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ABSTRACT 

The Small Community S o l a r  Thermal Power Experiment  (SCSE) h a s  s e l e c t e d  a n  
o r g a n i c  r a n k i n e  c y c l e  (ORC) e n g i n e  d r i v i n g  a h i g h  speed  permanent magnet 
a1 t e r n a  t o r  ( PMA) as t h e  b a s e l i n e  power conve r s ion  subsys tem ( PCS) des ign .  The 
h igh  f r equency  a l t e r n a t i n g  c u r r e n t  from t h e  PMA is r e c t i f i e d  and i n v e r t e d  t o  
g r i d  q u a l i t y  e l e c t r i c i t y .  The back-up concep tua l  PCS d e s i g s  is  a J a y  Careter 
s team e n g i n e  d r i v i n g  a n  i n d u c t i o n  a l t e r n a t o r  d e l i v e r i n g  power d i r e c t l y  t o  t h e  
g r i d .  T h i s  pape r  traces t h e  development o f  Carter's au tomot ive  r e c i p r o c a t i n g  
s imple  r a n k i n e  c y c l e  ste,m e n g i n e  and how a n  e n g i n e  o f  similar d e s i g n  might  be  
i n c o r p o r a t e d  i n t o  t h e  SCSE. A d e s c r i p t i c n  o f  t h e  t h i r d  g e n e r a t i o n  automot ive  
e n g i n e  is inc luded  a l o n g  w i t h  some p r e l i m i n a r y  test  d a t a .  T e s t s  were 
conducted w i t h  t h e  t h i r d  g e n e r a t i o n  eng ine  d r i v i n g  a n  i n d u c t i o n  a l t e r n a t o r  
d e l i v e r i n g  power d i r e c t l y  t o  t h e  g r i d .  The pu rpose  o f  t h e s e  tests is t o  
f u r t h e r  v e r i f y  t h e  effects o f  expander i n l e t  t empera tu re ,  i n p u t  t he rma l  power 
l e v e l ,  expans ion  r a t i o ,  and o t h e r  pa rame te r s  a f f e c t i n g  e n g i n e  performance t o  
a i d  i n  t h e  development o f  an SCSE PCS. 

INTRODUCTION 

E a r l y  i n  Phase  I1 o f  SCSE a f a c t - f i n d i n g  p a n e l ,  c o n s i s t i n g  o f  p e r s o n n e l  from 
t h e  Jet P ropu l s ion  Labora to ry ,  Lewis Research  C e n t e r ,  Ford Aerospace and 
Communications Corp., and t h e  S o l a r  Pnergy Research  I n s t i t u t e ,  was formed t o  
assess t h e  s t a t e - o f - t h e - a r t  i n  small o r g a n i c  and s team r a n k i n e  c y c l e  eng ines .  
The pane l  concluded t h a t  n e i t h e r  o r g a n i c  n o r  steam e n g i n e s  o f  t h e  d e s i r e d  s i z e  
range  were o f f - t h e - s h e l f  items and both  were a t  a comparable s tate  of 
development. After t h e  ORC was selected as t h e  b a s e l i n e  d e s i g n ,  a p a r a l l e l  
program was i n i t i a t e d  t o  test t h e  C a r t e r  t h i r d  g e n e r a t i o n  au tomot ive  e n g i n e  
d r i v i n g  a n  i n d u c t i o n  a l t e r n a t o r .  T e s t i n g  is c u r r e n t l y  underway a t  t h e  J a y  
C a r t e r  E n t e r p r i s e s ,  Inc .  west c o a s t  o f f i c e  S a n t a  Barbara ,  C a l i f o r n i a .  
P r e l i m i ~ a r y  r e s u l t s  are a v a i l a b l e  which w i l l  be p r e s e n t e d  a l o n g  w i t h  a g e n e r a l  
d e s c r i p t i o n  o f  how a C a r t e r  eng ine  might  be u t i l i z e d  i n  a s o l a r  appl ica tAon.  

H i s t o r y  o f  Engine Develapment 

The main o f f 1  :e o f  J a y  C a r t e r  E n t e r p r i s e s ,  Inc .  (JCE) is l o c a t e d  i n  
Burkburne t t ,  Texas and was e s t a b l i s h e d  i n  1968. The first t h r e e  y e a r s  a t  JCE 
were s p e n t  deve lop ing  i n l e t  steam v a l v e s  and p i s t o n  c y l i n d e r  expanders .  A 
first  g e n e r a t  t on  e n g i n e  was c o ~ p l e t e d  i n  1971, t e s t e d  f o r  n i n e  months, and i n  
March, 1972 i n s t a l l e d  i n  a 1964 VW Squareback sedan.  The maximum expander  
i n l e t  c o n d i t i o n s  were 538OC ( 1 ,  OOO°F) and 13.79 M Pa (2000 p s i a )  . The 
expander  c o n s i s t e d  o f  f o u r  radial  p i s t o n  c y l i n d e r s  w i t h  574 em3 (35 i n31  
d i sp l acemen t  and a n  11.3:1 expans ion  r a t i o  (1) .  



The VW Squareback sedan  w i t h  t h e  f i r s t  g e n e r a t i o n  JCE e n g i n e  demonst ra ted  
e x c e p t i o n a l  o v e r a l l  v e h i c l e  performance.  Peak e n g i n e  power was 5 2  KW ( 7 0  HP) 
mechanica l  a t  5,000 RPM. Road tests  were conducted f o r  9,700 Rm (6,000 miles) 
a t  speeds  as high  as 130 Km/hr (80 m i l e s / h o u r )  and a t  t h e  end of 3,200 Km 
(2 ,000 m i l e s )  t h e  e n g i n e  showed no s i g n s  o f  wear. T h i s  au tomobi l e  had a c o l d  
s t a r t - u p  t o  v e h i c l e  moving time c a p a b i l i t y  o f  less t h a n  15  seconds .  T h i s  was 
t h e  first automobi le  t o  meet t h e  o r i g i n a l  1976 e m i s s i o n s  s t a n d a r d s  wi thou t  
add-on d e v i c e s  and demonst ra ted  t h e  b e s t  o f f i c i a l l y  documented f ~ e l  mi l eage  
f o r  a rankine-powered motor v e h i c l e  up t o  t h a t  time ( June ,  1974 J (2, 3) .  

The second g e n e r a t i o n  e n g i n e  was developed t o  o p e r a t e  i n  a 74 VW Dasher o r  a n  
AMF des igned p a r a t r a n s i t  v e h i c l e  (PTV) . P a r a t r a n s i t  was d e f i n e d  as a l l  t y p e s  
of t r a n s i t  between p r i v a t e l y  owned and o p e r a t e d  cars on one  s i d e  and schedu led  
r a i l  and bus  s e r v i c e  on t h e  o t h e r .  The second generatior! e n g i n e  expander 
c o n s i s t e d  o f  two c y l i n d e r s  v e r t i c a l l y  mounted which d e l i v e r e d  7 5  KW (100 HP) 
a t  5,500 RPM. The 6.35 cm (2.5 i n . )  d i a m e t e r  and 7.62 an (3.0 i n . )  s t r o k e  
p i s t o n  c y l i n d e r s  produced a t o t a l  e n g i n e  d i sp l acemen t  o f  483 cm3 (30  i n 3 1  
and a n  expans ion  r a t i o  o f  10:l .  Expander i n l e t  t empera tu re  was h e l d  c o n s t a n t  
a t  5660C i 1,0500F) w h i l e  p r e s s u r e  v a r i e d  up t o  17.24 MPa (2 ,500 p s i a )  
app rox ima te ly  p r o p o r t i o n a l  t o  i n p u t  power l e v e l  ( 4 ) .  

A t h i r d  g e n e r a t i o n  eng ine  was b u i l t  i n  1977 which was v i r t u a l l y  i d e n t i c a l  t o  
t h e  second g e n e r a t i o n  eng ine .  One m o d i f i c a t i o n  i n c o r p o r a t e d  i n t o  t h e  t h i r d  
g e n e r a t i o n  eng ine  was scre:; on heads.  

D e s c r i p t i o n  o f  Th i rd  Gene ra t ion  T e s t  Engine 

The expander on t h e  t h i r d  g e n e r a t i o n  eng ine  shown s c h e m a t i c a l l y  i n  F i g u r e  1 
f o r  a s o l a r  a p p l i c a t i o n  c o n s i s t s  o f  two v e r t i c a l l y  mounted p i s t o n - c y l i n d e r s  
o p e r a t i n g  i n  p a r a l l e l .  Each p i s t o n - c y l i n d e r  h a s  a s p r i n g  r e t u r n  i n l e t  v a l v e  
opened by a s p i k e  a t t a c h e d  t o  t h e  p i s t o n .  These v a l v e s  a r e  commonly r e f e r r e d  
t o  as "bash va lves" .  T h i s  v a l v e  d e s i g n  is a f i x e d  c u t o f f  t y p e  meaning a 
c o n s t a n t  volume o f  steam is admi t t ed  i n t o  t h e  c y l i n d e r  a t  t h e  t o p  o f  e a c h  
s t r o k e .  Power o u t p u t  from t.he eng ine  is c o n t r o l l e d  by v a r y i n g  t h e  b o i l e r  
p r e s s u r e  which a l s o  changes t h e  mass f l o w r a t e  i n t o  t h e  expander.  T h i s  t y p e  o f  
c o n t r o l  system r e q u i r e s  minimal t h r o t t l e  v a l v e  c o n t r o l ;  however, a p o s i t i v e  
d i s p l s ~ e m c n t  f eed  p u p  w i t h  s o l e n o i d  v a l v i n g  is r e q a ~ i r e d  t o  d e l i v e r  c o n t r o l l e d  
mass f low a t  v a r i a b l e  p r e s s u r e s .  Toward t h e  end o f  each  s t r o k e  o i l  is 
i n j e c t e d  d i r e c t l y  o n t o  t h e  p i s t o n  r i n g s  t o  minimize wear and l eakage  around 
t h e  r i n g s .  Tkie o i l  is a non-emulsifying o i l  which is a l lowed t o  f r e e l y  mix 
w i t h  t h e  stern a t  t h e  expander 5xhaus t .  The expander is a un i f low d e s i g n ,  
meaning t ~ a t  a t  t h e  end o f  each  s t r o k e  t h e  p i s t o n  uncovers  e x h a u s t  p o r t s  which 
a l low.  Lhe o i l / s t e a m  m i x t u r e  t o  p a s s  t h rough  t h e  f eedwa te r  h e a t e r  and on t o  
t h e  i r - coo led  condensers. After t h e  steam is  condensed t h e  o i l  and water are 
? ,?para ted  u s i n g  t h e  c e n t r i f u g e  which r e t u r n s  t h e  o i l  t o  t h e  expander  and t h e  
water t o  a n  open t o  atmosphere water  tank .  The p i s t o n  t y p e  f e e d  pump d e l i v e r s  
t h e  water from t h e  water t a n k  th rough  t h e  f eedwa te r  h e a t e r  and back t o  t h e  
b o i l e r .  



Test  R e s u l t s  

The t h i r d  genera t ion  engine  was t e s t e d  a t  expander i n l e t  temperatures  between 
39g°C (750°F) and 566oC ( 1,0500F) and a t  power l e v e l s  from 25 t o  80 
KWth inpu t .  E f f i c i e n c i e s  a s  h igh as 20% were measured, based on n e t  
e l e c t r i c a l  power d e l i v e r e d  t o  t h e  g r i d  d iv ided  by t h e  thermal inpu t  t o  t h e  
working f l u i d .  A l l  e l e c t r i c  power p a r a s i t i c s  were s u b t r a c t e d  from t h e  
a l t e r n a t o r  o u t p u t  t o  o b t a i n  t h e  n e t  e l e c t r i c  ou tpu t .  P re l iminary  d a t a  showing 
e f f i c i e n c y  v e r s u s  thermal inpu t  a r e  p l o t t e d  i n  F igure  2 a t  538% ( 1 ,OOO°F) 
expander i -n le t  temperatures  f o r  a 10:l expansion r a t i o .  These e f f i c i e n c i e s  
could be improved by adding i n s u l a t i o n  and m p a i r i n g  l e a k s  i n  t h e  condenser 
which c r e a t e d  a n  excess ive  expander back p ressure .  T e s t i n g  a t  a 14 t o  1 
expansion r a t i o  was i n i t i a t e d ;  however, t h e  d a t a  is no t  c u r r e n t l y  a v a i l a b l e .  
Engine s i m u l a t i o n s  p r e d i c t  improved e f f i c i e n c i e s  a t  t h i s  h igher  expansion 
r a t i o .  

Engine S o l a r  Appl ica t ions  

JCE complet.ed a p re l iminary  des ign s t u d y  e v a l u a t i n g  a JCE engine  mounted a t  
t h e  focus  o f  a p a r a b o l i c  d i s h  s o l a r  c o l l e c t o r  ( 5 ) .  The s tudy  determined t h a t  
f o r  a 15 KWe engine/ induct ion a l t e r n a t o r  u n i t ,  a s i n g l e  c y l t n d e r  expander 
was opt imal  f o r  a s imple  c y c l e  and two c y l i n d e r s  were opt imal  f o r  a r e h e a t  
cycle .  Maximum design i n l e t  steam temperatures  and p r e s s u r e s  were 677% 
( 1,2500F) and 17.2 MPa (2,500 p s i a  1. An engine  des ign  speed o f  3,600 RPM 
and maximum thermal i n p u t  o f  80 KWth was s e l e c t e d .  Under t h e s e  c o n d i t i o n s  a 
s imple  cyc le  and a c~mpound r e h e a t  c y c l e  had p red ic ted  t o t a l  power convers ion 
e f f i c i e n c i e s  ( the rmal - to -e lec t r i c )  o f  26 and 30 p e r c e n t ,  r e s p e c t i v e l y .  Th i s  
engine  would be e a s i l y  adap tab le  t o  a t o t a l  energy a p p l i c a t i o n  which would use  
t h e  high temperature  steam t o  g e n e r a t e  e l e c t r i c i t y  and t h e  100°C (212°F) 
exhaust  hea t  f o r  domestic,  commercial o r  i n d u s t r i a l  h e a t i n g  a p p l i c a t i o n s .  
Th i s  would i n c r e a s e  t h e  t o t a l  system e f f i c i e n c y  t o  a p p r o x i a a t e l y  90%. 

S e v e r a l  engine  mounting c o n f i g u r a t i o n s  a r e  p o s s i b l e  wi th  a JCE engine  on a 
p a r a b o l i c  d i s h  c o l l e c t o r .  The JCE approach desc r ibed  i n  t h e  s t u d y  would mount 
every th ing  except  t h e  condenser and t h e  o i l / w a t e r  s e p a r a t i o n  s t o r a g e  t ank  a t  
t h e  f o c a l  p o i n t  o f  t h e  d i sh .  Th i s  c o n f i g u r a t i o n  would have a d i s h  mounted 
weight of  297 KC (654 l b . )  and a t o t a l  weight o f  601 KG (1 ,323 l b . ) .  The 
condense- would be f i t t e d  wi th  a chimney t o  minimize p a r a s i t i c  f a n  power. 
Other mounting c o n f i g u r a t i o n s  might i n c l u d e  us ing  t h e  condenser a s  a coun te r  
weight f o r  t h e  concen t ra to r  o r  simply mounting every th ing  a t  t h e  focus.  
Freeze  p r o t e c t i o n  could be accomplished wi th  f l e x i b l e  f r e e z e  t a n k s ,  r e s i s t a n c e  
h e a t e r s  o r  a bur ied  water s t o r a g e  tank.  

Conclusion 

The JCE t h i r d  genera t ion  automotive engine  has  demonstrated t o t a l  power 
conversion e f f i c i e n c i e s  ( thermal t o  e l e c t r i c )  o f  approximate ly  20%. The 
engine  t e s t  d a t a  corresponds c l o s e l y  wi th  t h e  p red ic ted  d a t a  a t  s e v e r a l  
o p e r a t i n g  c o n d i t i o n s  which add c r e d i b i l i t y  t o  t h e  model. V e r i f i c a t i o n  o f  t h e  
engine  and model through t e s t i n g  i n d c a t e s  p red ic ted  26% s imple  c y c l e  and 30% 
r e h e a t  cyc le  thermal t o  e l e c t r i c  e f f i c i e n c i e s  a r e  ach ievab le  a t  6770C 
(1,250°F) f o r  15 KWe power l e v e l s .  The va lue  o f  t h i s  engine  i n  a s o l a r  
a p p l i c a t i o n  could be f u r t h e r  enhanced by us ing  t h e  100°C (2150F) exhaus t  
h e a t ,  t h u s  i n c r e a s i n g  t h e  t o t a l  system e f f i c i e n c y  t o  approximate ly  90%. 
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