
Energy 

SURVEY OF MANUFACTURERS OF HIGH-PERFORMANCE 
HEAT ENGINES ADAPTABLE TO SOLAR APPLICATIONS 

BY 
W. B. Stine 

June 15,1984 

Work Perfmed Under Contract No. AMOQ80AL13137 
\ 

jet Propulsion Laboratory 
Pasadena, California 

Technical Information Center 
Office of Scientific and Technical Information 
Untted States Department of Energy 



DISCLAIMER 

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 responsibility 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. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



DISCLAIMER 

This re* was prepad  as an iwcamt of work spansored by an agency of the 
United States Government. Neither the United States C3ovcrnrnent nor any agency 
t h m f ,  nor any of their employes, makes any warranty, ex- or implied, or 
assumes any kgal llabllity or responsibility for tht .aemraey, ccmpl~tflws~ at use- 
fulness of any infmmatioa, apparatus, product, or pmcem didose& or represents 
that tts MW would 11ul ififfhi&$ pfbattty uwW righa. ReWncc hemin tp, any sgw 
cific commercial @Cf, pmas, or service by trade a m ,  trademark, rntsnufac- 
tunr, or oshcmis docs not massa&y constitute ar imply its o r i d o m ~ t ,  ream- 
mendation, or favoring by the U&d States 64~rnnmnt or any m y  t k m f  
The views and opinians of authors expressed herein do not ~~ecuw&ly state or 
r e k t  tbose of the United States Government or any agency themf. 

This report has been r e p d u d  d i m l y  from the k t  available cvpy. 

Available fm the National Technical Information Serviec, U. S. Department of 
Commerce, Springfield, Virginia 22 16 1. 

Codes am used for pridng all publicatims. The d e  is determined by the numbr 
of pgcs in tbt pubIbllcatiw. Information pat~ining to the pricing oodcs ean k 
found in the current iwua of the flelbwiag gublicaticns, which are generally avail- 
rbk in most libraiics: Ewrgp &mmh Ab9~meta (ERA); G-t Repotfs 
Anaouncm~fs and Inden { G M  a d  -1); Sicd@ and Technitxi Abstrtxt 
Reperfs (STAR); and publication NTIS-PR-3W available from NfIS at the abvt  
address. 



, 
5105-138 

Solar Thermal Power Systems Project 
Parabolic Dish Systems Development 

DOEIJPL-1060-75 
( j  P~-Pub-84:46) 

(DE85000322) 
Distribution Category UC-62b 

. 

Survey of Manufacturers of 
High-Performance Heat Engines 
Adaptable to Solar \ Applications 

W.B. Stine 

June 15,. 1984 

Prepared for 

U.S. Department of Energy . 

Through an Agreement'with 
National Aeronautics and Space Administration 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

JPL Publication 84-46 



THIS PAGE 

WAS INTENTIONALLY 

LEFTBLANK 



ABSTRACT 

This  r epo r t  summarizes t h e  r e s u l t s  of an  i n d u s t r y  survey made dur ing  t h e  
summer of 1983.' The survey was i n i t i a t e d  i n  o rde r  t o  develop an  in format ion  
base on advanced engines  t h a t  could be used i n  t h e  s o l a r  thermal  d i s h - e l e c t r i c  
program. Ques t ionna i res  i n v i t i n g  responses  were s e n t  t o  39 companies known t o  
manufacture o r  i n t e g r a t e  e x t e r n a l l y  hea ted  engines .  Fo l low-up ' te lephone  comm- 
n i c a t i o n  ensured un i fo rmi ty .o f  response. 
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SECTION I 

ENGINE CONSIDERATIONS 

There a r e  a  number of important.  reasons  why t h e  s e l e c t i o n  of an  engine 
f o r  s o l a r  a p p l i c a t i o n  i s  d i f f e r e n t  from engine  s e l e c t i o n  f o r  most o the r  a p p l i -  
c a t i o n s .  Two important  ones a r e :  

( 1 )  High engine thermal  e f f i c i e n c y  i s  a  primary cons ide ra t i on ,  ove r r id ing  
most o the r s .  

( 2 )  There i s  an optimum ope ra t i ng  tempera ture  f o r  any g iven  engine/  
c o l l e c t o r  combination. 

A. THERMAL EFFICIENCY 

The engine requirement f o r  h igh  thermal  e f f i c i e n c y  can be understood by 
cons ide r ing  t h e  formula f o r  c a l c u l a t i n g  t h e  o v e r a l l  c o s t  of b u i l d i n g  a  s o l a r  
d i s h  power system. Th i s  c o s t  per  u n i t  power ou tput  c a p a b i l i t y  can be expressed 
as t h e  sum of t h e  c o l l e c t o r  c o s t ,  t h e  engine  c o s t ,  and t h e  p re sen t  va lue  of t h e  
y e a r l y  ope ra t i ng  and maintenance (O&M) c o s t s .  The c o l l e c t o r  cos t  per  u n i t  a r e a  
(CIA), i nc ludes  t h e  c o s t  of t h e  concen t r a to r ,  r e c e i v e r ,  and t h a t  p o r t i o n  o f ' t h e  
i n s t a l l a t i o n  c o s t  t h a t  i s  dependent on t h e  t o t a l  f i e l d  ( a p e r t u r e )  a r e a  ( l a n d ,  
f a c i l i t i e s ,  e t c . ) .  

where : 

Ct = t o t a l  c o s t  of system, $ 

(CIA), = c o s t  of c o l l e c t o r  per  u n i t  a p e r t u r e  a r e a ,  $/m 2 

C e  = c o s t  of engine ,  $ 

I . =  i n s o l a t i o n ,  ~ / m  2 

n = l i f e t i m e  of t h e  system, y r  

P = power (o r  e l e c t r i c a l )  ou tput  of t h e  module o r  p l a n t ,  kW 

r = t h e  annual  investment i n t e r e s t  r a t e  

YO&M = y e a r l y  O&M r a t e ,  S/yr  . 

s = e f f i c i e n c y  of c o l l e c t o r  

ne = e f f i c i e n c y  of engine 



Note t h a t  t h e  e n g i n e  e f f i c i e n c y  a p p e a r s  i n  t h e  c o l l e c t o r  c o s t  t e rm implying 
t h a t  a  s m a l l e r  c o l l e c t o r  can  be u s e d  w i t h  a n  e n g i n e  of h i g h e r  e f f i c i e n c y .  

A s  a n  example,  u s i n g  v a l u e s  t y p i c a l  of c u r r e n t l y  e n v i s i o n e d  p a r a b o l i c  d i s h  
s o l a r  power s y s t e m s ,  t h e  c o s t  of t h e  sys tem p e r  u n i t .  power o u t p u t  c a p a b i l i t y  
would be on t h e  o r d e r  of 

Because t h e  c o s t  of t h e  c o l l e c t o r  i s  abou t  75% of t h e  t o t a l  sys tem c o s t  and i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  e n g i n e  e f f i c i e n c y ,  s m a l l  improvements i n  eng ine  
e f f i c i e n c y  w i l l  have a  s i g n i f i c a n t  impact on t h e  t o t a l  cos t  of t h e  system. I n  
t h e  c a s e  abovc,  f o r  example ,  improving t h e  e n g i n e  e f f i c i e n c y  from 30 t o  31% 
r e d u c e s  t h e  c o s t  of t h e  sys tem by 2.4%. A t  reduced l e v e l s  of i n s o l a t i o n  o r  on 
a d a i l y  o r  y e a r l y  a v e r a g e ,  t h i s  e f f e c t  .is even g r e a t e r .  

B. .OPTIMUM OPERATING TEMPERATURE 

One way t o  i n c r e a s e  t h e  e f f i c i e n c y  of a n  e n g i n e  i s  t o  i n c r e a s e  i t s  maximum 
o p e r a t i r i g  t e m p e r a t u r e ,  TH. A s imple  d e s c r i p t i o n  of t h e  t e m p e r a t u r e  dependence 
of e n g i n e  e f f i c i e n c y  can be e x p r e s s e d  a s :  

where TL i s  t h e  t e m p e r a t u r e  a t  which h e a t  i s  r e j e c t e d ,  and K i s  a n  engine-  
s p e c i f i c  c o n s t a n t  r e p r e s e n t i n g  t h e  f r a c t i o n  of Carnot  e f f i c i e n c y  developed. 
Although K i s  assumed t o  be independent  of t e m p e r a t u r e  i n  t h i s  development,  i t  
may n o t  n e c e s s a r i l y  be c o n s t a n t  f o r  a  p a r t i c u l a r  eng ine  o p e r a t e d  a t  d i f f e r e n t  
o f f - d e s i g n  t e m p e r a t u r e s .  However, when one looks  ac a wide v a r i e t y  of e n g i n e s ,  
e a c h  o p e r a t i n g  a t  i t s  d e s i g n  t e m p e r a t u r e ,  t h e  p e r c e n t a g e  of Carnot e f f i c i e n c y  
a t t a i n e d  does  n o t  seem t o  v a r y  w i t h  o p e r a t i n g  t e m p e r a t u r e .  The c u r r e n t  maximum 
v a l u e  a p p e a r s  t o  be i n  t h e  60 t o  70% range f o r  a  w e l l  des igned  eng ine .  

The  pnprgy r n l l ~ r t i ~ n  e f f i c i e n c y  of the  s o l l a c t o r  dccrcaoco ,  duc t o  
i n c r e a s i n g  r e c e i v e r  h e a t  l o s s ,  a s  t h e  r e c e i v e r  t e m p e r a t u r e ,  T r ,  i n c r e a s e s .  The 
energy  c o l l e c t i o n  e f f i c i e n c y ,  n s ,  of a  s o l a r  c o n c e n t r a t o r  may be d e f i n e d  i n  
t e rms  of a  r e c e i v e r  h e a t  ba lance  a s :  



' where : 

Ac = a r e a  of c o l l e c t o r  a p e r t u r e ,  m 2 

Ar = .  a r e a  ,of r e c e i v e r  a p e r t u r e ,  m 2  

CR = geomet r ic  c o n c e n t r a t i o n  r a t i o  = Ac/Ar 

I = i n s o l a t i o r l ,  w/u12 . 

qu = r a t e  of u s e f u l  h e a t  added,  W 

T, = r e c e i v e r  o p e r a t i n g  t e m p e r a t u r e ,  OK 

Ta = . ambient t e m p e r a t u r e ,  OK 

2 2  UL = r e c e i v e r  o v e r a l l  h e a t  l o s s  c o e f f i c i e n t ,  ~ / m  OK 

a = a b s o r p t a n c e  ( e f f e c t i v e )  of r e c e i v e r  a p e r t u r e  

E = e m i t t a n c e . ( e f f e c t i v e )  of r e c e i v e r  a p e r t u r e  

p = r e f l e c t a n c e  of c o n c e n t r a t o r  

20 4 
IJ = Stefan-Boltzmann c o n s t a n t ,  W/m K 

T = t r a n s m i t t a n c e  of any i n t e r m e d i a t e  cover  

= r e c e i v e r  i n t k r c e p t  f a c t o r  

Neglec t ing  c o l l e c t o r  p a r a s i t i c s  (which a r e  u s u a l l y  1 o r  2 %  i n  t h e  u s u a l  
i n s t a l l a t i o n ) , ,  t h e  o v e r a l l  e f f i c i e n c y  of'  a  s o l a r  power sys tem i s  t h e  p roduc t  of 
t h e  e f f i c i e n c y  of t h e  e n g i n e  a n d . t h e '  e f f i c i e n c y  of t h e  s o l a r  c o l l e c t o r .  Because 
eng ine  o p e r a t i n g  t e m p e r a t u r e  approx imate ly  e q u a l s  t h e  r e c e i v e r  t e m p e r a t u r e ,  a  
combinat ion of Equa t ions  ( 2 )  and ( 3 )  g i v e s  a n  optimum o p e r a t i n g  t e m p e r a t u r e  where 
t h e  sys tem e f f i c i e n c y  i s  maximized. Assuming t h a t  t h e  eng ine  can r e j e c t  h e a t  t o  
ambient . t e m p e r a t u r e  ( ~ i  = T,) and i t  r e c e i v e s  h e a t  a t  r e c e i v e r  t empera tu re  
(TH = T,), i t  can be shown t h a t :  . 

2 ~ o n v e c t i v e  l o s s  from t h e  c a v i t y  i n  a d d i t i q n  t o  conduc t ive  l o s s  away from t h e  c a v i t y .  



where t h e  parameters  below were de f ined  f o r  s i m p l i c i t y :  

8max = Tr ITa 
max 

C 1  = $ p ~ a  

and t h e  tempera tures  a r e  i n  a b s o l u t e  temperature  u n i t s .  Note t h a t  t h e  percen- 
t a g e  of Carnot e f f i c i e n c y  term K from Equation ( 2 )  does not  appear a s  a  
parameter  i n  t h i s  exp re s s ion  f o r  optimum ope ra t i ng  temperature .  This  means 
t h a t  t h e  optimum ope ra t i ng  tempera ture  f o r  a  c o l l e c t o r / e n g i n e  depends p r imar i l y  
on t h e  c o l l e c t o r .  Achievement of optimum e f f i c i e n c y  a t  t h i s  temperature  r e q u i r e s  

' t h e  s e l e c t i o n  of on engine  t h a t  ach ieves  peak va lues  of K i n  t h c  v i c i n i t y  of- 
t h e  optimum ope ra t i ng  tempera ture  found from Equat ion ( 4 ) .  The d e r i v a t i o n  of 
t h i s  equa t ion  i s  g iven  i n  Appendix A. 

A s  an  example, f o r  t h e  concen t r a to r  c h a r a c t e r i s t i c s  g iven  i n  Table  1-1, 
t h e  optimum engine  o p e r a t i n g  temperature  can be found a s  a  f u n c t i o n  of concen- 
t r a t i o n  r a t i o .  This  r e l a t i o n s h i p  i s  d i sp l ayed  i n  F igure  1-1. Because, f o r  a  
g iven  i n t e r c e p t  f a c t o r ,  $, t h e  cos t  of a  concen t r a to r  g e n e r a l l y  i n c r e a s e s  
w i t h  concen t r a t i on  r a t i o ,  i t  can be s een  t h a t  engines  wi th  low ope ra t i ng  temper- 
a t u r e s  a r e  b e t t e r  s u i t e d  t o  low concen t r a t i on  r a t i o  c o l l e c t o r s .  A "bottom-line" 
c o s t  e v a l u a t i o n  of t h e  energy produced o f t e n  f a v o r s  t h e s e  lower c o s t  combinations. 

I n  t h e  des ign  of s o l a r  power systems,  t h e r e  i s  c o r ~ s i d e r a b l e  l a t i t u d e  i n  
e n g i n e / c o l l e c t o r  s e l e c t i o n  because t h e  optimum ope ra t i ng  po in t  i s  not  a  sha rp  
peak. F igure  1-2 shows t h e  combined c o l l e c t o r / e n g i n e  e f f i c i e n c y  f o r  a  c o l l e c t o r  
having a  concen t r a t i on  r a t i o  of 1000. Although t h e  optimum ope ra t i ng  temperature  
i s  780°C, a  dec rease  i n  ou tput  of l e s s  t han  2% would be experienced i f  t h e  
o p e r a t i n g  tempera ture  was i nc reased  o r  decreased by 100°C. 

Table  1-1. Nominal C o l l e c t o r  Case Parameters 

Parameter Nominal Value 

60 w / m 2 " ~  (open c a v i t y )  



Figure 1-1. O p t l m l ~ m  Operating Temperature for the Coll'ector Defined in 
Table 1-1 Operating in Combination with an Engine 
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Figure 1-2. Collector and Engine Efficiency Variation with 
Operating Temperature for a ~ollectdr Having a 
Geometric Concentration Ratio of 1000 



C. OTHER CONSIDERATIONS 

I n ' a d d i t i o n  t o  t h e s e  two pr imary c o n s i d e r a t i o n s  t h e r e  a r e  o t h e r  f a c t o r s  
s p e c i f i c  t o  s o l a r  a p p l i c a t i o n s  t h a t  must be c o n s i d e r e d  when s e l e c t i n g  a n  
e n g i n e  f o r  s o l a r  a p p l i c a t i o n .  One of t h e  most impor tan t  i s  t h a t  t h e  'engine 
must be des igned  f o r  e x t e r n a l  h e a t  a d d i t i o n  t o  t h e  working f l u i d .  T h i s ,  h e a t i n g  
u s u a l l y  t a k e s  p l a c e  i n  a  s o l a r  r e c e i v e r .  T h i s  i s  more e a s i l y  done w i t h  
Rankine-, Brayton-,  and S t i r l i n g - c y c l e  e n g i n e s  t h a n  w i t h  Otto- o r  Diese l -cyc le  
e n g i n e s .  

Because i n s o l a t i o n  v a r i e s  d u r i n g  t h e  o p e r a t i n g  p e r i o d ,  t h e  eng ine  c o n t r o l  
sys tem m i s t  he a b l e  t o  respond t o  v a r i a b l e  h e a t  i n p u t  w h i l e  m a i n t a i n i n g  a  
c o n s t a n t  eng ine  speed.  For many proposed a p p l i c a t i o n s ,  b o t h  t h e  h e a t  i n  and' 
th'e l o a d  w i l l  va ry  w h i l e  a synchronous a l t e r n a t o r  m a i n t a i n s  a  c o n s t a n t  eng ine  
s p e e d .  S p e c i a l  c o n t r o l  sys tem m o d i f i c a t i o n s  a r e  r e q u i r e d  t o : h a n d l e  t h e s e  
v a r i a t i o n s  f o r  some engine d e s i g n s ,  

The r a t e d  power ou tpu t  of e n g i n e s  c u r r e n t l y  of i n t e r e s t  t o  t h e , s o l a r  d i s h  
program i s  between 10 and 100 kW. T h i s  r a n g e , i s  based on t h e  s i z e  of 
t h e  s o l a r  power d i s h e s  c u r r e n t l y  e n v i s i o n e d ,  i . e . ,  between 5 and 20 m i n  
d iamete r .  The mass and volume of t h e  eng ine  shou ld  be s m a l l  enough t o  keep t h e  
c o s t  of eng ine  s u p p o r t i n g  s t r u c t u r e  a t  a  minimum and t o  minimize blockage of 
incoming s o l a r  r a d i a t i o n .  

F i n a l l y ,  a n  e n g i n e  used i n  s o l a r  power a p p l i c a t i o n s  must have a  long  s e r v i c e  
l i f e  and low O&M c o s t s .  Engines  used i n  s o l a r  a p p l i c a t i o n s  shou ld  have l i f e t i m e s  
approx imate ly  t e n  t i m e s  l o n g e r  t h a n  automotive  e n g i n e s ;  t h e  l a t t e r  a r e  t y p i c a l l y  
des igned  f o r  l i f e t i m e s  of about  5000 hours  w i t h  p e r i o d i c  maintenance every  500 
hours .  



SECTION I1 

SURVEY 

I n  o rde r  t o  a s s e s s  t h e  'development s t a t u s  of engines  i n  t h e  10-to-100-kW 
power output  range,  survey l e t t e r s  were s e n t  t o  39 companies. ~ h e s e  companies 
were chosen because of t h e i r  known p a s t  involvement i n  des ign ing  e x t e r n a l l y  
heated engines  i n  t h e  app rop r i a t e  power and e f f i c i e n c y  range. The l i s t  of 
addressees  g iven  i n  Appendix B was compiled a f t e r  d i s cus s ions  w i t h  JPL personnel  
involved wi th  engine procurement. The i n d i v i d u a l  noted a s  t h e  contac t  was t h e  . 
person who responded t o  t h e  survey.  The engine d a t a  r e p o r t  and cover l e t te r .  
a r e  inc luded  a s  Appendix C .  The survey r eques t s  t e c h n i c a l  in format ion  on t h e  
engine  cyc le  i n  a d d i t i o n  t o  in format ion  on maintenance, p roduct ion ,  and modifi- 
c a t i o n  of t h e  engine and on t h e  manufac turer ' s  c a p a b i l i t i e s .  Because in format ion  
was being sought on developmental p r o j e c t s ,  it was decided t o  emphasize responses  
t o  t h e  t e c h n i c a l  d a t a  o u t l i n e d  on t h e  f i r s t  page of t h e  a t t a c h e d  d a t a  r e p o r t  form. 

I n  t h e  cover l e t t e r ,  i t  was noted t h a t  t h e  in format ion  provided would . 

only  be used i n t e r n a l l y  by t h e  Jet Propuls ion  Laboratory (JPL) i n  o rde r  t o  
p r o t e c t  t hose  companies responding wi th  p r o p r i e t a r y  da t a .  However, a s  responses  
were r ece ived ,  i t  became apparent  t h a t  most of t h e  in format ion  was f o r  gene ra l  
d i s t r i b u t i o n .  Because of t h e  t r a n s i t i o n  i n  management of t h e  p a r a b o l i c  d i s h  
program from JPL t o  Sandia Nat iona l  Laboratories-Albuquerque, each respondent 
was asked i f  t h e i r  d a t a  could be made g e n e r a l l y  a v a i l a b l e ;  a f f i r m a t i v e  r e p l i e s  
were rece ived  i n  a l l  cases .  



SECTION I11 

RESPONSE SUMMARY 

Most of t h e  39 companies which rece ived  a  survey form have responded e i t h e r  
w i th  p e r t i n e n t  engine d a t a  o r  an  i n d i c a t i o n  t h a t  they a r e  no t  involved i n  any 
a p p r o p r i a t e  p r o j e c t s .  No response was assumed t o  mean e i t h e r  t h a t  no a p p r o p r i a t e  
p r o j e c t s  e x i s t e d  w i t h i n  t h e  company o r  t h a t  in format ion  on engine development 
p r o j e c t s  could not be made a v a i l a b l e .  This  was confirmed by te lephone i n  most 
ca se s ;  a  follow-up l e t t e r  was s e n t  t o  companies l o c a t e d  o u t s i d e  t h e  United S t a t e s .  . 

Brief  d e s c r i p t i o n s  of t h e  engine development p r o j e c t s  found i n  t h i s  
survey a r e  g iven  below. Table  3-1 summarizes t h e  f i n d i n g s  i n  a  format enabl ing  
comparison among engines .  The two most important  parameters  f o r  s o l a r  app l i -  
c a t i o n s ,  c y c l e  e f f i c i e n c y  and peak ope ra t i ng  tempera ture ,  a r e  presen ted  graph- 
i c a l l y  i n  F igu re  3-1. 

A .  RRAYTON CYC1,ES 

1. A l l i s o n  

The A l l i s o n  Gas Turbine Operat ions Div is ion  of General  Motors i n  
I n d i a n a p o l i s ,  I nd i ana ,  i s  developing a  sma l l ,  h igh  e f f i c i e n c y  gas t u r b i n e ,  known 
a s  t h e  AGT 100, f o r  automot'ive a p p l i c a t i o n s .  . This  program p a r a l l e l s  t h e  G a r r e t t  
Turbine development of t h e  AGT 101. The engine c o n s i s t s  of a  s i ng l e - s t age  
c e n t r i f u g a l  compressor and a  r a d i a l  t u r b i n e  w i th  a  r o t a r y  ceramic r egene ra to r .  
A t  a  des ign  t u r b i n e  i n l e t  temperature  of 1288°C (2350°F) t h e  engine  produces 75 
kW of power a t  an  e f f i c i e n c y  of .43%. The second of t h e s e  engiiles i s  c u r r e n t l y  
being b u i l t .  

2. G a r r e t t  AiResearch . 

The. G a r r e t t  AiResearch Corpora t ion  i n  Torrance,  C a l i f o r n i a ,  produces a  
subatmospheric Brayton-cycle engine  t h a t  has been converted f o r  ope ra t i on  on a  
s o l a r  concen t r a to r .  The cyc l e  i s  r e g e n e r a t i v e ,  wi th  hea t  a d d i t i o n  occur r ing  a t  
a tmospheric  p r e s s u r e  and hea t  r e j e c t i o n  a t  approximately one-half an  atmosphere. 
It i s  a  c losed  c y c l e  u s ing  a i r  a s  t h e  working f l u i d .  When ope ra t i ng  wi th  a  
t u r b i n e  i n l e t  temperature  of 871°C (1600°F), t h e  engine  w i l l  produce 11 kW of 
e l e c t r i c i t y  a t  27% thermal  e f f i c i e n c y .  These engines  a r e  a l s o  being proposed 
a s  p a r t  of a  gas - f i red  hea t  pump system, and s i x  have been b u i l t  and t e s t e d  t o  
da t e .  

3. G a r r e t t  Turbine 

G a r r e t t  Turbine Engine Company i n  phoenix, Arizona, i s  developing a  
s o l a r  ve r s ion  of t h e i r  ceramic-component automotive Brayton-cycle engine ( t h e  
AGT 101). It inco rpo ra t e s  a c e n t r i f u g a l  compressor and t u r b i n e  and a  ceramic 
r o t a r y  r egene ra to r .  Operating. w i th  a  t u r b i n e  i n l e t  temperature  of 1371°C 
(2500°F), t h e  engine  w i l l ,  produce 75 kW of s h a f t  power a t  an  e f f i c i e n c y  of 47%. 



A p r o t o t y p e  e n g i n e  u s i n g  m e t a l l i c  r a t h e r  t h a n  ce ramic  p a r t s  has  been b u i l t  and 
t e s t e d .  The ce ramic  components a r e  c u r r e n t l y  undergo ing  development t e s t i n g .  

4.  Mic ro tu rbo  
I 

M i c r o t u r b o  S. A. of Toulouse ,  F r a n c e ,  manufac tu res  a l i n e  of s m a l l  g a s  
t u r b i n e  e n g i n e s  us.ed f o r  ground and a i r c r a f t  a u x i l i a r y  power u n i t s .  A t y p i c a l  
e n g i n e ,  t h e  r e c u p e r a t e d  Gevandan 9 ,  Model 2 R , . i n c o r p o r a ' t e s  a c e n t r i f u g a l  com- 
p r e s s o r ,  a  r a d i a l  t u r b i n e ,  and a  cross-f  low r e g e n e r a t o r .  O p e r a t i n g  w i t h  a 
t u r b i n e  i n l e t  t e m p e r a t u r e  of 750°C (1382'F), t h e  e n g i n e  w i l l  p roduce 80 kW of 
s h a f t  o u t p u t  a t  a n  e f f i c i e n c y  of 18%. Many of t h e s e  e n g i n e s  have been made and 
i n c o r p o r a t e d  i n t o  m i l i t a r y  a p p l i c a t i o n s .  

5. S o l a r  I n t e r n a t i o n a l  (Turbomach) 

S o l a r  I n t e r n a t i o n a l  of San Diego,  C a l i f o r n i a ,  b u i l d s  a  l i n e  of s m a l l  
g a s  t u r b i n e  e n g i n e s  u s e d  f o r  a u x i l i a r y  power u n i t s  and o t h e r  power a p p l i c a t i o n s .  
Two of t h e i r  e n g i n e s ,  t h e  Gemini and t h e  T i t a n ,  a r e  i n  t h e  power range  a p p r o p r i a t e  
f o r  s o l a r  d i s h  a p p l i c a t i o n s .  Both u s e  c e n t r i f u g a l  compressors  and r a d i a l  t u r -  
b i n e s  and do  not  i n c o r p o r a t e  r e g e n e r a t i o n .  The Gemini w i l l  p toduce a  maximum 
power of 21 kW(shaf t )  o p e r a t i n g  a t  a n  e f f i c i e n c y  of 8.7%. The T i t a n  produces  
67 kW of power a t  a s i m i l a r  t h e r m a l  e f f i c i e n c y .  Many of t h e s e  e n g i n e s  have been 
b u i l t  and a r e  i n  s e r v i c e  th roughout  t h e  world .  

B. RANKINE CYCLES 

1. Barber-Nichols  

The Barber-Nichols  Eng ineer ing  Company of Arvada,  Colorado,  h a s  b u i l t  
a n  o r g a n i c  Rankine-cycle e n g i n e  t h a t  h a s  been t e s t e d  on a  s o l a r  c o n c e n t r a t o r .  
The e n g i n e  c o n s i s t s  of a  c e n t r i f u g a l  pump, a  t u r b i n e ,  and a permanent magnet 
a l t e r n a t o r  on a  s i n g l e  s h a f t .  The working f l u i d  i s  t o l u e n e ,  which r e a c h e s  a  
maximum t e m p e r a t u r e  of 400°C (752°F) when p roduc ing  20 kW of e l e c t r i c i t y  a t  a  
t h e r m a l  e f f i c i e n c y  of 23%. Regenera t ion  i s  i n c l u d e d  i n  t h e  c y c l e ,  and h e a t  i s  
r e j e c t e d  t o  t h e  a tmosphere  by a  fan-cooled condense r .  

2. B e r t i n  e t  C i e  

B e r t i n  e t  C i e  i n  P l a i s i r ,  F r a n c e ,  has  developed a n  o r g a n i c  Rankine 
c y c l e  which u s e s  F l u o r i n e r t  a s  t h e  working f l u i d .  Opera t ing  a t  a  maximum 
t e m p e r a t u r e  of 250°C (482"F) ,  t h e  e n g i n e  produces  50 kW of e l e c t r i c a l  power. 
Al though no c y c l e  e f f i c i e n c y  i n f o r m a t i o n  w a s , g i v e n ,  t h e  t u r b i n e  o p e r a t e s  a t  
112 Hz (6720 rev /min)  w i t h  a  t u r b i n e  e f f i c i e n c y  of 78%. T h i s  eng ine  i s  i n  
t h e  p r o t o t y p e  development s t a g e  f o r  u s e  i n  s o l a r  o r  was te  h e a t  r ecovery  
a p p l i c a t i o n s .  
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F i g u r e  3-1. Comparison of Maximum Cycle Temperature and Engine E f f i c i e n c y  f o r  Engines Noted i n  Tab le  3-1. 
( C i r c l e d  l e t t e r s  correspond t o  t h o s e  used f o r  l i s t i n g  eng ine  manufac tu re r s  i n  t h e  t a b l e . )  



Company Engine Cycle  Open/ Mechanics A l t e r n a t o r  Output ,  E f f i c i e n c y  Speed, T s a r r c e ,  T s i n k ,  
D e s i g n a t i o n  Closed k W Goal ,  X Hz OC *C 

a )  Sunpower. I n c .  1982 0-2 S t i r l l n g  C , F r e e  p i s t o n  L i n e a r  10a 44 50 7 1 0  35 

b )  S t i r l i n g  Thermal U o t o r s  SM4-120RH S t i r l i n g  C V a r i a b l e  a n g l e  Opt - 40 48 ,46.7 800 45 
swash p l a c e  (45  @ max) 

c )  B e r t i n  e t  C i e  S t i r l i n g  C F r e e  p i s t o n / e l e c c  . L i n e a r  3 43  50 590 70 
coupled  d i s p l a c e r  

d )  F o s t e r - U l l l e r  Simple C y c l e  Steam Rankine C R e c i p r o c a t i n g / c r a n k  Opt. 22.4 22 30 538 100 

F o s t e r - M i l l e r  Compound Reheat  Steam Rankine R e c l p r o c a r i n g  
comp. l reheat  w a t e r  
a c t u a t e d  v a l v e s  

o p t .  

Barber-Nichols  
E n g i n e e r i n g  Co. 

ORC O r g a n i c  
Rankine 

High-speed 
i n t e g r a l  

Turbomachine 

C a r i e t r  T u r b i n e  
Engine Co. 

Gearbox1 
b e l t  

SACT Ceramic ' Brayton 

SABC Brayton Turbomachine High-speed' 
mag coupled  

Uni ted  S c i r l i n g  AB R e c i p r o c a t i n g l c r a n k  . D i r e c t  
d r i v e  

Uni ted  Tech Res. C e n t e r  S o l a r  C h i l l e r  , Rankine 
Drive  Cycle  

Turbomachine o p t .  

Turbomachine Opt. A l l i s o n  

Turbomachine Opt. 2 1  9 1565 Solar  IncnrnnZlonnl  Gemini - Braycon 

Turbomachine ' Opt. 67 9 1021 S o l a r  I n t e r n a t i o n a l  T i t a n  Brayton 

R e c i p r o c a t i n g  Opt. '1 0 27' 33.3 Sream Rankine 

Thermo ~ l e c t r o b  Bot coming O r g a n i c  
Cycle Rankine 

Turbomachine Opt. 35 2 1 617 

Turbomachine Opt. 80  18 838 M i c r o t u r b o  
( F r a n c e )  

Gevaudan Braycon 
-9 Ubd. 2R. 

ORC P r o p o s a l  Rankine Turbomachine High-speed 2Za 27 667 
i n t e g r a l  

Sundst rand 

Mechanica l  Technology.  I n r .  3 W e  FPSp. 8 2 i , r l . ! n ~  

B e r c i n  e t  C i e  50  kWe ORC Rankine Turbomachine Opt 50a 78 ( c u r b )  112 

Legend : 
ORC = o r g a n i c  Rankine cyc l e  
SAGT = s o l a r i z e d  advanced gas t u r b i n e  
SABC = subatmospheric Brayton cyc le  
AGT = automotive advanced gas t u r b i n e  
FPSE = f r ee -p i s ton  S t i r l i n g  engine 
Opt. = o p t i o n a l  



Heat Engine Data 

Working Flow x Pmin. PaVg. Energy Cooling Regen? Dimensions. Total  No. Units Contact /Phone 
Fluid Rate, kg/h W a  UPa UPa Source cm Mass, kg Buil t  

Helium NIA - 2 Solar-"f l ac  Air Yes 44 d i a  x 83 150 1 Prototype William T. Beal 
co l l ec to r -  (614) 594-2221' 

Helium N/A 11 Sodium heat Water Yes 30 d i e  x 64 75 Final  design R.  J .  Meijer - 
pipe phase (313) 995-17.55 

Helium NIA 5.5 Gas/solar Water Woven 1 - 
acreen 

? Teat m d e l  niche1 Dancette 

Water 136 6.9 0.1 - Oil/gas Boil ing None 9 100 18 Roger Demler 
condenser (617) 890-3200 

Water 76 12.8 0.1 Lab bo i l e r  Boiling Yes ? 

condenser 

Toluene 544 5.9 0.012 Solar  Air 
condenser 

Air . 866 0.5 0 . 1 ,  Solar  Ambient 
a i r  i n  

Air 376 0.1 0.045 Solar  Ambient 
a i r  i n  

Helium or  N/A 
N 2 

15 Solar  Water 

F i re  110 d ia  x 150 
tube 

Ceramic 56 d i e  x 81 
ro ta ry  

Tube 88 d ia  x 190 
sheet  

Wire 118 d ia  x 207 
mesh 

P 1 Roger Demler 
(617) 890-3200 

390 1 Bob Olander 
(303) 421-8111 

190 Component Dan Kreiner 
cescing (602) 231-7090 

George McDonald 
(213) 512-4519 

350 25 Worth Pe rc ivs l  
(703) 549-7174 

R-11 1620 2.2 . 0.1 Hot water Air Yes 45 d i e  x 61 34 2 Gorken Melikian 
(203) 727-7554 

Air 1224 2.2 0.2 Diesel  f u e l  Ambient Ceramic 58 d i a  x, 56 136 2 Harold E. Helm 
a i r  i n  (317) 242-5355 

Air 1147 0.36 0.1 JP-4 Ambient No 25 x 33 x 56 26 Many B i l l  Oven 
s i r  i n  , (619) 238-5754 

Air 0.38 0.1 JP-4 Ambient No 43 x 41 x 76 41 *(any B i l l  Oven 
a l r  i n  (619) 238-5754 

Water 94 10.3 0.07 Diesel  . Air Yes 63 x 30 x 69 264 I Ted J. Smith 
No. 2 condenser (619) 578-5502 

Trif  luoro- 786 4.8 0.1 Exh. gas Air Yes 91 x 152 x 91 228 3 nike taplow 
ethanol/  (617) 890-8700 
vater 

At r 3060 0.33 0. I JP-4 Ambient Yes 41 d i e  x 77 55 Many Herb J. Sagendori 
s i r  i n  (516) 567-3780 

Toluene 817 4.5 0.009 Solar  Air Yea 81 d ia  x 120 296 Component Doug Lacey 
t e s t i n g  (815) 226-7991 

Helium Nat. gas Water Yes Prototypes George Dochat 
(518) 785-2242 

Fluorinert  5256 1.1 0.007 H t .  t rans.  Water 9 ? ? Prototype A. Verneau 
f l u i d  (3)  056 25 00 



3. Dutcher I n d u s t r i e s  

Dutcher I n d u s t r i e s  of San Diego, C a l i f o r n i a ,  has  developed a smal l  
s team eng ine  a s  p a r t  of t h e  C a l i f o r n i a  and U.S. automotive steam engine develop- 
ment program. D i s t i l l e d  water  i s  t h e  working f l u i d  f o r  t h i s  c losed  double-ex- 
pans ion  r e h e a t l r e g e n e r a t i v e  cyc le .  With steam a t  10.3 MPa (1494 p s i a )  and 
593°C (109g°F),  t h e  engine  i s  designed t o  produce 40 kW s h a f t  output  a t  a n  

I 

e f f i c i e n c y  of 27%. One p ro to type  had been t e s t e d ,  w i th  a second engine having 
been p a r t i a l l y  f a b r i c a t e d ,  be fo re  program funding s topped.  

4.  Fos te r -Mi l le r  

Fos te r -Mi l le r  Assoc ia tes  of Waltham, Massachuse t t s ,  is  developing two 
r e c i p r o c a t i n g  s team Rankine-cycle engines .  One, a s i ng l e -p i s ton ,  s imple cyc l e  
produces 22.4 kW of power a t  an  e f f i c i e n c y  of 22% wi th  superhea ted  steam a t  
538OCI6.9 MPa (lOOO°F/lOOO p s i a ) .  A compound r e h e a t  ve r s ion  produces 28.2 kW 
a t  a n  e f f i c i e n c y  of 36% when suppl ied  w i th  superheated steam a t  7 0 0 ° ~ / 1 2 . 8  MPa 
(1292"F/1856 p s i a ) .  This  second engine i n c o r p o r a t e s  r ehea t  between t h e  h'igh- 
p r e s s u r e  and t h e  low-pressure c y l i n d e r s ,  a r e g e n e r a t o r ,  and water-actuated 
va lves .  E ighteen  of t h e  s ing l e - cy l inde r  engines  have been b u i l t  and t e s t e d ,  and 
one compound r e h e a t  c y c l e  engine  i s  c u r r e n t l y  undergoing t e s t .  

5. S.P.S. 

S.P.S., I nc . ,  of Miami, F l o r i d a ,  produces a l i n e  of o rgan ic  Rankine 
c y c l e s  i n  t h e  power range of 10 t o  400 kW. Freon working f l u i d s  a r e  used ,  
w i t h  power being produced by a r o t a r y  screw expander.  These engines  ope ra t e  

- f rom hot  water  o r  steam a t  66°C (151°F) o r  h igher  a s  lon_g a s  t h e  cool ing  water  i s  
55°C (lOO°F') coo le r .  For a source  temperature  of 100°C (212"F),  t h e  e f f i c i e n c y  
of t h e  c y c l e  is  15%. A number of t h e s e  u n i t s  have been produced and s o l d  t o  
f o r e i g n  c o u n t r i e s .  Because of t h e  low ope ra t i ng  tempera ture ,  t h e s e  u n i t s  a r e  
t o o  l a r g e  and i n e f f i c i e n t  t o  be considered f o r  p a r a b o l i c  d i s h  a p p l i c a t i o n s  and,  
t h e r e f o r e ,  a r e  no t  inc luded  i n  Table  3-1. 

6. Sundstrand 

Sundstrand Energy Systems of Rockford, I l l i n o i s ,  proposed an  o rgan ic  
Rankine c y c l e  t o  be developed f o r  t h e  s o l a r  d i s h  program from t h e i r  previous 
o r g a n i c  Rankine-cycle des ign  experience.  The proposed engine combined an a x i a l -  
f l ow  t u r b i n e ,  a high-speed a l t e r n a t o r ,  and P i t o t  pump a s  a s i n g l e  r o t a t i n g  u n i t .  
Using to luene  a s  a working f l u i d ,  t h e  engine was designed t o  produce 22 kW of 
e l e c t r i c i t y  a t  a des ign  e f f i c i e n c y  of 27% when ope ra t i ng  a t  427°C (800°F). The 
d e s i g n  inc luded  r egene ra t i on  with an a i r -cooled  condenser surrounding t h e  u n i t .  



7. Thermo E l e c t r o n  

,Thermo E l e c t r o n  Corpora t ion  of Waltham, Massachuse t t s ,  i s  deve lop ing  
a  Rankine c y c l e  f o r  waste  h e a t  r ecovery  a p p l i c a t i o n s .  The e n g i n e  c o n s i s t s  of 
a n  a x i a l  t u r b i n e  expander a l o n g  w i t h  b o i l e r ,  pump, and condenser .  The working 
f l u i d  i s  a m i x t u r e  of t r i f l u o r o e t h a n o l  and d i s t i l l e d  wa te r  t h a t  when h e a t e d  
t o  516"C, w i l l  produce a  35 kW s h a f t  power w i t h  a n  e f f i c i e n c y  g o a l  of 25%. 
Three  of t h e s e  e n g i n e s  have been b u i l t  and t e s t e d .  

8. Uni ted Technologies  Research C e n t e r  

The Uni ted Technologies  Research C e n t e r ,  l o c a t e d  i n  E a s t  H a r t f o r d ,  
C o n n e c t i c u t ,  h a s ' d e v e l o p e d  a s m a l l  Rankine power c y c l e  t h a t  u t i l i z e s  s o l a r -  
produced h o t  w a t e r  t o  d r i v e  t h e ' c o m p r e s s o r  of a  s o l a r  c h i l l e r .  Decoupled, i t  
cou ld  be used  t o  d r i v e  a  g e n e r a t o r  a t  t h e  f o c u s  of a p a r a b o l i c  d i s h .  The 
eng ine  i n c o r p o r a t e s  a  c e n t r i f u g a l  compressor and a  r a d i a l  t u r b i n e  w i t h  a  h e a t  
exchange b o i l e r .  The working f l u i d  i s  R - 1 1 ,  which r e a c h e s  a  maximum tempera tu re  
of 149°C (300°F) when producing ,l8.7 kW (25  hp)  of s h a f t  power a t  24% thermal  
e f f i c i e n c y .  The c y c l e  i n c o r p o r a t e s  a  r e g e n e r a t o r ,  and t h e  condenser  i s  a i r  
cooled.  

C. STIRLING CYCLES 

1. B e r t i n  e t  Cie' 

B e r t i n  e t  C i e ,  l o c a t e d  i n  P l a i s i r ,  F r a n c e ,  i s  deve lop ing  a  3-kW 
t e s t  model of 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  a  l i n e a r  e l e c t r i c  g e n e r a t o r  on 
t h e  power p i s t o n  and a l i n e a r  motor on t h e  d i s p l a c e r  f o r  c o n t r o l  of t h e  phase 
a n g l e .  Although t h i s  s i z e  i s  o u t s i d e  t h e  range  of t h i s  s t u d y ,  i n f o r m a t i o n  i s  
i n c l u d e d  because  of t h e  e n g i n e ' s  s c a l e - u p  p o t e n t i a l .  The eng ine  i s  a  h e r m e t i c a l l y  
s e a l e d  u n i t  o p e a t i n g  a t  50 Hz, w i t h  hel ium a t  3.7 t-o 5.5 MPa (537 t o  798 p s i a )  
as t h e  working f l u i d .  The d e s i g n  o p e r a t i n g  t e m p e r a t u r e  i s  590°C (1094OF) w i t h  
a s i n k  t e m p e r a t u r e  of 70°C (158OF). 

2. Mechanical  Technology, I n c o r p o r a t e d  

Mechanical  Technology, I n c o r p o r a t e d  (M.T.I.), l o c a t e d  i n  Lat.ham, 
New York, h a s  under  development a  3 - k ~ ( e 1 e c t r i c )  f r e e - p i s t o n  S t i r l i n g  e n g i n e  
f o r  s m a l l  power a p p l i c a t i o n s .  Although t h i s  p a r t i c u l a r  eng ine  i s  t o o  small t o  
f i t  s o l a r  a p p l i c a t i o n  requ i rements ,  i t  i s  i n c l u d e d  because  of i t s  development 
p o t e n t i a l .  The eng ine  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  and o s c i l l a t e s  a t .  60 Hz. 

. Opera t ing  a t  a  h i g h  t empera tu re  of 7 6 0 " ~  (1400°F) ,  t h e  e n g i n e  has  a  the rmal  
c f f i c i e n c y  of 24% u s i n g  hel ium a t  6 MPa (870 p s i a )  as t h e  working f l u i d .  
C u r r e n t l y ,  t h e r e  a r e  p r o t o t y p e  e n g i n e s  of t h i s  d e s i g n  o p e r a t i n g  w i t h  a  n a t u r a l  
g a s  burner  a s  t h e  h e a t  s o u r c e .  



3. S t i r l i n g  Thermal Motors 

S t i r l i n g  Thermal Motors of Ann Arbor,  Michigan, under l i c e n s i n g  agree- 
ments w i th  P h i l l i p s  (Sweden), i s  developing a'40-kW kinemat ic  S t i r l i n g  engine.  
The engine  i s  a  fou r - cy l inde r ,  double-act ing c o n f i g u r a t i o n  inco rpo ra t i ng  a  
v a r i a b l e  a n g l e  swash p l a t e  d r i v e .  The working f l u i d  i s  helium a t  11 MPa (1595 
p s i a ) ,  which is  hea ted  t o  800°C (1472OF) by a  sodium hea t  p ipe  t r a n s f e r  u n i t .  
The p r e d i c t e d  e f f i c i e n c y  a t  t h i s  ope ra t i ng  cond i t i on  i s  48%. The f i n a l  des ign  
of t h e  p ro to type  engine  has  been completed i n d  t h e  major c a s t i n g s  made. Fabri-  
c a t i o n  and t e s t i n g  of t h e  pro to type  of t h i s  engine  w i l l  be completed when 
funding  i s  obta ined .  

4. Sunpower 

Sunpower, Inc . ,  i n  Athens, Ohio, i s  developing a f r ee -p i s ton  S t i r l i n g  
eng ine  connected t o  a  l i n e a r  a l t e r n a t o r .  The engine  has  a n  e l e c t r i c a l  ou tput  
of 10  kW with  an e f f i c i e n c y  g o a l  of 44%. The working f l r l i d  i s  helium a t  2  MPa 
(290 p s i a )  wi th  a  maximum c y c l e  temperature  of 71Q°C (131f1°F). n n ~  p ro to type  
eng ine  of t h i s  s i z e  has  been b u i l t  and t e s t e d .  

5. United S t i r l i n g  

United S t i r l i n g  of Malmo, Sweden, produces a  fou r - cy l inde r ,  c rankshaf t -  
d r i v e  r e c i p r o c a t i n g  S t i r l i n g  engine ,  which has  been t e s t e d  on a  s o l a r  concent ra tor .  
The working f l u i d  can be e i t h e r  helium o r  hydrogen wi th  power ou tput  c o n t r o l l e d  ' 

by gas  p re s su re .  A t  a  mean p re s su re  nf 1.5 MPa (2175 p s i a ) ,  t h e  engine w i l l  
g e n e r a t e  24.4 kW of e l e c t r i c i t y  a t  a n . e f f i c i e n c y  of 40% when hea ted  t o  720°C 
(1328OF). Twenty-five of t h e s e  engines  have been produced and a r e  undergoing 
t e s t i n g  f o r  va r ious  a p p l i c a t i o n s .  A 55- t o  60-kW v e r s i o n  of t h i s  engine Is 
under  development f o r  a  Messerschmitt-Boelkow-Blohm d i s h  system i n  Saudi  Arahia. 



SECTION I V  

CONCLUSIONS 

From a survey of 39 engine manufacturers ,  a  l i s t  was compiled of 19 engines  
( i n  t h e  10-to-100-kW range us ing  e i t h e r  Brayton,  Rankine, o r  S t i r l i n g  c y c l e s )  
t h a t  employ e x t e r n a l  heat a d d i t i o n  and,  t h e r e f o r e ,  a r e  p o t e n t i a l l y  a p p l i c a b l e  
f o r  p a r a b o l i c  d i s h - e l e c t r i c  modules. Many companies responding to '  t h e  survey 
a r e  not l i s t e d  i n  Sec t ion  I11 because t h e i r  engines  were not a p p l i c a b l e  f o r  
s o l a r  power gene ra t i on  o r  t h e i r  i n t e r e s t  i n  development of t h e s e  engines  had 
ceased.  

It was observed t h a t ,  because of t h e  dominance of Otto- and Diesel-cycle  
engines  i nvo lv ing  i n t e r n a l  combustion/heat a d d i t i o n ,  few a p p l i c a b l e  ex t e rna l -  
hea t -addi t ion  engines  e x i s t  i n  t h e  s i z e  range considered.  Many manufacturers  
of Brayton and Rankine engines  i nd i ca t ed  t h a t  t h e  s i z e  of t h e i r  engine  l i n e  was 
l a r g e r  t han  100 kW power ou tput .  Seve ra l  S t i r l i n g  engine manufacturers ,  on 
t h e  o t h e r  hand, a r e  developing engines  sma l l e r  t han  10 kW. 

From d i scus s ions  wi th  many of t h e  manufac turers ,  i t  was found t h a t  dur ing  
t h e  19701s,  t h e r e  was c o n s i d e r ~ b l e  i n t e r e s t  i n  developing new engines  i n  t h e  
10-to-100-kW range both  f o r  automotive app l i ca t i ons ,  and s o l a r  energy conversion.  
Seve ra l  companies, who had i n i t i a t e d  sma l l  engine development programs dur ing  
t h a t  t i m e ,  have dropped f u r t h e r  development due t o  reduced f e d e r a l  funding f o r  
s o l a r  and automotive engine technology development. 

It appears  from t h e  survey t h a t  t h e  technology e x i s t s  t o  produce ex t e rna l -  
hea t - add i t i on  engines  of app rop r i a t e  s i z e  w i th  thermal  e f f i c i e n c i e s  of over 40%. 
Developmental problem a r e a s  seem t o  be m a t e r i a l s  and s e a l i n g .  High e f f i c i e n c y  
Brayton-cycle engines  must ope ra t e  a t  1000 t o  1400°C, where most m a t e r i a l s  l o s e  
t h e i r  s t r e n g t h .  High e f f i c i e n c y  k inemat ic  S t i r l i n g - c y c l e  engines  can a t t a i n  
an  e f f i c i e n c y  of 40% a t  temperatures  i n  t h e  range of 700 t o  800°C, w i th  s e a l i n g  
and component thermal  cyc l ing  proving t o  be t h e  s i g n i f i c a n t  problem a reas .  
Rankine cyc l e s  ope ra t e  a t  even lower tempera tures  wi th  lower e f f i c i e n c i e s ;  
with t h i s  engine  c y c l e ,  t h e  goa l  i s  t o  des ign  e f f i c i e n t ,  mul t i - s tage  expansion 
t u r b i n e s  f o r  t h e  power output  a s s o c i a t e d  wi th  s o l a r  a p p l i c a t i o n s .  

A l l  of t h e  engines  l i s t e d  i n  Table  3-1 a r e  of a developmental n a t u r e  having 
l i t t l e ,  i f  any, ope ra t i ng  experience.  Because O&M c o s t s  w i l l  be a n  impor t an t .  
f a c t o r  i n  determining t h e  cos t  e f f e c t i v e n e s s  of p a r a b l i c  d i s h  s o l a r  thermal  
power systems (Sec t ion  I ) ,  i t  i s  necessary  t o  g a i n  o p e r a t i n g  exper ience  t h a t  
w i l l  p rov ide  t h i s  c o s t  da t a .  Furthermore, t h e  p o s s i b i l i t i e s  of exp lo r ing  
des ign  mod i f i ca t i ons  t o  reduce O&M c o s t s  f o r  s o l a r  a p p l i c a t i o n s  can probably be 
more e c o n o m i ~ a l l y  addressed i n  t h e  development s t a g e .  Thus, i t  appears  t h a t  
t h e  p a r a b o l i c  d i s h  program can b e n e f i t  from c l o s e  i n t e r a c t i o n  w i t h  t h e  d i f f e r e n t  
engine development programs i d e n t i f i e d  i n  t h i s  survey. 

It i s  concluded t h a t  h igh  e f f i c i e n c y  engines  can be developed f o r  s o l a r  
p a r a b o l i c  d i s h  a p p l i c a t i o n s .  Pro to types  and l i m i t e d  product ion  models a r e  
c u r r e n t l y  i n  opera t ion .  Because one s p e c i f i c  engine o r  engine  t ype  does no t  
emerge from t h i s  survey a s  being dominant f o r  s o l a r  a p p l i c a t i o n s ,  i t  appears  
t h a t  a d d i t i o n a l  developmental e f f o r t  should be expended on a  range of d i f f e r e n t  
engine op t ions .  The a v a i l a b i l i t y  of d i f f e r e n t  engine  op t ions  w i l l  permit 
g r e a t e r  f l e x i b i l i t y  i n  matching d i s h  systems t o  a p p l i c a t i o n  requirements  and i n  
provid ing  compet i t ive  sources .  



APPENDIX A 

DERIVATION OF EQUATION ( 4 )  

O v e r a l l  e f f i c i e n c y  of a s o l a r  power sys tem i s :  

rl = rle rls 

Combining Equa t ions  ( 2 )  and ( 3 )  and l e t t i n g  TH = T, and TL = Ta: 

UL (T, - Ta) E O ( T ~ "  - Ta4) 
= K , ( l  - ) [bplli - CR* I - CR- I I 

Define:  

UL Ta C 2  = - 
CR' I 

I 

t h e n ,  

Taking t h e  d e r i v a t i v e  w i t h  r e s p e c t  t o  8 : 

and t o  f i n d  t h e  i n f l e c t i o n  p o i n t  (optimum q w i t h  r e s p e c t  t o  8) and c a l l i n g  t h i s  
t e m p e r a t u r e  emax; 

S i m p l i f y i n g ,  we g e t :  

which i s  Equa t ion  ( 4 ) .  



APPENDIX B 

ADDRESS LIST 

Manufacturer  

AFI Energy Systems 
110 S. Orange Ave. 
L i v i n g s t o n ,  N J  07039 

' A r t h u r  D. L i t t l e ,  I n c .  
20 Acorn Park  
Cambridge, MA 02140 

Barber-Nichols Eng ineer ing  Co. 
6325 W.  5 5 t h  ,Sc. 
~ r v a d a ,  CO 80002 

D e t r o i t  D i e s e l  A l l i s o n  Div. 
Genera l  Motors Corp. 
13400 W. Outor D r .  
D e t r o i t ,  M I  48228 

Dorn ie r  System GmbH 
7997 Immenstaad 
West Germany 

Dutcher I n d u s t r i e s  
7564 Trade S t .  
San Diego,  CA 92121 

Energy Research and Genera t ion  
Lowell  & 5 7 t h  S t .  
Oakland,  C A  94608 

Energy Technology,  I n c .  
4914 E.  ' 1 5 4 t h  S t .  
C leve land ,  OH 44128 

F o s t e r - M i l l e r  Assoc. ,  1nc .  
350 Second Ave. 
Waltham, MA 02154 

G a r r e t t  AiResearch Mfg. Co. 
9851 Sepulveda Blvd. 
Los Angeles ,  CA 90009 

G a r r e t t  Turb ine  Engine CO. 
111 S. 34 th  S t .  
Phoenix ,  AZ 85010 

Genera l  E l e c t r i c  Co. 
Air'craf t Engine Group 
One Neuman Way 
C i n c i n n a t t i ,  OH 45215  

Contac t  

Rober t  H. Sawyer 
(201)  533-2091 

P e t e r  Teagan 
(617)  864-5770 

Bob Olander  
(303) 421-8111 

, Gene Helms 
(317)  242-5355 

D r .  Lippmann 
(07545) 8-3440 
U.S. Rep. ' (213)  681-3491 

Ted Smith 
(619)  578-5502 

D r .  Benson 
(415).  658-9785 

John M a r t i n  
(216)  587-0555 

Roger L. Demler 
(710)  324-1468 

Ray Roclcey 
(602)  231-2679 

M. C.  Hamsworth 



Manufacturer Contact 

General  E l e c t r i c  Co. 
Advanced Energy' Programs 
501 Al l enda l e  Road 
King of P r u s s i a ,  PA 19406 

Hamilton Standard Div. 
United Technologies  Corp. 
Bradley I n t e r n a t i o n a l  A i rpo r t  
Windsor Locks, CT 06096 

J a y  C a r t e r  E n t e r p r i s e s  
Route 1 Box 405A 
Burkburnet t  , TX 76354 

Kawasaki Heavy I n d u s t r i e s  Ltd.  
Seagram Bldg, Room 3309 
375 Park Ave. 
New York, NY 10022 

Lucas-France 
11 Rue Lord-Byron 
75008 P a r i s  
France  

M.A.N. Werk, Augsburg 
S t a d t b a c h s t r a s s e  1 
8900 Augsburg 
West Germany 

Mechanical Technology, Inc .  
Energy Systems Div i s ion  
968 Albany-Shaker Rd. 
Lathan,  NY 12110 

Messerschmitt-Boelkow-Blohm GmbH 
Space D iv i s ion  
Pos t f ach  801169 
8000 Munchen 80 
West Germany 

Microturbo 
Chem. db Pont-de-Rupe 
BP 2089 
31089 Toulouse Cedex 
France  

North American Turbine Corp. 
P.O. Box 40510 . 

Houston, TX 77040 

O r m a t  Systems, Inc .  
98 South S t r e e t  
Hopkinton, MA 01748 

Robert  Tharpe 
(215) 962-5665 

Don P h i l l i p s  
(203) 623-1621 

Jay  c a r t e r ,  Sr .  
(817) 569-2238 

M r .  Ono 
(212) 759-4950 

4 

i . V .  Siemer and i . A .  Jenke 

Bruce Goldwater 
(518) 785-2211 

Helmut Hopmann 
(089) 6000 5521 

Herb Sagendorf (U.S. Rep) 
(516) 567-3780 

M r .  Fairbanks 
(713) 46'6-6200 

~ i c h o l a s  Chr i s topher  
(617) 653-6300 



Manufacturer Contact 

Pratt & Whitney Aircraft Group 
United Technologies Corp. 
400 Main St. 
East.Hartford, CT 06108 

Rolls Royce Ltd. 
Sales Engineering Division 
PO Box 31 
Darby DE28BJ 
England 

SOFRETES Mengin 
Z.I. GIAmilly 
BP 163 
45200 Montargis 
France 

S.P.S. Inc. 
P.O. Box 380006 
Miami, FL 33138 

Societe Bertin et Cie 
BP 3 
78373 Plaisir Cedex 
France 

Societe E.C.A. 
17 Av. du Chateau 
92190 Mendon 
France 

Solar Turbines International 
P.O. Box 80966 
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JET PROPULSION LABORATORY C'alifr~min I n s t i t u t ~  of'Technologs*.4800 Oak (;roue Driue. Pasadena,  California 91/09 

J u l y  1 8 ,  1983 

Refe r  t o  341-WBS:gg 

A t t e n t i o n :  Chief E n g i n e e r ' s  O f f i c e  

Dear S i r s ,  

J e t  P r o p u l s i o n  Labora to ry  h a s  a n  i n t e r e s t  i n  low-cost ,  high-performance 
h e a t  e n g i n e s  w i t h  power o u t p u t s  i n  t h e  1 0  t o  1 U U  kW range  f o r  a p p l i c a t i o n  t o  
p a r a b o l i c  d i s h  s o l a r  power sys tems.  We a r e  s u r v e y i n g  e n g i n e  manufac tu re r s  t o  
a s c e r t a i n  whether  t h e r e  a r e  advanced h e a t  e n g i n e s  on t h e  h o r i z o n  which would 
enhance t h e  economic v i a b i l i t y  of t h e  p r o d u c t i o n  of e l e c t r i c i t y  from s o l a r  
energy.  

I n  a  t y p i c a l  a p p l i c a t i o n ,  t h e  eng ine  i s  p laced  a t  t h e  f o c u s  of a  p a r a b o l i c  
d i s h  s o l a r  energy  c o n c e n t r a t o r .  Concen t ra ted  s o l a r  f l u x  h e a t s  t h e  e n g i n e ' s  
working f l u i d ,  o p e r a t i n g  t h e  e n g i n e  and d r i v i n g  a n  a l t e r n a t o r .  Low-temperature 
h e a t  hs t y p i c a l l y  r e j e c t e d  a t  t h e  e n g i n e  t o  e l i m i n a t e  t h e  n e c e s s i t y  of f l u i d  
t r a n s p o r t  t o  t h e  ground. 

The paramete rs  which govern t h e  d e s i g n  of d i s h  power sys tems a r e ,  i n  t h e i r  
o r d e r  of impor tance ,  

a )  t h e r m a l  convers ion  e f f i c i e n c y ,  

b )  o p e r a t i o n  and maintenance c o s t ,  

c )  c a p i t a l  c o s t  of u n i t .  

The a p p l i c a t i o n  s o u r c e  t e m p e r a t u r e  can be a s  h i g h  a s  needed w i t h  m a t e r i a l s  
c a p a b i l i t y  be ing  t h e  l i m i t i n g  f a c t o r .  

The c u r r e n t  t echnology  w i t h  which we a r e  working h a s  t h e  pa ramete rs  l i s t e d  
i n  Tab le  1. It i s  t h e  purpose  of t h i s  s t u d y  t o  i d e n t i f y  developed o r  p a r t i a l l y  
developed e n g i n e s  i n  t h e  10 t o  100 kW o u t p u t  range  t h a t  a r e  s u i t a b l e  f o r  p a r a b o l i c  

Telephone (213) 354-4321 Telex 6 7-5429 
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d i s h  power sys tems.  I n  a d d i t i o n ,  i t . i s  impor tan t  t o  a s c e r t a i n  t h e  proba.ble t i m i n g  
of c o m m e r c i a l i z a t i o n  and t h e  p r o b a b i l i t y  of s a l e s  f o r  , o t h e r  t h a n  s o l a r  a p p l i c a t i o n s  
s i n c e  t h e  i n i t i a l  s o l a r  market i s  n o t  e n v i s i o n e d  t o  be l a r g e .  

At tached  i s  a  q u e s t i o n n a i r e  i n d i c a t i n g  t h e  i n f o r m a t i o n  needed on any advanced 
e n g i n e  you b e l i e v e  may be  a p p l i c a b l e , . t o  t h e  s o l a r  d i s h  program. I w i l l  c o n t a c t  
you by t e l e p h o n e  i n  abou t  a  week t o  d i s c u s s  c a n d i d a t e  e n g i n e s  and w i l l  t r a n s c r i b e  
t h e  a p p r o p r i a t e  d a t a  a t  t h a t  t ime.  I f  you p r e f e r ,  you may f i l l  ou t  t h e  a t t a c h e d  
q u e s t i o n n a i r e  ahead of t i m e  and r e t u r n  i t  t o  me a t  t h e  f o l l o w i n g  a d d r e s s :  

D r .  Wil l iam ( B i l l )  S t i n e  
Jet P r o p u l s i o n  Labora to ry  

Mai l  Stop 5071228 
4800 Oak Grove Dr ive  

Pasadena,  CA 91109 

R e a l i z i n g  t h e  
q u e s t i o n n a i r e  
t o  be u s e d ,  on1 

s e n s i t i v i t y  of t h e  t y p e  of d a t a  which we a r e  r e q u e s t i n g ,  t h e  
w i l l  be marked f o r  JPL i n t e r n a l  u s e  on ly .  The i n f o r m a t i o n  i s  
.y f o r  JPL s t u d i e s  'and w i l l  n o t  be d i s c l o s e d  t o  o u t s i d e  p a r t i e s .  , 

W i l l  you p l e a s e  r e p l y  i n d i c a t i n g  t h e  a p p r o p r i a t e  pe rson  t o  c o n t a c t  f o r  
t h i s  i n f o r m a t i o n .  

S i n c e r e l y ,  

~ 1 l l i a m . B .  S t i n e ,  Ph.D. 

Attachment 

cc: AFI Energy Systems 
A r t h u r  D. L i t t l e  
Barber-Nichols  E n g i n e e r i n g  
D e t r o i t  Diesel A l l i s o n  
D o r n i e r  Systems GmbH 
Dutcher  I n d u s t r i e s  
Energy Research & Genera t ion  
Energy Technology 1nc.' 
F o s t e r - P l l l l e r  ASSOG. 
G a r r e t t  AiResearch Mfg. 
G a r r e t t  Turb ine  Engine 
GE - Val ley  Forge 
Hamil ton S t a n d a r d  
J a y  c a r t e r  E n t e r p r i s e s  
Kawasaki Heavy I n d .  
Lucas-France 
M.A.N. Werk, Augsburg 
Mechanical  Technology, Inc .  
M.B.B. GmbH 
Micro tu rbo  

North American Turb ine  
Ormat Systems 
P r a t t  & Whitney 
R o l l s  Royce Ltd 
SOFRETES Mengin 
SPS I n c .  
S o c i e t e  B e r t i n  e t  C ie  
S o c i e t e  E.C.A. 
S o l a r  T ~ . ~ r h i . n e s  T ,n te rna t  i.nna1,. 
S t i r l i n g  Power Systems 
S t i r l i n g  Thermal Motors 
Sunds t rand  Energy Systems 
Sunpower 
Thermo E l e c t r o n  
Uni ted S t i r l i n g  
Uni ted Turb ine  
Wil l iams Research 



TABLE 1 

Engine 
Type 

Rankine - o r g a n i c  

Brayton 

0 
. I 

Ln 
Brayton - ceramic  

PERFORMANCE AND COST PARAMETERS OF CURRENTLY AVAILABLE ENGINES APPLICABLE 

TO PARABOLIC DISH SOLAR POWER SYSTEMS 

Engine Brake Maximum F r a c t i o n  c a p i t a l  0&M - 
E f f i c i e n c y  Temperature  of Carnot  Type* 

Brayton - suba tmospher ic  27% 

S t i r l i n g  40% 

*T - Turbomachinery K - Kinemat ic  

I T u r b i n e  
T Approx. Machinery 

$200 $300/eng/yr  
I p e r  KW I 

I 
Kinemat ic  
Machinery 

**Based on 100,000 cumula t ive ,  25,000 u n i t s l y e a r  (1981 d o l l a r s )  
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POWER CONVERSION UNIT PERTINENT DATA REPORT 

Note: This repor t  is  t o  be completed by the  appropr ia te  JPL employee during 
and a f t e r  t e l econ  o r  personal  in terv iew with each manufacturer's 
r ep resen ta t ive ( s ) .  

Report Prepared By: Section 

Engine Thermodynamic Cycle 

Rankine - 
Closed St  i r l i n g  - 

Brayton - 
Open Other - 

Manufacturer 

Name 

Location 

Engine Mechanical Arrangement 

Rotat ing Reciprocating 
Compressor Expander 
Centr i fugal  Turbine - Crank - 
Axial - Vane - Swash P l a t e  - 
Vane - Lobe - Free Pis ton  - 
Lobe - Screw - Other - 
Other - Other - 

Telephone No. 

Person(s) Contacted 

Engine Performance 

Design Spec i f i ca t ions  

Shaft Power Output kW or  HP 
Shaft speed rPm o r  Hz 
Energy Source(s) f o r  

Current Engine : 
Source Temperature OF or  C 
Sink Temperature O F  o r  "C 
Thermodynamic Medium : 
Flow r a t e  of medium lbm/s o r  kg/s  
Mean Ef fec t ive  Operating 

Pressure : lbf  / i n 2  o r  MPa 
Maximum Cycle Pressure : ~ b f  / i n 2  o r  MPa 
Minimum Cycle Pressure : lbf  / i n 2  o r  MPa 



THERMODYNAMIC CYCLE 
WITH STATE POINTS 
DEFINED 

Notes: 

Present  experimental 
r e s u l t s  wherever 
poss ib le .  

Define coordinates.  

Define s t a t e  p o i n t s  
a s  p r e c i s e l y  a s  
poss ib le .  

PART -LOAD 
CHARACTER1 ST I C  S 

Notes : 

Present  experimental 
r e s u l t s  wherever 
poss ib le .  

Specify form of input  
power, i.e., whether 
f u l l  o r  d i r e c t  thermal. 

Specify form of output  
power, i.e., s h a f t  o r  
e l e c t r i c  (AC or DC and 
v o l t  age). 

- - -- - -- - - - - 

I n p u t  Power 



. . 

Engine Maintenance Requirements 

Mean Time Between F a i l u r e  (FITBF) 

For components f a i l i n g  most f r e q u e n t l y  

Component Hours 

5. 

For t h e  complete engine - - - - - - - - - - - - - - - - - 
Routine Maintenance Kequirements (KMK) l 

Frequency l / Y  

Labor 

P a r t s  

F a c i l i t i e s  (Chargeable t o  RMR) 

. Serv i ce  Equipment (Chargeable t o  RMR) 

Minor Overhaul Requirements (MnOR) 

Frequency 

Labor 

P a r t s  

F a c i l i t i e s  (Chargeable t o  MnOR) 

S e r v i c e  ~ ~ u i p r n e n t  (Chargeable t o  MnOR) 

Major Overhaul Requirements (MjOR) 

Prequeney 

Labor 

Parts 

F a c i l i t i e s  ( ~ h a r ~ q a b l e  t o  MjOR) 

S e r v i c e  Equipment (Chargeable t o  MjOR) 

m.h. /y  

S l y  



Product ion  P o t e n t i a l  

Product ion Rate 
Rate  ( ~ n i t s / y )  

Unit Value a t  S t a t ed  Product ion Rate 
Cost ($ /Uni t )  P r i c e  ($ /Uni t )  

Current  

P r o d u c i b i l i t y  

Curren t  (Shor t  d i s c u s s i o n ,  inc luding  s t a t e s  of component and complete u n i t  
development, p ro to type  t e s t i n g ,  number of u n i t s  i n  t h c  f i e l d ,  and 
commercial a v a i l a b i l i t y )  

P o t e n t i a l  f o r  Cost Reduction (Short  Discussj.on) 

Sources of Funding 

Current  

Scheduled. 

P o t e n t i a l  



Adaptability to Solar Systems 

~odif ications Required for Solarization 

Cost for Required Modifications: 

Estimated or Actual? E A (Circle One) 

Collector Requirements 

Required Engine Thermal Input at Ratgd Power kW 

Required Receiver Operating ~em~irature OF or OC 

Power Conditioning Requirements 

Perf.ormance and Maintenance Requirements for the Solarized Engine as Compared 
with Those for the Engine ineIts Current Form 



C a p a b i l i t i e s  of t h e  Manufacturer 

C a p i t a l i z a t i o n  $ 

S a l e s  Volume . $/y 

Curren t  Products  

Product  Percent  of T o t a l  Sa l e s  

Number of Empl.oyees 

Fac to ry  F loor  Space f t z  

Note: Refer  t o  t h e  h n n  and Brads t r ee t  and Thomas r e g i s t e r s  i n  compiling t h e  
above r eques t ed  da t a .  

F r a c t i o n  of personnel  c u r r e n t l y  dedica ted  t o  t h e  PCU 

F r a c t i o n  of f a c i l i t i e s  c u r r e n t l y  dedica ted  t o  t h e  PCU 

Rela ted  p a s t  accomplishments of t h e  manufacturer :  
i 

S e l l i n g  P r i c e  of t h e  PCU: Lot S i ze  S e l l i n g  P r i c e  

U.S. mVERlr?IEXT P R I N T I X G  OFFICE:: 1984-544-063/10383 



SURVEY OF MANUFACTURERS OF HIGH-PERFORMANCE HEAT ENGINES 
ADAPTABLE TO SOLAR APPL [CATIONS DOE 




