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Advanced S t i r l i n g  Conversion Systems 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  

. 

Richard K .  Shal 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 441 35 

SUMMARY 

Under t h e  Department o f  Energy's (DOE) S o l a r  Thermal Technology Program, 

- S o l a r  D i s t r i b u t e d  Heat Receivers.  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 
m o f  t h e  most p romis ing  candidates f o r  t h e  t e r r e s t r i a l  a p p l i c a t i o n s .  The f r e e -  
& 

Sandia N a t i o n a l  L a b o r a t o r i e s  (SNLA) i s  deve lop ing  heat  engines f o r  t e r r e s t r i a l  
d 

m 

p i s t o n  S t i r l i n g  engine (FPSE) has the p o t e n t i a l  t o  meet t h e  DOE goa ls  f o r  b o t h  
performance and c o s t .  

The 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  (NASA) Lewis Research 
Center (LeRC) i s  conduct ing f r e e - p i s t o n  S t i r l i n g  a c t i v i t i e s  which a r e  d i r e c t e d  
toward a dynamic power source f o r  the space a p p l i c a t i o n .  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 ,  ve ry  l o n g  l i f e ,  h i g h  r e l i a b i l i t y  and low 
v i b r a t i o n .  The FPSE has t h e  p o t e n t i a l  f o r  f u t u r e  h i g h  power space convers ion  
systems, e i t h e r  s o l a r  o r  nuc lea r  powered. 

Generic f r e e - p i s t o n  technology i s  c u r r e n t l y  be ing  developed by LeRC f o r  
DOE/ORNL f o r  use w i t h  a r e s i d e n t i a l  heat  pump under an In te ragency  Agreement. 
S ince 1983, t h e  SP-100 Program (DOD/NASA/DOE) i s  deve lop ing  dynamic power 
sources f o r  space. Al though b o t h  a p p l i c a t i o n s  ( h e a t  pump and space power) 
appear t o  be q u i t e  d i f f e r e n t ,  t h e i r  requi rements complement each o t h e r .  

A c o o p e r a t i v e  In te ragency  agreement ( IAA)  was signed I n  1985 w i t h  NASA 
Lewis t o  p r o v i d e  t e c h n i c a l  management f o r  an Advanced S t i r l i n g  Conversion 
System (ASCS) f o r  SNLA. Conceptual d e s i g n ( s )  u s i n g  a f r e e - p i s t o n  S t i r l i n g  
( F P S E ) ,  and a heat  p i p e  w i l l  be discussed. The ASCS w i l l  be designed u s i n g  
technology which can reasonably be expected t o  be a v a i l a b l e  i n  t h e  1980 's .  

A lso,  an overv iew i s  presented of proposed conceptual  designs f o r  t h e  ASCS 
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 and a l i q u i d  meta l  heat  p i p e  r e c e i v e r .  
Power e x t r a c t i o n  i n c l u d e s  bo th  a l i n e a r  a l t e r n a t o r  and h y d r a u l i c  o u t p u t  capable 
o f  d e l i v e r i n g  approx ima te l y  25 kW o f  e l e c t r i c a l  power t o  t h e  e l e c t r i c  u t i l i t y  
g r i d .  Target  c o s t  o f  t h e  e n g i n e / a l t e r n a t o r  I s  300 d o l l a r s  per  k i l o w a t t  a t  a 
manu fac tu r lng  r a t e  o f  10,000 u n i t s  per year .  The des ign  l i f e  o f  t h e  ASCS i s  
60,000 h r  (30  y r )  w i t h  an engine overhaul  a t  40,000 h r  ( 2 0  y r ) .  A l so  d iscussed 
a r e  t h e  key f e a t u r e s  and c h a r a c t e r i s t i c s  o f  t h e  ASCS conceptual  des igns.  

INTHODUCTION 

Under D O E ' 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  deve lop ing  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  Heat 
Receivers.  O f  t h e  a v a i l a b l e  heat  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 goals  f o r  
b o t h  performance and c o s t .  



NASA Lewis Research Center (LeRC) has pursued t h e  S t i r l i n g  c y c l e  as a 
cand ida te  dynamlc power source f o r  f u t u r e  h i g h  power space convers ion  systems 
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 t h e  technology base developed 
g r a d u a l l y  a t  Lewis d u r i n g  t h e  7 0 ' s .  The need t o  develop au tomot i ve  powerp lant  
a l t e r n a t i v e s  i n  t h e  l a t e  7 0 ' s  t r i g g e r e d  t h e  U. S .  Department o f  Energy 's  Auto- 
m o t i v e  S t i r l i n g  Engine (ASE) Program which was planned and implemented by LeRC. 
A consequence o f  t h e  ASE Program was an a c c e l e r a t e d  e f f o r t  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 technology o f  S t i r l i n g  engines. T h i s  
has r e s u l t e d  i n  a s y n e r g e t i c  technology base a t  Lewis and I t s  c o n t r a c t o r s .  

The S t i r l i n g  Engine P r o j e c t  O f f i c e  o f  LeRC i s  r e s p o n s i b l e  f o r  a v a r i e t y  
o f  p r o j e c t s  as shown i n  f i g u r e  1 .  A complete d e s c r i p t i o n  o f  t h e  ASE Program 
i n  con ta ined  i n  r e f e r e n c e  1, w h i l e  an ove rv iew  o f  t h e  Free-Pis ton a c t i v i t i e s  
a t  Lewis i s  conta ined i n  re fe rences  2 t o  4. T e s t i n g  and e v a l u a t i o n  o f  t h e  
Sunpower RE-1000 FPSE a t  Lewis a r e  d iscussed i n  r e f e r e n c e  5. Engine per form- 
ance has been mapped t o  p r o v i d e  da ta  f o r  computer code v a l i d a t i o n .  T e s t i n g  o f  
t h e  m o d i f i e d  RE-1000 FPSE w i t h  a h y d r a u l i c  o u t p u t  was r e c e n t l y  begun. D e t a i l s  
o f  t h i s  FPSE c o n f i g u r a t i o n  i s  con ta ined  i n  r e f e r e n c e  6. The LeRC advanced 
technology program i s  a l o n g  range b r o a d l y  based program s u p p o r t i n g  technology 
areas l i s t e d  i n  t a b l e  I .  

Cur ren 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  2.  
Space power system requirements i n c l u d e  h i g h  e f f i c i e n c y ,  ve ry  l o n g  l i f e ,  h i g h  
r e l i a b i l i t y  and l o w  v i b r a t i o n .  I n  a d d i t i o n ,  system we igh t  and o p e r a t i n g  
temperatures a re  i m p o r t a n t  parameters.  U n l i k e  t h e  k inemat 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 very r e c e n t  i n v e n t i o n .  The FPSE has t h e  
p o t e n t i a l  t o  be t h e  f u t u r e  dynamlc 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  s o l a r  o r  nuc lea r  powered. 

I n  1962, t h e  F ree -P is ton  S t i r l i n g  Engine was inven ted  by W i l l i a m  Beale 
a t  Ohio U n i v e r s i t y .  Bea le ' s  e a r l y  work r e s u l t e d  i n  sma l l - sca le  f r a c t i o n a l -  
horsepower engines which demonstrated t h e  o p e r a t i n g  p r i n c i p l e s  o f  t h e  b a s i c  
f r e e - p i s t o n  engine. The FPSE has a major  advantage over  t h e  k inemat 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 ,  noncon tac t i ng  gas bear ings  and can 
be h e r m e t i c a l l y  sealed, thereby 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 ve ry  l o n g  l i f e .  A s i m p l i f i e d  drawing 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  3. 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  con ta ined  i n  
r e f e r e n c e  7 .  
deve lop ing  t h e  FPSE. These i n c l u d e  Sunpower I n c .  o f  Athens, Ohio, Mechanlcal  
Technology I n c .  (MTI) o f  Latham, New York, S t i r l i n g  Technology Company (STC) 
( f o r m e r l y  U n i v e r s i t y  o f  Washington) o f  R i ch land ,  Washlngton, DOE/Oak Ridge 
N a t i o n a l  Laboratory  (ORNL) and NASA/LeRC. F P S E ' s  have been designed and b u i l t  
r a n g i n g  f rom f r a c t i o n a l  hp up t o  33 hp (25  kW). S c a l i n g  s t u d i e s  a r e  c u r r e n t l y  
b e i n g  a d v e r t i s e d  f o r  LeRC 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 des ign  and development 
o f  t h e  Space Power Demonstrat ion Engine (SPDE) b u i l t  by M T I  f o r  NASA has demon- 
s t r a t e d  power i n  e x c e s s  o f  20 kW, n e a r l y  seven t imes t h e  power produced by 
e a r l i e r  F P S E ' s .  The SPDE 3 s  shown i n  f i g u r e  4. A l though resources f o r  these 
programs have been l i m i t e d ,  FPSE technology con t inues  t o  make good p rog ress .  
Th is  progress i s  i n  p a r t  c r e d i t e d  t o  t h e  a b i l i t y  t o  t a k e  advantage o f  t h e  f a c t  
t h a t  much o f  t h e  bas i c  o p e r a t i o n a l  c h a r a c t e r i s t i c s  and t h e  gener i c  technology,  
which have a l ready been developed f o r  t h e  k i n e m a t i c ,  a r e  a l s o  common t o  b o t h  
t h e  k i n e m a t i c  and Free-Pis ton S t i r l i n g  engines as shown i n  f i g u r e s  5 and 6. 
S p e c i f i c  technology areas l n c l u d e  a n a l y t i c a l  code and m a t e r i a l s  development 

Only a few 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 t a t e s  a re  c u r r e n t l y  

. 

. 
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which have been developed t o  reso lve  s p e c i f i c  S t i r l i n g  i ssues .  These a r e  
reviewed i n  re fe rences  8 t o  13. 

. Generic f r e e - p i s t o n  technology i s  c u r r e n t l y  be ing  developed f o r  DOE/ORNL 
f o r  use w i t h  a r e s i d e n t i a l  heat  pump under an In te ragency  agreement w i t h  Lewis. 
Since 1983, t h e  SP-100 Program (DOD/NASA/DOE) has developed dynamic power 
sources f o r  space. A l though bo th  a p p l i c a t i o n s  appear t o  be q u i t e  d i f f e r e n t ,  
t h e i r  requi rements complement each other .  The research r e s u l t i n g  f rom t h i s  
program covers gener i c  F ree -P is ton  S t i r l i n g  technology a p p l i c a b l e  f o r  b o t h  
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 .  

Advanced S t i r l i n g  Conversion System 

A c o o p e r a t i v e  In te ragency  agreement ( IAA)  was signed by DOE and NASA-LeRC 
i n  1985 w i t h  LeRC t o  p r o v i d e  t e c h n i c a l  management f o r  an Advanced S t i r l i n g  
Conversion System (ASCS). Under t h i s  I A A ,  t h e  ASCS P r o j e c t  w i l l  p r o v i d e  DOE/  
SNLA w i t h  conceptual  designs o f  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 c o s t  goa ls .  Objec- 
t i v e s  o f  t h e  ASCS P r o j e c t  a r e  shown i n  t a b l e  1 1 .  Compet i t i ve  c o n t r a c t s  f o r  
t h e  conceptual  designs 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 p roposa ls  f rom M T I  and STC were 
judged t o  be unique and complementary t o  each o t h e r .  Each conceptual  des ign  
w i l l  f e a t u r e  t h e  S t i r l i n g  engine, a l i q u i d  me ta l  heat  p i p e  r e c e i v e r ,  a means 
t o  p r o v i d e  e l e c t r i c  power,the necessary a u x i l i a r i e s  and a c o n t r o l  system. The 
ASCS w i l l  be designed t o  mount t o  and r e c e i v e  concen t ra ted  s o l a r  energy f rom an 
11 meter d iameter  Test Bed Concentrator (TBC) l o c a t e d  a t  t h e  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  shown i n  t a b l e  1 1 1 .  Also, t h e  conceptual  
des igns w i l l  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 ,  e s t i m a t e  
system and major component we igh ts ,  d e f i n e  engine and e l e c t r l c a l  power cond i -  
t i o n i n g  and c o n t r o l  requi rements.  Each conceptual  des ign  s h a l l  i n c l u d e  
e x i s t i n g  technology,  a v a i l a b l e  by t h e  l a t e  1980 's .  The goal  o f  t h e  ASCS i s  t o  
generate a conceptual  des lgn  capable o f  g e n e r a t i n g  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 l n e / a l t e r n a t o r  t a r g e t  c o s t  o f  300 
d o l l a r s  per  k i l o w a t t  a t  t h e  manufactur ing r a t e  o f  10,000 u n i t s  pe r  yea r .  The 
des ign  l i f e  o f  t h e  e n g i n e / a l t e r n a t o r  i s  60,000 h r  whlch i n c l u d e s  an engine 
ove rhau l  a t  40,000 h r .  The ASCS design requl rements a r e  shown i n  t a b l e  I V .  A t  
t h e  comp le t i on  o f  t h e  conceptual  deslgn 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. One des ign w i l l  be s e l e c t e d  f o r  a 
f o l l o w  on procurement t o  complete a f i n a l  des lgn,  hardware procurement, assem- 
b l e  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, NM by t h e  
l a t e  1980 's .  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  o f  t h e  ASCS showing t h e  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 i 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  system i s  shown i n  f i g u r e  7 .  

A s  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  b o t h  unique and complemen- 
t a r y .  The major d i f f e r e n c e  i s  t h e  method t o  generate t h e  e l e c t r i c a l  power. 
M T I  i s  u s i n g  t h e  NASA 25 kWe SPDE as t h e i r  b a s e l i n e  which 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  conve 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 t h e  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 use 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 
h e a t e r  head ( m e t a l )  temperature of 800" C w i t h  Hel ium as t h e  work ing  f l u i d .  A 
temperature r a t i o  o f  TH/Tc o f  3 f o r  t h e  ASCS, r e s u l t s  i n  a system 
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efficiency (solar input to electrical output) of 33 percent. tstimates of about 
60,000 kW-hr per year were provided for both the STC and MTI proposed concepts. 
A comparison of the M T I  and STC proposals is provided in table V .  

M T I  Conceptual Design 

MTI has teamed with Thermacore, Inc., and Sanders Associates to provide 
an integrated conceptual design of the ASCS. The design combines expertise in 
three areas: Stirling engine systems ( M T I ) ,  solar receivers (Sanders) and 
liquid metal thermal transport systems (Thermacore). A manufacturing and cost 
analysis with a life cycle cost analysis of the conceptual design will be con- 
ducted by Pioneer Engineering and Manufacturing Company. 

MTI proposed using the NASA SPDE, a 25 kWe, two opposed-piston Stirling 
engine/linear alternator system as the baseline design (see fig. 8). Major 
changes required to solarize the SPDE included: reducing frequency from 105 
to 60 Hz, removing light weight Beryllium materials and replacing with more 
conventional materials (lightweight is required for space, but too expensive 
for the terrestrial application) and increasing the temperature ratio (TH/Tc) 
from 2.0 to 3.1. 

However, the M T I  team will focus on a larger single piston Stirling 
engine/linear alternator system as the prime concept (see fig. 9 ) .  The 
receiver will receive concentrated solar energy from the collector and trans- 
fer it by conduction through a liquid metal heat pipe to the Stirling engine 
heater tubes. A dish-shaped receiver element has been proposed and i s  shown 
in figure 10. The thermal energy is then converted directly by the Stirling 
engine to electrical power via a linear alternator whose output is connected 
directly to the utillty grid. A water-glycol cooler subsystem will remove 
waste heat from the engine/alternator system and reject it to atmosphere. The 
complete system will be mounted on the TBC. The control cystem will provide 
unattended safe operation, and will be capable of automatlc startup and shut- 
down of the system. 

System performance, initial cost and life-cycle costs will be evaluated 
for the proposed concept to minimize costs for a potential commercial product. 
Impact of a number of design options on life-cycle cost wll be considered 
during the design process. These include: 

- External versus internal heater tube geometry. 
- High--performance regenerators versus lower cost regenerator, 
- Hydrodynamic versus hydrostatic versus Piezoelectric bearings. 
- Clearance seals versus piston rings, 
- Permanent magnet-versus saturated plunger alternator, 
- High-inductance alternator with tuning capacitor versus 

Low-inductance alternator without tuning capacitor. 

A further discussion of the MTI's solarized Free-piston Stirling Engine 
Design Is contained In reference 14. 



STC Conceptual Design 

STC has teamed w i t h  Sanders Associates,  I n c . ,  f o r  r e c e i v e r  des ign,  Gedeon 
Associates f o r  a n a l y t i c a l  v a l i d a t i o n  and Technology Dynamics, I n c .  t o  augment 
STC's in-house heat  p i p e  exper ience. STC and t h e  U n i v e r s i t y  o f  Washington w i l l  
p r o v i d e  e x p e r t i s e  i n  S t i r l i n g  engine systems w i t h  a h y d r a u l i c  o u t p u t  designed 
t o  ope ra te  w i t h  r e l i a b l e ,  l o n g - l i f e  be l l ows  systems. Pioneer Eng ineer ing  and 
Manu fac tu r ing  Company w i l l  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  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  conceptual des ign.  

STC has proposed u s i n g  a 25 kWe, s i n g l e - p i s t o n ,  = l i n g  h y d r a u u  engine 
STIRLICTM as t h e  b a s e l i n e  des ign.  
i n  f i g u r e  11. The r e c e i v e r  and S t i r l i n g  h y d r a u l i c  engine w i l l  be mounted 
d i rec t1 .y  on t h e  TBC (shown i n  f i g .  1 2 ) ,  w h i l e  t h e  remainder o f  t h e  system i s  
based on t h e  ground. A r e c e i v e r  w i l l  i n t e r c e p t  t h e  s o l a r  i n s o l a t i o n  f rom t h e  
SNLA c o l l e c t o r  and t r a n s f e r  t h e  energy th rough  a l i q u i d  meta l  heat  p i p e  b o i l e r  
t o  t h e  S t i r l i n g  engine hea te r  head. Wick ing and a r t e r i e s  a r e  r e q u i r e d  t o  d i s -  
t r i b u t e  t h e  f l u i d  f r o m  t h e  condenser t o  t h e  evapora to r  s e c t i o n .  An advanced 
h e a t e r  head design, t h e  Pressure Stabi l izedTM Heater Head (PSHH) w i l l  be 
eva lua ted .  I t  i s  an annu la r  design, made o f  fewer and s i m p l e r  components, an 
i n t e g r a l  heat  p ipe ,  and a l l  welded c o n s t r u c t l o n  amenable t o  automated mass 
p r o d u c t i o n  techniques.  I n  a d d i t i o n  t o  t h e  advanced PSHH STC w i l l  a l s o  e v a l u a t e  
a conven t iona l  t u b u l a r  hea te r  head. 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 th rough  an h e r m e t i c a l l y  sealed power be l l ows  t o  hydrau- 
l i c  power. H y d r a u l i c  l i n e s  w i l l  be mounted on a TBC s t r u t  and r o u t e d  t o  t h e  
ground based h y d r a u l i c  system. The h y d r a u l i c  system i n c l u d e s  commerc ia l ly  
a v a i l a b l e  " o f f  t h e  s h e l f "  components which i n c l u d e  a h y d r a u l i c  motor which 
d i r e c t l y  operates a r o t a r y  i n d u c t i o n  a l t e r n a t o r  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 .  R e c i r c u l a t i n g  t h e  h y d r a u l i c  f l u i d  i s  be ing  considered t o  remove 
waste heat  f rom t h e  engine and r e j e c t  i t  t o  atmosphere. A c o n t r o l  system w i l l  
p r o v i d e  unattended sa fe  o p e r a t i o n  and w l l l  be capable o f  automat ic  s t a r t u p ,  
shutdown and power c o n d i t i o n i n g  o f  t h e  system. 

A ske tch  o f  t h e  proposed des ign  i s  shown 

Maximum u t i l i z a t i o n  o f  developed commercial components a r e  proposed t o  
m in im ize  development r i s k s  and l i f e  c y c l e  c o s t s .  Components i n c l u d e :  h y d r a u l i c  
motors,  accumulators,  r o t a r y  a l t e r n a t o r s  and t h e  sw i t chgear  which a r e  a l l  
ground based f o r  easy maintenance. T h i s  a l s o  r e s u l t s  i n  a low we igh t  system 
which i s  mounted d i r e c t l y  on t h e  TBC. Trade s t u d i e s  considered d u r i n g  t h e  
des ign  process w i l l  i n c l u d e :  

- O p t i m i z a t i o n  o f  concen t ra to r  modules i n  an a r r a y  t o  a c e n t r a l  ground 

- Convent ional  h e a t e r  head (brazed)  versus advanced annu la r  hea te r  

- Wate r /g l yco l  versus h y d r a u l i c  f l u i d  f o r  c o o l i n g  system. 
- I n d u c t i o n  versus synchronous a l t e r n a t o r s .  
- No s t a r t e r  motor versus s t a r t e r  motor.  
- M a t e r i a l  s e l e c t i o n  f o r  long l i f e .  
- V a l i d a t i o n  o f  a n a l y s i s  and codes w i t h  two sources. 
- Op t i rn i za t l on  o f  appendix gap and d i s p l a c e r  sea l  c lea rances .  
- Regenerator m a t r l  x m a t e r i a l s .  

based h y d r a u l i c  u n i t  (one versus f o u r  o r  more).  

head (welded).  

The concept proposed by STC I s  based on a conceptual  des ign  f o r  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  a h y d r a u l i c  o u t p u t  which i s  desc r ibed  i n  

5 



Ref. 15. 
s i m p l i c i t y ,  and s t a b i l i t y  w h i l e  reduc ing  c o s t .  

M o d i f i c a t i o n s  have been made t o  t h e  engine t o  improve power d e n s i t y ,  

CONCLUDING REMARKS 

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 romis ing  heat  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 .  F ree -P is ton  technology 
c u r r e n t l y  be ing  developed by LeRC 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  t o  meet D O E ' S  goa ls  f o r  b o t h  performance and c o s t .  Common 
requirements fo 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 ,  i n c l u d e  h i g h  e f f i -  
c i ency ,  very  long l i f e  and h i g h  r e l i a b i l i t y .  Conceptual des igns by STC and 
M T I  each f e a t u r e  a S t i r l i n g  engine, a l i q u i d  meta l  heat  p i p e  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 t o  an u t i l i t y  g r i d  w h i l e  meet ing 
D O E ' S  l ong - te rm c o s t  and performance goa ls .  The M T I  and STC conceptual  des igns 
a r e  bo th  unique 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  conve 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 l 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 con- 
cepts  w i l l  be evaluated by t h e  same b u t  independent c o n t r a c t o r  t o  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 o f  t h e  concep- 
t u a l  designs w i l l  be s e l e c t e d  f o r  a c o m p e t i t i v e  f i n a l  design, 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, NM by t h e  l a t e r  1980 's .  
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TABLE I. - L E W I S  ADVANCED 

SUPPORTS KEY TECHNOLOGY 

I TECHNOLOGY PROGRAM 

AREAS NEEDED FOR: 

GAS BEARINGS 

L I N E A R  ALTERNATORS 

ALTERNATIVE POWER EXTRACTION 

CODE V A L I D A T I O N  AND A N A L Y S I S  

O S C I L L A T I N G  FLOW 

PERFORMANCE PREDICTIONS 

S C A L I N G  

HEAT EXCHANGERS 

M A T E R I A L S  

POWER C O N D I T I O N I N G  INTERFACE 

LONG L I F E  V A L I D A T I O N  

TABLE 11. - ADVANCED S T I R L I N G  CONVERSION SYSTEM 

CONCEPTUAL DESIGN O B J E C T I V E S  

0 D E F I N E  THE ASCS CONFIGURATION 

0 PREDICT ASCS PERFORMANCE OVER A RANGE OF SOLAR I N P U T S  

0 ESTIMATE SYSTEM & MAJOR COMPONENT WEIGHT 

0 D E F I N E  ENGINE & ELECTRICAL POWER C O N D I T I O N I N G  

& CONTROL REQUIREMENTS 

D E F I N E  KEY TECHNOLOGY NEEDS NOT READY B Y  THE L A T E  

1980's I N  MEETING GOALS 

PROVIDE A MANUFACTURABIL ITY  AND COST EVALUATION FOR 

0 

0 

THE ENGINE-ALTERNATOR 



TABLE 111. - SNLA TEST BED CONCENTRATOR ( T B C )  

CHARACTER I S  T I C S  

0 COLLECTOR - NOMINAL 11.0 METER DIAMETER 

0 FOCAL LENGTH - 6.6 METER 

0 

0 R E F L E C T I V I T Y  - 0.89 

0 SLEW RATES - 

PARABOLODIAL MOUNTING STRUCTURE - f / d  = 0.6 

AZIMUTH 2,000 DEG/HR 

ELEVATION 200 DEG/HR 

0 SLOPE ERROR - 2 M I L L I R A D  

0 I N P U T  - 75 kWth @ 950 W/m2 



TABLE I V .  - ASCS DESIGN REQUIREMENTS 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

HEAT ENGINE - FREE-PISTON S T I R L I N G  

ENGINE/ALTERNATOR SYSTEM LESS THAN $ 3 0 0 / k W e  ( 1984 0 )  
HEATER HEAD (METAL) TEMPERATURE - 800' C 

THERMAL TRANSPORT SYSTEM - HEAT P I P E  INTEGRAL PART OF RECEIVER 

RECEIVER APERATURE - 8.0 INCHES 

TECHNOLOGY A V A I L A B L E  I N  THE LATE '80's 

SOLAR I N S O L A T I O N  - 9 5 0  W/m2 

S U R V I V A L  TO 1100W/m2 FOR 1 5  M I N .  

ASCS WEIGHT - NOT TO EXCEED 2000 POUNDS ( 9 0 7  kg) 

DYNAMIC BALANCE - 

MAX FORCE NOT TO EXCEED 1 5 0  POUNDS (667 NEWTONS) 

ASCS DESIGN L I F E  - 30 YR (60,000 HR) 
W I T H  MAJOR OVERHAUL 

ENGINE DESIGN L I F E  W I T H  MAJOR OVERHAUL A T  - 30 YR (60,000 HR) 
W I T H  MAJOR OVERHAUL A T  20 YR (40,000 HR) 

ASCS TEMPERATURE RANGE - 

33" C ( 9 2 "  F )  TO - 6.6' C ( 2 0 "  F )  

ELEVATION - 5 3 1 0  F T  ABOVE SEA LEVEL 

ELECTRICAL OUTPUT - 

2 5  kWe 
1 2 0  VOLT, 1 PHASE, 60 H z  or 2 4 0  VOLT, 3 PHASE, 60 H z  
POWER FACTOR NTE 0 . 8 5  
HARMONIC DISTORTION LESS THAN 2 .5% 

SYSTEM E F F I C I E N C Y ,  (SOLAR TO E L E C T R I C )  - GREATER THAN 33% 

CONTROLS 
FULLY AUTOMATIC, UNATTENDED 



0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

TABLE V. - COMPARISON OF THE ASCS PROPOSALS 

M T I  - 
HEAT SUPPLIED (kWt) 75 

ELECT POWER ( k W e )  25.0 

E F F I C I E N C Y  (SOLAR TO ELECT) 33.3% 

HEAT P I P E  HEATER YES 

HEATER TEMP (METAL) K 1073 

COOLER TEMP K 356 

R A T I O  T h / T c  3.1 

WORKING F L U I D  He 

STC 

75 

24.8 

33.1% 

YES 

1073 

323 

3.3 

He w /  

- 

WORKING PRESSURE ( b a r )  

WEIGHT (ON TBC) 

ANNUAL POWER (kW-hr . ) 

F r e o n  B u f f e r  

100 138 

907 k g  82 kg 

2000 l b  181 l b  

58,666 61,940 
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FIGURE 2. - PLANNED SPACE POWER PROGRAMS ADDRESS 
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FIGURE 8. - MTI'S OPPOSED - PISTON STIRLING ENGINE CONFIGURATION. 
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