
DOE/NASA/33408-2 
NASA TM-100111 
AIAA-87-9069 

Comparison of Stirling Engines for 
Use With a 25-kW Dish-Electric 
Conversion System 

Richard K. Shaltens 
National Aeronautics and Space Administration 
Lewis Research Center 

( i i l A S A - T H - l O O l ~ l )  COHPBRXSCU CE S T I R L I N G  887-21564 
I l l G I Y E S  PO3 U)SE O I T H  A 2 5 - k l  CIS&-ELECTRIC 
C C Y V E E S I C B  SYSTEH ( E A S A )  18 p A v a i l :  13TIS 
EC A02/HE A01 CSCL 13F Unclas 

G3/8S 0092852 

Work performed for 
U S .  DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Office of Solar Heat Technologies 

Prepared tor the 
22nd lntersociety Energy Conversion Engineering Conference 
cosponsored by AIAA, ANS, ASME, SAE, IEEE, ACS, and AlChE 
Philadelphia, Pennsylvania, August 10-1 4, 1987 



DISC LA1 M ER 

This report was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responslbility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that Its use would not 
Infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

Printed copy: A02 
Microfiche copy: A01 

NTIS price codes1 

1Codes are used for pricing all publications. The code is determined by 
the number of pages in the publication. Information pertaining to the 
pricing codes can be found in the current issues of the following 
publications, which are generally available in most libraries: Energy 
Research Abstracts (ERA); Government Reports Announcements and Index 
(GRA and I); Scientific and Technical Abstract Reports (STAR); and 
publication, NTIS-PR-360 available from NTIS at the above address. 



DOEINASA133408-2 
NASA TM-100111 
AIAA-87-9069 

4 

* 
Comparison Stirling Engines for 
Use With a 25-kW Dish-Electric 
Conversion System 

Richard K. Shaltens 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 441 35 

Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Office of Solar Heat Technologies 
Washington, D.C. 20545 
Under Interagency Agreement DE-AT04-85AL33408 

Prepared for the 
22nd I ntersociety Energy Conversion Engineering Conference 
cosponsored by AIAA, ANS, ASME SAE, IEEE, ACS, and AlChE 
Philadelphia, Pennsylvania, August 10-1 4, 1987 



k 
COMPARISON OF STIRLING E N G I N E S  

FOR USE WITH A 25-kW DISH-ELECTRIC CONVERSION SYSTEM 

. 

Richard K .  Sha l tens  
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
Cleveland, Ohio 44135 

SUMMARY 

The Department o f  Energy 's  (DOE) S o l a r  Thermal Technology Program, Sandia 
N a t i o n a l  L a b o r a t o r i e s  (SNLA), i s  e v a l u a t i n g  hea t  engines for t e r r e s t r i a l  s o l a r  
d i s t r i b u t e d  hea t  r e c e i v e r s .  The S t i r l i n g  engine has been i d e n t i f i e d  by SNLA 
as one o f  t h e  most p r o m i s i n g  engines f o r  t e r r e s t r i a l  a p p l i c a t i o n s .  The poten-  
t l a l  t o  meet DOE's goa ls  for performance and c o s t  can be met by t h e  f r e e - p i s t o n  
S t i r l i n g  engine. 

NASA Lewis Research Center i s  conduct ing S t i r l i n g  a c t i v i t i e s  d i r e c t e d  toward 
Space power systems r e q u i r e -  

The f r e e - p i s t o n  S t i r l i n g  engine has t h e  p o t e n t i a l  for  f u t u r e  h igh -  
? power space convers ion  systems, e i t h e r  n u c l e a r  or s o l a r  powered. A l though  b o t h  

a dynamic power source for t h e  space a p p l i c a t i o n .  
ments i n c l u d e  h i g h  r e l i a b i l i t y ,  very l o n g  l i f e ,  low v i b r a t i o n ,  and h i g h  
e f f i c i e n c y .  

a p p l i c a t i o n s ,  t e r r e s t r i a l  and space power, appear to  be q u i t e  d i f f e r e n t ,  t h e i r  
requ i remen ts  complement each o t h e r .  

NASA Lewis i s  p r o v i d i n g  techn ica l  management for an Advanced S t i r l i n g  Con- 
v e r s i o n  System (ASCS) t h rough  a coopera t i ve  I n t e r a g e n c y  Agreement wi th  DOE. 
P a r a l l e l  c o n t r a c t s  have been awarded t o  Mechanical Technology, I n c .  ( M T I )  o f  
Latham, New York, and S t i r l i n g  Technology Company (STC) o f  R ich land ,  
Washington, for  t h e  conceptual  designs of an ASCS. Each des ign  w i l l  f e a t u r e  a 
f r e e - p i s t o n  S t i r l i n g  engine,  a l i q u i d - m e t a l  hea t  p i p e  r e c e i v e r ,  and a means to  
p r o v i d e  about 25 kW o f  e l e c t r i c  power to  a u t i l i t y  g r i d  w h i l e  mee t ing  DOE's 
1 ong- t e r m  performance and c o s t  goal  s . 

The M T I  des ign  i n c o r p o r a t e s  a l i n e a r  a l t e r n a t o r  t o  d i r e c t l y  c o n v e r t  t h e  
s o l a r  energy t o  e l e c t r i c i t y  w h i l e  STC generates e l e c t r i c a l  power i n d i r e c t l y  by  
u s i n g  a h y d r a u l i c  o u t p u t  to  a ground-based h y d r a u l i c  pump/motor coupled t o  a 
r o t a t i n g  a l t e r n a t o r .  Both des igns for t h e  A S C S ' s  w i l l  use techno logy  which 
can reasonably  be expected t o  be a v a i l a b l e  i n  t h e  1 9 8 0 ' s .  Both t h e  M T I  and 
STC concepts w i l l  be eva lua ted  by  the same, b u t  independent,  c o n t r a c t o r  to  
p r o v i d e  a manu fac tu r ing  and cost a n a l y s i s  i n c l u d i n g  l i f e  c y c l e  c o s t .  The ASCS 
designs u s i n g  a f r e e - p i s t o n  S t i r l i n g  engine,  a hea t  t r a n s p o r t  system, a 
r e c e i v e r ,  and t h e  methods o f  p r o v i d i n g  e l e c t r i c i t y  t o  t h e  u t i l i t y  g r i d  w i l l  be 
d iscussed.  

INTRODUCTION 

Under DOE's  S o l a r  Thermal Technology Program, Sandia N a t i o n a l  L a b o r a t o r i e s  
(SNLA) i s  e v a l u a t i n g  hea t  engines f o r  t e r r e s t r i a l  s o l a r  d i s t r i b u t e d  h e a t  
r e c e i v e r s .  O f  t h e  a v a i l a b l e  hea t  engine techno log ies ,  SNLA has i d e n t i f i e d  t h e  
S t i r l i n g  t o  be one o f  t h e  most promis ing candidates t o  meet t h e  DOE g o a l s  for  
b o t h  performance and c o s t .  



NASA Lewis has pursued t h e  S t i r l i n g  c y c l e  as a cand ida te  dynamic power 
c o n v e r t e r  f o r  f u t u r e  high-power space convers ion  s y s t e m s  s i n c e  t h e  1960 's .  
Unique S t i r l i n g  e x p e r t i s e  and a techno logy  base g r a d u a l l y  developed a t  Lewis 
d u r i n g  t h e  1970's.  The need t o  develop automot ive powerp lan t  a l t e r n a t i v e s  i n  
t h e  l a t e  1970's  i n i t i a t e d  t h e  U.S.  Department o f  Energy ' s  Automot ive S t i r l i n g  
Engine (ASE)  Program which was p lanned and implemented by Lewis.  
of t h e  ASE Program was an a c c e l e r a t e d  effort which has p r o v i d e d  s i g n i f i c a n t  
expansion i n  t h e  research and techno logy  of S t i r l i n g  engines.  
r e s u l t e d  i n  a synerge t i c  t echno logy  base a t  Lewis and i t s  c o n t r a c t o r s .  

o f  p r o j e c t s  i n c l u d i n g  b o t h  k i n e m a t i c  and f r e e - p i s t o n  S t i r l i n g  engines.  
i n g  and e v a l u a t i n g  a wide v a r i e t y  o f  these engines have i n c l u d e d  t h e  GPU-3 
( 3  kW), P-40 (40 kW), Mod I ASE (60  kW), and RE-1000 ( 1  kW) w i t h  a dashpot 
l oad .  
v a l i d a t i o n .  
and has s t a r t e d  t e s t i n g  a 12.5-kW space power research  engine (SPRE) as a t e s t  
bed f o r  f u r t h e r  e v a l u a t i o n  o f  l a r g e r  f r e e - p i s t o n  S t i r 1  i n g  engines f o r  space. 

A consequence 

T h i s  has 

The S t i r l i n g  Engine P r o j e c t  O f f i c e  a t  Lewis i s  r e s p o n s i b l e  f o r  a v a r i e t y  
T e s t -  

Engine performance has been mapped t o  p r o v i d e  d a t a  for computer code 
Lewis i s  c u r r e n t l y  t e s t i n g  t h e  RE-1000 w i t h  a h y d r a u l i c  o u t p u t  

C u r r e n t  p r o j e c t i o n s  f o r  space power requi rements a r e  shown i n  f i g u r e  1 .  
Space power system requi rements i n c l u d e  h i g h  e f f i c i e n c y ,  h i g h  r e l i a b i l i t y ,  
v e r y  l o n g  l i f e ,  and low v i b r a t i o n .  
temperatures a r e  impor tan t  parameters.  U n l i k e  the  k i n e m a t i c  S t i r l i n g  engine,  
which was invented by  t h e  Reverend Robert  S t i r l i n g  i n  1816, t h e  f r e e - p i s t o n  
S t i r l i n g  engine (FPSE) concept i s  a v e r y  r e c e n t  i n v e n t i o n .  
p o t e n t i a l  t o  be the f u t u r e  dynamic power source f o r  space power a p p l i c a t i o n s ,  
e i t h e r  n u c l e a r  o r  s o l a r  powered. 
Lewis i s  contained i n  r e f e r e n c e  1.  

I n  a d d i t i o n ,  system we igh t  and o p e r a t i n g  

The FPSE has t h e  

An ove rv iew  o f  t h e  f r e e - p i s t o n  a c t i v i t i e s  a t  

The f r e e - p i s t o n  S t i r l i n g  engine was i n v e n t e d  i n  1962 by W i l l i a m  Beale a t  
Ohio U n i v e r s i t y .  
horsepower f r e e - p i s t o n  engine.  The major advantage o f  t h e  FPSE o v e r  t h e  k i n e -  
m a t i c  S t i r l i n g  engine i n  t h a t  i t  has o n l y  two moving p a r t s ,  n o n c o n t a c t i n g  gas 
bear ings ,  and can be h e r m e t i c a l l y  sealed,  t he reby  i n c r e a s i n g  t h e  p o t e n t i a l  f o r  
h i g h  r e l i a b i l i t y  and v e r y  l o n g  l i f e .  A s i m p l i f i e d  d raw ing  o f  a FPSE w i t h  a 
l i n e a r  a l t e r n a t o r  i s  shown i n  f i g u r e  2 .  A d e t a i l e d  d i s c u s s i o n  o f  t h e  Beale 
FPSE i s  conta ined i n  r e f e r e n c e  2 .  Only  a f e w  o r g a n i z a t i o n s  i n  t h e  U n i t e d  
S ta tes  a r e  c u r r e n t l y  deve lop ing  t h e  FPSE. These i n c l u d e  Sunpower I n c .  o f  
Athens, Ohio, Mechanical Technology, I n c .  ( M T I )  o f  Latham, New York, S t i r l i n g  
Technology Company (STC)  ( formerly U n i v e r s i t y  o f  Washington) o f  R ich land ,  
Washington, DOE Oak Ridge N a t i o n a l  Labora to ry  (ORNL), and NASA Lewis.  The 
F P S E ' s  designed and b u i l t  have ranged from f r a c t i o n a l  hp t o  33 hp (25 kW). 
S c a l i n g  s t u d i e s  are  c u r r e n t l y  b e i n g  conducted f o r  Lewis by M T I  t o  determine 
whether i t  i s  f e a s i b l e  t o  des ign  a s i n g l e - c y l i n d e r  FPSE i n  t h e  100- t o  150-kW 
range. The design and development o f  t h e  space power demons t ra t i on  engine 
(SPDE) b u i l t  by  M T I  f o r  NASA has demonstrated power i n  excess o f  25 kW ( 1 7  kWe), 
n e a r l y  seven t i m e s  t h e  power produced by e a r l i e r  F P S E ' s .  
f i g u r e  3.  

E a r l y  work by Beale r e s u l t e d  i n  smal 1-scale f r a c t i o n a l -  

The SPDE i s  shown i n  

ADVANCED STIRLING CONVERSION SYSTEM 

DOE s igned a coopera t i ve  In te ragency  Agreement ( I A A )  i n  1985 w i t h  Lewis to  
p r o v i d e  t e c h n i c a l  management f o r  t h e  Advanced S t i r l i n g  Convers ion System 
(ASCS). Under t h i s  I A A ,  t h e  ASCS P r o j e c t  i s  p r o v i d i n g  DOE/SNLA w i t h  conceptual  

2 
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designs of f r e e - p i s t o n  S t i r l i n g  engine systems which have t h e  p o t e n t i a l  of 
meet ing D O E ' S  long- term performance and cost g o a l s .  
shown i n  t a b l e  I ( r e f .  3 ) .  Objec t i ves  of t h e  ASCS P r o j e c t  a r e  as f o l l o w s :  

The DOE c o s t  g o a l s  a r e  

D e f i n e  t h e  ASCS c o n f i g u r a t i o n  

P r e d i c t  ASCS performance over a range o f  s o l a r  i n p u t s  

Est imate system and major component we igh t  

D e f i n e  engine and e l e c t r i c a l  power c o n d i t i o n i n g  and c o n t r o l  
requi rements 

Def ine key technology needs not ready by t h e  l a t e  1980's  i n  mee t ing  
goal  s 

Prov ide  a m a n u f a c t u r a b i l i t y  and c o s t  e v a l u a t i o n  for  t h e  engine power 
convers ion  system 

C o m p e t i t i v e  c o n t r a c t s  for t h e  conceptual des igns and c o s t  and manu fac tu r ing  
s t u d i e s  f o r  t h e  ASCS were awarded t o  b o t h  M T I  and STC i n  l a t e  1986. 

The proposals  from M T I  and STC were judged to  be unique y e t  complementary 
t o  each o t h e r .  
t r a n s p o r t  system as p a r t  of t h e  s o l a r  r e c e i v e r ,  a means t o  genera te  e l e c t r i c  
power, t h e  necessary a u x i l i a r i e s ,  and a c o n t r o l  system. The ASCS i s  b e i n g  
designed to  mount to  and r e c e i v e  concentrated s o l a r  energy from an 11-m t e s t  
bed c o n c e n t r a t o r  (TBC) l o c a t e d  a t  the SNLA t e s t  f a c i l i t y .  The TBC c h a r a c t e r i s -  
t i c s  a r e  g i v e n  i n  t a b l e  11. Also, the conceptual  des igns have p r e d i c t e d  ASCS 
performance ove r  a range o f  s o l a r  i n p u t s ,  e s t i m a t e d  system and major  component 
we igh ts ,  and d e f i n e d  engine and e l e c t r i c a l  power c o n d i t i o n i n g  and c o n t r o l  
requ i remen ts .  Each conceptual  design i n c l u d e s  e x i s t i n g  techno logy ,  a v a i l a b l e  
by t h e  l a t e  1980's .  The ASCS design requi rements a re  shown i n  t a b l e  111. A t  
t h e  comp le t i on  o f  t h e  conceptual  design s t u d i e s  by M T I  and STC, an independent 
manu fac tu r ing  and c o s t  a n a l y s i s  w i l l  be completed by Pioneer  Eng ineer ing  and 
Manu fac tu r ing  Company o f  Warren, Michigan. 
a conceptual  des ign capable o f  genera t i ng  about 25 kW of e l e c t r i c  power t o  an 
e l e c t r i c  u t i l i t y  g r i d  a t  an e n g i n e l a l t e r n a t o r  t a r g e t  c o s t  of $300/kW a t  t h e  
manu fac tu r ing  r a t e  o f  10,000 u n i t s l y e a r .  The des ign  l i f e  o f  t h e  eng ine /  
a l t e r n a t o r  i s  60,000 h r ,  which i nc ludes  an engine ove rhau l  a t  40,000 h r .  One 
concept w i l l  be s e l e c t e d  for  a fo l l ow-on  procurement to  complete a f i n a l  
des ign ,  b u i l d  hardware, assemble, and t e s t  t h e  ASCS a t  t h e  SNLA t e s t  f a c i l i t i e s  
i n  Albuquerque, New Mexico, by 1990. An a r t i s t ' s  c o n c e p t u a l i z a t i o n  of t h e  ASCS 
showing the  s o l a r  r e c e i v e r ,  heat  t r a n s p o r t  system, S t i r l i n g  e n g ! n e / l i n e a r  
a l t e r n a t o r ,  and heat  r e j e c t i o n  sys tem i s  shown i n  f i g u r e  4 .  

Each conceptual  design fea tu res  t h e  S t i r l i n g  engine,  a h e a t  

The goal  of t h e  ASCS i s  t o  generate 

As s t a t e d  e a r l i e r ,  t h e  M T I  and STC concepts a r e  unique w i t h  complementary 
c h a r a c t e r i s t i c s .  The major  d i f f e r e n c e  i s  t h e  method o f  g e n e r a t i n g  t h e  e l e c t r i -  
c a l  power. M T I  i s  u s i n g  a 25-kWe s i n g l e - p i s t o n  FPSE as t h e i r  b a s e l i n e .  I t  
i n c o r p o r a t e s  a l i n e a r  a l t e r n a t o r  t o  d i r e c t l y  c o n v e r t  t h e  energy t o  u s e f u l  e l e c -  
t r i c i t y  on the  u t i l i t y  g r i d .  STC has chosen a 25-kWe FPSE which generates 
e l e c t r i c a l  power i n d i r e c t l y  by ilse of a h y d r a u l i c  o u t p u t  t o  a ground-based 
f l u i d  pump coupled t o  a r o t a t i n g  i n d u c t i o n  genera to r .  Both t h e  M T I  and STC 
concepts w i l l  produce 25 kWe a t  a heater  head (me ta l )  temperature of  800 O C  

3 



w i t h  he l i um as the working f l u i d .  
r e s u l t s  i n  a system e f f i c i e n c y  ( s o l a r  i n p u t  t o  e l e c t r i c a l  o u t p u t )  o f  g r e a t e r  
than 33 pe rcen t .  Est imates o f  o v e r  60,000 kW-hr lyear were p r o v i d e d  f o r  b o t h  
t h e  STC and M T I  proposed concepts.  
i s  p r o v i d e d  I n  t a b l e  I V .  The M T I  and STC proposed concepts a r e  d lscussed i n  
r e f e r e n c e  4 .  

A temperature r a t i o  TH/Tc  o f  3 for  t h e  ASCS 

A comparison o f  t h e  M T I  and STC p roposa ls  

M T I  CONCEPTUAL DESIGN 

M T I ,  t h e  prime c o n t r a c t o r ,  i s  r e s p o n s i b l e  for b o t h  p r o j e c t  management and 
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 l l i n e a r  a l t e r n a t o r  des ign  and system i n t e g r a -  
t i o n .  M T I  has teamed w i t h  Thermacore, I n c . ,  for t h e  hea t  t r a n s p o r t  system 
des ign  and w i t h  Sanders Assoc ia tes  for t h e  s o l a r  r e c e i v e r  des ign .  P ioneer  
Eng ineer ing  and Manufactur ing Company w i  11 p r o v i d e  a manu fac tu r ing  and c o s t  
a n a l y s i s  o f  the  M T I  conceptual  des ign.  M T I  proposed u s i n g  two concepts - ( 1 )  
t h e  NASA SPDE, a 25-kWe, two-opposed-piston S t i r l i n g  engine system and (2) a 
l a r g e r ,  25-kW, s i n g l e - p i s t o n  S t i r l i n g  engine - for t h e i r  ASCS concepts.  The 
proposed designs use a l i n e a r  a l t e r n a t o r  for p roduc ing  e l e c t r i c a l  power t o  t h e  
g r i d .  Both proposed concepts a r e  shown i n  f i g u r e  5.  M T I ' s  approach t o  s o l a r -  
i z i n g  f r e e - p i s t o n  S t i r l i n g  engines i s  d iscussed i n  r e f e r e n c e  5 .  

D u r i n g  t h e  i n i t i a l  conceptual  des ign phase t h e  M T I  team cons ide red  a number 
o f  des ign  o p t i o n s  t o  meet D O E ' S  long- term performance and c o s t  g o a l s .  
eva lua ted  were 

Areas 

S i n g l e  versus m u l t i p l e  heat  p i p e  

Clearance seals  versus p i s t o n  r i n g s  

Annular versus c a n i s t e r  hea t  exchangers 

M a t e r i a l  and o p e r a t i n g  temperature for  h o t  components 

Regenerator m a t e r i a l s  ( f o i l  versus s i n t e r e d  f e l t  m e t a l )  

Magnet m a t e r i a l s  (permanent versus s a t u r a t e d  p l u n g e r )  

P i s t o n  and c y l i n d e r  m a t e r i a l s  (ceramic versus s t e e l )  

The M T I  " p r e l i m i n a r y "  conceptual  des ign  r e v i e w  was h e l d  i n  March 1987 a t  
t h e  Lewis Research Center i n  Cleveland,  Ohio.  The M T I  des ign  p resen ted  uses 
a s i n g l e - p i s t o n  S t i r l i n g  e n g i n e l l i n e a r  a l t e r n a t o r  concept f o r  i t s  b a s e l i n e  
des ign .  The r e c e i v e r  concen t ra tes  the  s o l a r  energy r e c e i v e d  from t h e  c o l -  
l e c t o r  and t r a n s f e r s  i t  by conduc t ion  th rough  a l i q u i d - m e t a l  h e a t  p i p e  t o  t h e  
S t i r l i n g  engine heater  head which opera tes  a t  800 O C .  

heat  p i p e  concept (shown i n  f i g .  6) u s i n g  r a d i a l  and c i r c u m f e r e n t i a l  a r t e r i e s  
was se lec ted .  Sodium i s  t h e  l i q u i d  metal  chosen f o r  use w i t h  t h e  h e a t  p i p e .  
A conven t iona l  t u b u l a r  hea te r  head w i t h  an a n n u l a r  r e g e n e r a t o r  and c o o l e r  a r e  
used i n  t h i s  design. 
d i s p l a c e r  and power p i s t o n  which use c l o s e  c l e a r a n c e  s e a l s .  As t h i s  concept 
does n o t  r e q u i r e  p i s t o n  r i n g s  and uses hydrodynamic gas b e a r i n g s ,  i t  p r o v i d e s  
t h e  p o t e n t i a l  of h i g h  r e l i a b i l i t y  w i t h  v e r y  l o n g  l i f e  because t h e r e  a r e  no 
c o n t a c t i n g  p a r t s .  The thermal energy i s  conve r ted  d i r e c t l y  by t h e  S t i r l i n g  

A s i n g l e  dish-shaped 

Hydrodynamic gas bear ings  have been proposed to s p i n  t h e  



engine t o  e l e c t r i c a l  power v i a  a inear- a l t e r n a t o r -  u s i n g  permanent magnets. 
An a l l - w e l d e d  p ressu re  vessel  has been designed to  p r o v i d e  he rmet i c  s e a l i n g .  
A v i b r a t i o n  absorber on t h e  mount ng r i n g  i s  used t o  meet t h e  dynamic b a l a n c i n g  
s p e c i f i c a t i o n s .  The c o o l e r  subsystem i s  mounted on t h e  ground and i s  s i m i l a r  
t o  a wa te r -g l yco l  automot ive c o o l i n g  system. The M T I  ASCS, designed for una t -  
tended safe o p e r a t i o n ,  w i l l  be capable o f  au tomat i c  s t a r t u p  and shutdown o f  
t h e  system. The M T I  ASCS i s  designed for  a 30-year l i f e  and has no p lanned 
maintenance for t h e  components mounted on t h e  d i s h .  The M T I  des ign  i s  shown 
i n  f i g u r e  7 .  

STC CONCEPTUAL DESIGN 

STC i s  t h e  pr ime c o n t r a c t o r  and i s  r e s p o n s i b l e  for b o t h  p r o j e c t  management 
and the  S t i r l i n g  e n g i n e l h y d r a u l i c  o u t p u t  des ign  and system i n t e g r a t i o n .  
has teamed w i t h  Sanders Associates for  t h e  r e c e i v e r  des ign,  Gedeon Assoc ia tes  
f o r  a n a l y t i c a l  code v a l i d a t i o n ,  and Technology Dynamics, I n c . ,  to  augment STC's 
in-house hea t  p i p e  exper ience.  The U n i v e r s i t y  of Washington p r o v i d e s  t h e  
dynamic s i m u l a t i o n  and system design. 
Company w i l l  p r o v i d e  a manufactur ing and c o s t  a n a l y s i s  w i t h  a l i f e  c y c l e  c o s t  
a n a l y s i s  o f  t h e  c o n c e p t i a l  des ign.  

STC 

Pioneer  Eng ineer ing  and Manu fac tu r ing  

STC proposed u s i n g  25-kW, s i n g l e - p i s t o n ,  = l i n g  h y d r a u l i c  engine (STIRLICa) 
as t h e  b a s e l i n e  design. Th is  concept uses a S t i r l i n g  h y d r a u l i c  engine, shown 
i n  f i g u r e  8, mounted d i r e c t l y  on the TBC w h i l e  t h e  remainder o f  t h e  system i s  
based on t h e  ground. 
t h e  ground based hardware t o  minimize development c o s t s  and reduce maintenance. 
The STIRLIC des ign  i s  based on a 15-kW f r e e - p i s t o n  S t i r l i n g  engine w i t h  an 
h y d r a u l i c  o u t p u t  (desc r ibed  i n  r e f .  6). 

Use of developed commercial components were proposed for  

D u r i n g  t h e  i n i t i a l  ASCS conceptual des ign  phase t h e  STC team rev iewed a 
number o f  des ign  o p t i o n s  to  meet the long- term c o s t  and performance g o a l s  o f  
DOE. Areas reviewed were - 

Optimum a r r a y  s i z e  

Convent ional  hea te r  head (brazed) ve rsus  advanced annu la r  h e a t e r  head 
(we 1 ded 1 

Ref1 ux bo i  l e r  versus h e a t  p ipe 

M a t e r i a l  s e l e c t i o n  f o r  l o n g  l i f e  

Single-power p i s t o n  versus opposed-power p i s t o n s  

Engine dynamic, s c a l i n g ,  and thermodynamic parameters 

S t a r t e r  motor versus no s t a r t e r  motor 

The STC " p r e l i m i n a r y "  conceptual des ign  r e v i e w  was h e l d  i n  February 1987 a t  

A r e c e i v e r  concen t ra tes  t h e  s o l a r  
Lewis.  
h y d r a u l i c  o u t p u t  mounted on a TBC. 

aOwner, S t i r l i n g  Technology Company, R ich land ,  Washington. 

The STC team presented a design which f e a t u r e d  a S t i r l i n g  eng ine  w i t h  
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energy r e c e i v e d  f rom t h e  c o l l e c t o r  and t r a n s f e r s  i t  by conduc t ion  through a 
r e f l u x  b o i l e r  t o  the  S t i r l i n g  engine h e a t e r  head opera ted  a t  800 O C .  

engine i s  l oca ted  o f f  a x i s  from t h e  r e c e i v e r  c a v i t y  i n  o r d e r  t o  m a i n t a i n  t h e  
hea te r  tubes i n  vapor r e g a r d l e s s  of o r i e n t a t i o n .  The l i q u i d  meta l  chosen for  
the  r e f l u x  b o i l e r  i s  sodium. A conven t iona l  t u b u l a r  h e a t e r  head w i t h  an annu- 
l a r  r e g e n e r a t o r  and cooler a re  used i n  t h i s  des ign.  The h e l i u m  work ing  gas i s  
h e r m e t i c a l l y  sealed u s i n g  a p a i r  of nested b e l l o w s  s e a l s  on t h e  d i s p l a c e r .  A 
sco tch  yoke-counter balance i s  used t o  m a i n t a i n  a p r e c i s i o n  t o p  and bo t tom 
p o s i t i o n  o f  the  d i s p l a c e r  w h i l e  s i g n i f i c a n t l y  r e d u c i n g  t h e  a s s o c i a t e d  dead 
volumes. The 
thermal energy i s  conver ted d i r e c t l y  by t h e  S t i r l i n g  engine t o  h y d r a u l i c  power 
through a p a i r  of  h e r m e t i c a l l y  sealed power b e l l o w s .  
a re  i d e n t i c a l  and opposed for s e l f - b a l a n c i n g .  STC has demonstrated t h e  poten- 
t i a l  for long  l i f e  of t h e  proposed pressure-balanced b e l l o w s  systems i n  r i g s  
and i n  t h e i r  l o n g - l i f e  a r t i f i c i a l  h e a r t  systems which a r e  d i scussed  i n  r e f e r -  
ence 7. The h y d r a u l i c  power i s  t r a n s m i t t e d  on l i n e s  mounted d i r e c t l y  on a TBC 
s t r u t  and r o u t e d  t o  the  ground-based convers ion  sys tem.  
approach i s  to  use an a r r a y  of TBC's each mounted w i t h  a S t i r l i n g  h y d r a u l i c  
engine capable of p r o v i d i n g  t h e  necessary h y d r a u l i c  power for  2 5  kW o f  e l e c t r i -  
c a l  power on the  ground. Four TBC's a r e  used for a s i n g l e  a r r a y  which p r o v i d e s  
h y d r a u l i c  power t o  t h e  common ground based s y s t e m  as shown i n  f i g u r e  9. 
ground-based system i n c l u d e s  a common accumulator w i t h  a s i n g l e  v a r i a b l e  d i s -  
placement h y d r a u l i c  pump/motor, a r o t a r y  i n d u c t i o n  a1 t e r n a t o r  w i t h  t h e  neces- 
sa ry  s w i t c h  gear,  and a common hea t  r e j e c t i o n  system. 
h y d r a u l i c  engines w i l l  be c o n t r o l l e d  by a common m ic rop rocesso r .  
S t i r l i n g  h y d r a u l i c  engine has been designed for a 30-year l i f e  and p r e s e n t l y  
has no p lanned maintenance for t h e  components mounted on t h e  d i s h .  The STC 
ASCS i s  designed for automat ic  s t a r t u p  and shutdown and i s  capable o f  unat-  
tended sa fe  ope ra t i on .  

The 

A s t a r t e r  motor i s  i n c o r p o r a t e d  w i t h  t h e  sco tch  yoke mechanism. 

The two power b e l l o w s  

The STC des ign  

The 

The f o u r  S t i r l i n g  
The STC 

The STC des ign  i s  shown i n  f i g u r e  10. 

STATUS 

" P r e l i m i n a r y "  conceptual  des igns of each ASCS have been completed by M T I  
and STC. A comparison of the  ASCS des igns a re  p r o v i d e d  i n  t a b l e  V.  Both con- 
t r a c t o r s  a re  r e v i e w i n g  t h e i r  des igns to  e l i m i n a t e  or reduce any unproven tech-  
n o l o g i e s .  Also, each c o n t r a c t o r  i s  r e d u c i n g  t h e  hot-end temperature from 800 
t o  about 700 OC. The temperature r e d u c t i o n  w i l l  i n c r e a s e  m a t e r i a l  l i f e  and 
min imize p o t e n t i a l  l i q u i d - m e t a l  c a p a b i l i t y  problems. T h i s  temperature reduc- 
t i o n  may e f f e c t  both power and e f f i c i e n c y  f o r  t h e i r  ASCS. 

The des ign  changes w i  1 1  emphasize manufacturabi  1 i t y  and t h e  p o t e n t i a l  for  
low c o s t  w h i l e  us ing e x i s t i n g  techno logy  a v a i l a b l e  d u r i n g  t h e  l a t e  1980's .  
A f t e r  comp le t i ng  each ASCS des ign  i n  June, b o t h  conceptual  des igns w i l l  be 
f r o z e n .  Pioneer w i l l  make an independent e v a l u a t i o n  o f  each des ign  t o  assess 
manufacturabi  1 i t y  and p r o v i d e  a c o s t  a n a l y s i s  u s i n g  P a r e t o ' s  Law ( d e t a i l e d  
c o s t s  o f  20 percent  of t h e  ASCS c r i t i c a l  p a r t s ) .  
expected t o  be complete i n  September 1987 a t  which t i m e  DOE, SNLA, and NASA 
w i l l  make a s e l e c t i o n  of the  ASCS for  f o l l o w - o n  c o m p e t i t i v e  procurement i n  
l a t e  1987 or e a r l y  1988. 

The Pioneer  a n a l y s i s  i s  
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CONCLUDING REMARKS 

J 

The S t i r l i n g  engine has been i d e n t i f i e d  by SNLA as one of t h e  most promis- 
i n g  hea t  engines for t e r r e s t r i a l  a p p l i c a t i o n s .  F r e e - p i s t o n  techno logy  cu r -  
r e n t l y  b e i n g  developed a t  Lewis f o r  space and t e r r e s t r i a l  a p p l i c a t i o n s  has t h e  
p o t e n t i a l  to  meet DOE 's  g o a l s  f o r  both performance and c o s t .  Common r e q u i r e -  
ments f o r  t h e  space and t e r r e s t r i a l  a p p l i c a t i o n s  i n c l u d e  h i g h  e f f i c i e n c y ,  h i g h  
r e l i a b i l i t y ,  and v e r y  l o n g  l i f e .  Conceptual des igns by  STC and M T I  each fea -  
t u r e  a S t i r l i n g  engine, a r e c e i v e r ,  and a means t o  p r o v i d e  about  25 kW o f  e l e c -  
t r i c  power to a u t i l i t y  g r i d  w h i l e  meet ing DOE's long- term c o s t  and performance 
g o a l s .  The M T I  and STC conceptual  designs a r e  b o t h  un ique and complementary. 
The M T I  proposal  i n c o r p o r a t e s  a l i n e a r  a l t e r n a t o r  t o  d i r e c t l y  c o n v e r t  t h e  
energy t o  e l e c t r i c i t y ,  w h i l e  STC generates e l e c t r i c a l  power i n d i r e c t l y  by  use 
o f  a h y d r a u l i c  o u t p u t  t o  a ground-based h y d r a u l i c  motor coupled t o  a r o t a t i n g  
a l t e r n a t o r .  Both t h e  M T I  and STC concepts w i l l  be e v a l u a t e d  by  t h e  same b u t  
independent c o n t r a c t o r  to  p r o v i d e  a manu fac tu r ing  and c o s t  a n a l y s i s  i n c l u d i n g  
l i f e  c y c l e  c o s t .  One of t h e  conceptual  des igns w i l l  be s e l e c t e d  f o r  a compet- 
i t i v e  f i n a l  des ign,  hardware procurement, assembly, and t e s t  o f  t h e  ASCS a t  
t h e  SNLA t e s t  f a c i l i t i e s  i n  Albuquerque, New Mexico, by  1990. 

1.  

2 .  

3. 

4. 

5. 

6. 
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TABLE I - DOE COSTa GOALS 

Current 

a1 984 dol 1 ars. 

TABLE I1 - SNLA TEST BED CONCENTRATOR (TBC) 
CHARACTERISTICS 

Collector diameter, m 
Focal length, m 
Parabolodial 

mounting structure, flD 
Reflectivity 
Slew rates, deglhr: 

Azimuth 
Elevation 

Slope error, mrad 
Input 

1 1  .o 
6.6 

0.6 
0.89 

2000 
200 

2 
75 kWth 

at 950 W/m2 

TABLE I11 - ASCS DESIGN REQUIREMENTS 

Heat engine - free-piston Stirling: 
Engine/alternator system, < $300/kWe (1984 $) 
Heater head (metal) temperature, 800 OC 

Thermal transport system - heat pipe 
integral part of receiver: 
Receiver aperture, 8.0 in. 

Technology available in the late 1980's 
Solar insulation, 950 Wlm2: 

Survival to 1100 WIm2 for 15 min 
ASCS weight: Not to exceed 2000 lb (907 kg) 
Dynami c bal ance : 

Maximum force not to exceed 150 lb (667 N) 
ASCS design life: 

30 yr (60,000 hr) with major overhaul 
Engine design life with major overhaul: 
30 yr (60,000 hr) with major overhaul at 

ASCS temperature range: 

Elevation: 

Electrical output: 

20 yr (40,000 hr) 

33 to -6.6 OC (92 to 20 O F )  

5310 ft above sea level 

120 V,  1 phase, 60 Hz or 
240 V,  3 phase, 60 Hz 
Power factor, not to exceed 0.85 
Harmonic distortion, < 2.5 percent 

System efficiency (solar to electric): 
> 33 percent 

Controls: 
Fully automatic, unattended 

25 kWe 
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TABLE I V  - COMPARISON OF THE ASCS PROPOSALS 

M T I  

75 
25.0 
33.3 

Yes 
1073(800) 

Heat supp l i ed ,  kWth 
E l e c t r i c  power, kWe 
E f f i c i e n c y  ( s o l a r  t o  

e l e c t r i c ) ,  percent  
Heat p i p e  heater  
Heater tempeature 

(me ta l ) ,  K(OC) 
Coo ler  temperature K(OC) 
Temperature r a t i o ,  Th/Tc 
Worki ng f 1 u i  d 

STC 

75 
24.8 
33.1 

Yes 
1073(800) 

Working pressure,  bar  
Weight (on TBC), k g ( l b )  
Annual Dower. kW-hr 

346(73) 

907(2000> 
58,666 

323(50) 
3.3 

He1 i um w i t h  
Freon b u f f e r  

138 
82(181) 

61,940 

TABLE V - COMPARISON OF ASCS CONCEPTS 
(MARCH 1987) 

Heat supp l i ed ,  kwth 
E l e c t r i c  power, kWe 
E f f i c i e n c y  ( s o l a r  to  e l e c t r i c ) ,  pe rcen t  
E f f i c i e n c y  engine ( Q i n  t o  PWRout ) ,  pe rcen t  
R e c e i v e r / l i q u i d  metal  

Heater head temperature,  K ( O C )  

Coo ler  tempera ture ,  K ( O C )  

Temperature r a t i o ,  Th/Tc 
Working f l u i d  

Annual power ( e s t . ) ,  kW-hr 

M T I  

75 
26.5 
35.3 
45.2 

Heat p i p e /  
sod i um 

1073( 800) 
333(60) 

3.2 
He1 i urn 

70,000 

STC 

75 
26.8 
35.7 
44.3 

R e f l u x  b o i l e r /  
sod i um 

1 073( 800) 
323( 50) 

3.3 
Hei um w i  t h  

Freon b u f f e r  
62,000 
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FIGURE 1. - PLANNED SPACE POWER PROGRAMS ADDRESS 
GROWH . 
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FIGURE 2. - FREE-PISTON STIRLING ENGINE WITH LINEAR ALTERNATOR. 

:POWER PISTON AND ALTERNATOR PLUNGER 

FIGURE 3. - 25-~W, SPACE POWER DEMONSTRATOR ENGINE. 

FIGURE 4. - CONCEPTUALIZED FREE-PISTON STIRLING ENGINE CONVERSION SYSTEM. 
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(A) SINGLE ENGINE CONFIGURATION. 

FIGURE 5.  - NTI 'S  

r S T I R L I N G  ENGINE 

(B) OPPOSED ENGINE CONFIGURATION. 

PROPOSED CONCEPTS. 

RADIAL ARTERY DESIGN WICK STRUCTURE 

FIGURE 6.  - MIT'S DISH SHAPED HEAT PIPE WITH ARTERIES. 

RECEIVER 7 

. 

FIGURE 7 .  - N T I ' S  SINGLE-PISTON STIRLING ENGINE CONFIGURATION, 
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Stirling engine, a liquidmetal heat pipe receiver, and a means to provide about 25 kU of electric 
power to a utility grid while meeting DOE'S long-term performance and cost goals. 
incorporates a linear alternator to directly convert the solar energy to electricity while STC gener- 
ates electrical power indirectly by using a hydraulic output to a ground-based hydraulic purp/motor 
coupled to a rotating alternator. 
ably be expected to be available in the 1980's. Both the HTI and STC concepts will be evaluated by 
the same, but independent, contractor to provide a manufacturing and cost analysis including life 
cycle cost. 
receiver, and the methods of providing electricity to the utility grid will be discussed. 

The Stirling 

Parallel contracts have been awarded to 

Each design will feature a free-piston 

The HTI design 

Both designs for the ASCS's will use technology which can reason- 

The ASCS designs using a free-piston Stirling engine, a heat transport system, a 
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