power t e n d s  t o  be l o w e r  t h a n  
t h e  p i . e d i c t e d  power'. A t  15 MPa t h e  measui -ed power  
i s  6 . 5  t o  8 . 1  p e r c e n t  lower. t h a n  t h e  p r e d i c t e d  v a l -  
u e s .  The d i f f e r e n c e  be tween  p r e d i c t e d  and  measured  
power  a t  10 MPa t e n d s  t o  i n c r e a s e  w i t h  p i s t o n  
a m p l i t u d e  from 4 . 2  t o  7.0 p e r c e n t .  A t  5 MPa t h e  
d i f f e r e n c e  a l s o  i n c r e a s e s  f rom 6 . 0  t o  9 . 4  p e r c e n t  
a s  t h e  p i s t o n  a m p l i t u d e  i n c r e a s e s .  A t  15 MPa and  
a d e s i g n  maximum p i s t o n  a m p l i t u d e  o f  10 mm, t h e  
measured  PV power  was 11 .94  kW, a n d  t h e  p r e d i c t e d  
power  a t  t h a t  c o n d i t i o n  was 12 .99  kW. The maximum 
P V  power a c h i e v e d  b y  t h e  e n g i n e  was 1 2 . 8 9  kW a t  an 
a v e r s t r o k e  p i s t o n  a m p l i t u d e  o f  1 1  .07 mm. 

The e f f e c t  o f  t e m p e r a t u r e  r a t i o  o n  PV power 
i s  shown i n  F i g .  7 .  The P V  pokier- a t  7 . 5  MPa mean 
p r e s s u r e  i s  p l o t t e d  a g a i n s t  t e m p e r a t u r e  r a t i o  f o r  
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p i s t o n  a m p l i t u d e s  o f  10 and  6 mm. The PV power 
t e n d s  t o  v a r y  n e a r l y  l i n e a r l y  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  r a t i o .  The code p r e d i c t i o n s  t e n d  t o  
b e  g r e a t e r  t h a n  t h e  measured  d a t a  b y  1 . 3  to 
6 . 8  p e r c e n t .  The p e r c e n t a g e  d i f f e r e n c e  i n c r e a s e s  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  r a t i o  and w i t h  
i n c r e a s i n g  p i s t o n  a m p l i t u d e .  

The c o m p r e s s i o n  space  p r e s s u r e  a m p l i t u d e  v e r -  
sus  p i s t o n  a m p l i t u d e  a r e  shown i n  F i g .  8 .  A l l  t h e  
measured  d a t a  f a l l s  w i t h i n  a b o u t  2 p e r c e n t  o f  t h e  
p r e d i c t e d  v a l u e s .  

p h a s e  a n g l e  v e r s u s  t h e  p i s t o n  a m p l i t u d e .  The phase  
a n g l e  was measured  w i t h  r e s p e c t  t o  t h e  p i s t o n  
a m p l i t u d e .  The n e g a t i v e  s i g n  i n d i c a t e s  t h a t  t h e  
p r e s s u r e  l a g s  t h e  p i s t o n  m o t i o n .  The t r e n d s  i n  
t h e  measured  d a t a  a r e  s i m i l a r  t o  t h e  p r e d i c t i o n s .  
The p r e s s u r e  phase  a n g l e  m a g n i t u d e  t e n d s  to  
d e c r e a s e  as  t h e  p i s t o n  a m p l i t u d e  i n c r e a s e s ,  w i t h  
t h e  s l o p e  b e i n g  g r e a t e r  a t  15 MPa. However ,  
t h e  measured  phase  a n g l e s  a r e  s m a l l e r  t h a n  t h e  p r e -  
d i c t e d  a n g l e s  ( w e l l  o u t s i d e  t h e  e r r o r  b a n d s ) .  The 
g r e a t e s t  d i f f e r e n c e  i s  a b o u t  0 . 9 5 "  a t  5 MPa w i t h  
9 mm p i s t o n  a m p l i t u d e .  The s m a l l e r  p r e s s u r e  phase  
a n g l e s  a c c o u n t  f o r  most of t h e  d i f f e r e n c e  be tween  
measured  and p r e d i c t e d  PV p o w e r .  

f i g u r e  9 shows t h e  c o m p r e s s i o n  space  p r e s s u r e  

The p i s t o n  PV e f f i c i e n c y  v e r s u s  t h e  p i s t o n  
a m p l i t u d e  i s  shown i n  f i g u r e  10 fo r  5 and 15 MPa 
mean p r e s s u r e .  The P V  e f f i c i e n c y  was c a l c u l a t e d  
b y  d i v i d i n g  t h e  p i s t o n  PV power b y  t h e  h e a t  f low 
t o  t h e  h e a t e r .  The PV e f f i c i e n c y  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  p i s t o n  a m p l i t u d e  a n d  mean p r e s s u r e .  
The measured  v a l u e s  v a r y  o n l y  from a b o u t  1 7 . 5  to 
2 2 . 6  p e r c e n t  o v e r  t h e  f u l l  r a n g e  o f  p i s t o n  a m p l i -  
t u d e  a n d  mean p r e s s u r e .  A t  5 MPa t h e  e f f i c i e n c y  
t e n d s  to  i n c r e a s e  as  t h e  p i s t o n  a m p l i t u d e  
i n c r e a s e s ,  as  p r e d i c t e d .  I t  was 0 . 3 7  p e r c e n t a g e  
p o i n t s  h i g h e r  a t  5 mm and  t e n d e d  to  f a i l  b e l o w  t h e  
p r e d i c t i o n s  b y  u p  t o  0 . 8 4  p o i n t s  as t h e  p i s t o n  
a m p l i t u d e  i n c r e a s e d .  The code  p r e d i c t s  t h e  e f f i -  
c i e n c y  a t  15 MPa t o  be maximum a t  5 mm and  t o  
d e c r e a s e  as t h e  p i s t o n  a m p l i t u d e  i n c r e a s e s .  The 
measured  d a t a  a t  15 MPa f a l l  b e l o w  t h e  p r e d i c t i o n s  
and  t e n d s  t o  peak  a t  a b o u t  8 mm. The d i f f e r - e n c e  
b e t w e e n  measured  and  p r e d i c t e d  e f f i c i e n c y  a t  
15 MPa i s  2 . 4 6  p e r c e n t a g e  p o i n t s  a t  5 mm and 
d e c r e a s e s  t o  a b o u t  1 . 1  p o i n t s  a t  9 and  10 mm. 

d a t a  v e r s u s  p i s t o n  PV power for  a l l  t h e  d a t a  t a k e n  
a t  t e m p e r a t u r e  r a t i o  = 2 .0 .  T h i s  f i g u r e  v e r y  d r a -  
m a t i c a l l y  shows t h a t  t h e  SPRE P V  e f f i c i e n c y  i s  
n e a r l y  c o n s t a n t  o v e r  more t h a n  a n  o r d e r  o f  magn i -  
t u d e  r a n g e  o f  PV p o w e r .  The h i g h e s t  PV e f f i c i e n c y  
o c c u r r e d  a t  7 . 5  MPa o v e r  a r a n g e  o f  1 . 7  t o  5 . 1  kN; 
v a r y i n g  o n l y  from 2 1 . 2 2  t o  2 2 . 6 4  p e r c e n t .  

F i g u r e  12 shows t h e  PV e f f i c i e n c y  v e r s u s  
t e m p e r a t u r e  r a t i o  a t  7 .5  MPa f o r  10 a n d  6 mm p i s -  
t o n  a m p l i t u d e .  As e x p e c t e d  t h e  P V  e f f i c i e n c y  
i n c r e a s e s  w i t h  t e m p e r a t u r e  r a t i o .  A t  IO mm p i s -  
t o n / a m p l i t u d e  t h e  measured  d a t a  a r e  v e r y  c l o s e  
( w i t h i n  2 0 . 5  p e r c e n t a g e  p o i n t )  to t h e  p r e d i c t i o n s .  
A t  6 mm t h e  m e a s u r e d  d a t a  a r e  1 . 6 4  t o  1 . 0 5  p o i n t s  
h i g h e r  t h a n  t h e  p r e d i c t i o n s  a n d  t h e  d i f f e r e n c e  
J e c r e a s e s  as  t h e  t e m p e r a t u r e  r a t i o  i n c r e a s e s .  

F i g u r e  1 1  shows t h e  measured  PV e f f i c i e n c y  

I n  F i g .  13 t h e  h e a t  i n p u t  r a t e  to  t h e  h e a t e r  
i s  shown v e r s u s  p i s t o n  a m p l i t u d e .  The measured  
h e a t  f low v a r i e s  n e a r - l y  l i n e a l - l y  w i t h  p i s t o n  a n i p l i -  
t u d e  and w i t h  mean pvessu i ' e  to  a b o u t  t h e  I . 5  p o w e r .  
The measured  d a t a  g e n e r a l l y  a g r e e s  c l o s e l y  w i t h  
t h e  p r e d i c t i o n s .  A t  15 MPa t h e  measured  d a t a  
r a n g e s  from 4 . 6  p e r c e n t  h i g h e r  t h a n  t h e  p r e d i c t i o n  
a t  5 mm t o  2 . 5  p e r c e n t  l o w e r  t h a n  p r e d i c t i o n  a t  10 
mm. A t  IO MPa t h e  measured  d a t a  r a n g e s  from 7 t o  
2 . 3  p e r c e n t  l o w e r  and a t  5 MPa t h e  measured  d a t a  
a r e  8 . 1  to  5 . 7  p e r c e n t  l o w e r .  

The c o o l e r  h e a t  r e j e c t i o n  r a t e  i s  shown i n  
F i g .  14 v e r s u s  t h e  p i s t o n  a m p l i t u d e .  The c o o l e r  
h e a t  f low a l s o  v a r i e s  n e a r l y  l i n e a r l y  w i t h  p i s t o n  
amp1 i t u d e  and  w i t h  t h e  inean p r e s s u r e  t o  a b o u t  t h e  
1 . 5  power-. A t  15 MPa t h e  SPRE d a t a  were  0 . 6  to 
2 . 6 5  p e r c e n t  l o w e r  t h a n  p r e d i c t e d .  A t  10 MPa t h e  
measured  d a t a  r a n g e d  from 3 . 5  p e r c e n t  l o w e r  t o  
0 . 7  p e r c e n t  h i g h e r -  t h a n  t h e  p r e d i c t i o n s .  And a t  
5 MPa t h e  measured  d a t a  were 0 . 4  t o  8 . 9  p e r c e n t  
l o w e r  t h a n  t h e  p r e d i c t e d  v a l u e s .  

The e x p a n s i o n  space  mean gas t e m p e r a t u r e  v e r -  
sus p i s t o n  a i n p l i t u d e  i s  shown i n  F i g .  1 5 .  The mea- 
s u r e d  t e m p e r a t u r e s  a r e  l o w e r  t h a n  t h e  p r e d i c t e d  
t e m p e r a t u r e s .  A t  15 MPa t h e  measured  t e m p e r a t u r e s  
a r e  0 . 7  t o  7 . 2 "  l o w e r  t h a n  p r e d i c t e d .  A t  10 MPa 
t h e  SPRE d a t a  were  0 . 4  to  1 0 . 1 "  l o w e r .  And a t  
5 MPa t h e  measured  v a l u e s  were 3 . 1  t o  2 1 . 8 "  l o w e r  
t h a n  p r e d i c t e d .  The d i f f e r e n c e  t e n d s  t o  d e c r e a s e  
as mean p r e s s u r e  and  p i s t o n  amp1 i t i l d e  i n c r e a s e ;  
w h i c h  s u g g e s t s  p o s s i b l e  measurement  e r r o r  due t o  
con  d ti c t i on a 1 o n  g t h e  t h e  rmoc ou p 1 e s or d i f f e r e n c e s 
be tween  t h e  h e a t  t r a n s f e r .  d e p e n d e n t  mear: v a l u e  mea- 
s u r e d  b y  t h e  t h e r m o c o u p l e s  and  t h e  t i m e  a v e r a g e d  
itiean gas t e m p e r a t u r e  c a l c u l a t e d  b y  t h e  c o d e .  
S i n c e  i t  was n o t  p r a c t i c a l  to  m a i n t a i n  t h e  s a l t  
t e n t p e v a t u r e  w i t h i n  s m a l l  l i m i t s  w h i l e  m a i n t a i n i n g  
c o n s t a n t  w a l l  t e m p e r a t u r e  r a t i o ,  t h e  e x p a n s i o n  
space t e m p e r a t u r e  v a r i a t i o n  does n o t  r e f l e c t  a 
t l .end due t o  t h e  e n g i n e  b u t  r - a t h e r  t h e  v a r i a t i o n  
i n  o p e r a t i n g  c o n d i t i o n s .  

F i g u r e  16 shows c o m p r e s s i o n  space mean gas 
t e m p e r a t u r e  as  a f u n c t i o n  o f  p i s t o n  a m p l i t u d e .  
T h e  m e a s u r e d  t e i n p e r a t u r e s  ar-e lower. t h a n  t h e  p r e -  
d i c t e d  v a l u e s .  A t  15 and  IO MPa t h e  measured  d a t a  
a r e  w i t h i n  2 "  o f  t h e  p r e d i c t e d  v a l u e s .  
5 MPa t h e  measur-ed d a t a  were l o w e r  b y  3 . 7  t o  6 "C. 
The imp1 i c a t i o n s  o f  t h e  d i f f e r e n c e s  b e t w e e n  mea- 
s u r e d  and  p r e d i c t e d  t e m p e r a t u r e s  a r e  t h e  same as 
t h o s e  for- t h e  e x p a n s i o n  space t e m p e r a t u r e s .  

A t  

CONCLUDING REMARKS 

The measured  d a t a  a p p e a r  t o  a g r e e  f a i r l y  w e l l  
w i t h  t h e  HFAST c o d e  p r e d i c t i o n s .  The p i s t o n  PV 
power a g r e e s  w i t h i n  I O  p e r c e n t  a n d  PV e f f i c i e n c y  
a g r e e s  w i t h i n  a b o u t  2 . 5  p e r c e n t a g e  p o i n t s .  The 
h e a t  to  t h e  h e a t e r  and  h e a t  t - e j e c t e d  b y  t h e  c o o l e r  
d g r e e  w i t h i n  a b o u t  9 p e r c e n t .  The t r e n d s  i n  mea- 
s u r e d  d a t a  g e n e r a l l y  fo l low t h e  same t r e n d s  as t h e  
code  p r e d i c t i o n s .  The r e l a t i v e l y  l a r g e  d i f f e r e n c e  
(much l a r g e r  t h a n  t h e  d a t a  e r r - o r  b a n d )  b e t w e e n  mea- 
s u r e d  and  p r e d i c t e d  compr-ess ior i  space  p r e s s u r e  
phase  a n g l e  and  r e s u l t i n g  l o w e r  measured  P V  power 
and e f f i c i e n c y ,  as  w e l l  as  t h e  e x p a n s i o n  space  a n d  
coap  1.e s s i o n  s p a c e  t empe r.a t u r e s t e n d  i ng  a 1 ways t o  
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be lower  than the  code p r e d i c t i o n s  suggest p o s s i b l e  
measurement o r  measurement i n t e r p r e t a t i o n  e r r o r s  
and t h a t  t h e  code may n o t  a c c u r a t e l y  r e p r e s e n t  o r  
r e c o g n i z e  some o f  t h e  l osses ,  h e a t - t r a n s f e r ,  and 
aerodynamic phenomena a s s o c i a t e d  w i t h  o s c i l l a t i n g  
f low. The code a l s o  does n o t  account  f o r  e f f e c t s  
o f  gas b e a r i n g  flows and mass t r a n s p o r t  between 
volumes o f  t h e  eng ine .  

The l a r g e  es t ima ted  e r r o r  bands on PV power 
and e f f i c i e n c y ,  hea t  i n p u t  and hea t  r e j e c t e d  a r e  
due p r i m a r i l y  t o  t h e  u n c e r t a i n t y  i n  the  compression 
space p ressu re  amp l i t ude  and d e l t a  tempera ture  
measurements for  t h e  h e a t e r  and c o o l e r .  A l though  
t h e  eng ine  d a t a  suggests t h a t  t h e  a c t u a l  e r r o r  may 
be somewhat l e s s  than t h e  c u r r e n t  e s t i m a t e s ,  t h e r e  
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model t h e  e f f e c t s  o f  o s c i l l a t i n g  f l o w  on v i scous  for Flow i n  Packed Beds and Tube Bund les , "  
l osses  and h e a t  t r a n s f e r  i n  the  v a r i o u s  components AIChE J . ,  v o l  18, no. 2 ,  pp .  361-371, 
of t h e  S t i r l i n g  c y c l e  as w e l l  as losses  i n  gas Mar. 1972. 
s p r i n g s .  A s  t hey  become a v a i l a b l e ,  t h e  r e s u l t s  of  
t h e  loss unders tand ing  work and exper imen ta l  
eng ine  t e s t s  w i l l  be i n t e g r a t e d  i n t o  t h e  eng ine  
codes. 

Fig. 1 .  - SPRE I installed in the NASA facility. 
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Fig. 4. - Wall temperature ratio versus piston amplitude 
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Fig. 5. - Frequency versus mean pressure. 
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Fig. 7. - Piston PV power versus temperature ratio. 
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Fig. 8. - Compression-space amplitude versus piston amplitude. 
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Fig. 10. - Piston PV efficiency versus piston amplitude. 
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Fig. 13. - Heat input versus piston amplitude. 
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Fig 14. - Heat rejected versus piston amplitude. 
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Fig. 15. - Expansion-space mean gas temperature versus 
piston amplitude. 
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