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A study was undertaken t o  i d e n t i f y  steam Rnnkine power conversion 
concepts with t he  p o t e n t i a l  f o r  s i g n i f i c a n t l y  improved e f f i c i e n c y  a t  
the lower power l e v e l s  a s soc i a t ed  with p o i n t  focusing d i s t r i b u t e d  
r ece ive r  s o l a r  systems. The power conversion subsystem is an engine- 
generator  (E/G) set cons i s t i ng  of  a Rankine cyc l e  hea t  engine opera t ing  
with steam from a s o l a r  receiver and d r i v i n g  a s u i t a b l e  e1cct:ric gener- 
a t o r  f o r  puwer output .  The s o l a r  c o l l e c t o r  (dish)  and t h e  s o l a r  r ece ive r  
(stenni generator)  a r e  no t  wi th in  t h e  s tudy scope. 

A mathematical model of t he  Jay  Carter En te rp r i s e s  steam engine 
concept was developed i n  o rde r  t o  conduct a parametr ic  a n a l y s i s  covering 
s broad range of seeam i n l e t  p reesure  and temperature a s  w e l l  a s  var ia -  
t i ons  i n  engine conf igura t ion  and condmsing t e tpe ra tu re .  A s  a r e s u l t  
of h i s  parametr ic  s tudy ,  a des ign  p o i n t  a t  677 C (1250'~) and 17.2 x 1Q 5 N/m (2500 p s i )  was s e l e c t e d  as maximum i n l e t  steam temperature and pres- 
sure.  A conceptual design of a 3600 rpm, r ec ip roca t ing  expander, s i zed  
f o r  a maximum thermal power of 80 kw, was developed. The expander, 
which is  an adapta t ion  of an e x i s t l n g  automobile engine has councer- 
r o t a t i n g  counter-balance s h a f t s  t o  e l imina t e  v ibra t ion .  The engine can 
be configured wi th  a s i n g l e  unlflow cy l inde r  f o r  s imple cyc l e  opera t ion  
o r  with a high pressure  cy l inder  added in, a compound r e h e a t  cycle.  

Power genera t ion  i s  accomplished wi th  a three-phase induc t ion  motor 
d i r e c t l y  coupled t o  t he  expander and connected e l e c t r i c a l l y  t o  the  publ ic  
u t i l i t y  power g r id .  Frequency and vo l t age  au tomat ica l ly  correspond t o  
l i n e  frequency and vo l t age  because of t he  i nhe ren t  c h a r a c t e r i s t i c s  of 
induct ion motors. The expander, genera tor ,  water pump, and c o n t r o l  system 
a r e  d i s h  mounted. The steam condenser, water tank and accessory pumps 
a r e  ground based. 

The maximum hea t  engine e f f i c i e n c y  is eotimated t o  be 28 percent  i n  
the simple cyc le  mode and 33 percent  i n  t he  compound r ehea t  cyc l e  mode. 
Dish mounted s a i g h t  is  297 kg (654 l b )  and t o t a l  weight is  602kg (1323 
l b ) .  Estimated cos t  is $3,307 o r  $138 per  kw of maximum power output .  

The concept is  corlsidered t o  be t echn ica l ly  w i th in  t he  s t a t e  of t h e  
a r t .  System e f f i c i e n c y  2nd the re fo re  economic f e a s i b i l i t y  could be 
g r e a t l y  enhanced by incorpora t ing  the  concept i n t o  a t o t a l  energy system 
i n  which both t h e  high q u a l i t y  e l e c t r i c a l  energy and the  exhaust heat  
a r e  used t o  s a t i s f y  t h e  energy needs of t y p i c a l  users .  The e f f i c i ency  
estimated f o r  opera t ion  a s  a t o t a l  energy system would be about 90 percent .  



2 INTRODUCTION 

Jay Carter Enterprises, Inc. (JGE) i s  a research and development 
orgar13,zation with spec i f i c  experience i n  stem engines f o r  automotive 
use; and e l e c t r i c  power production from wind turbine  generators.  The 
background from these p ro jec t  a reas  is  adapted and expanded t o  meet the 
requirements of a steam engine-generator design f o r  s o l a r  thermal-electric 
applicat ions,  

The scope of t h i s  projec t  i s  a p a r m e t r i c  analys is  and subeeyuent 
design point  conceptual design of a steam engine-generator set f o r  opera- 
t ion  with a d i sh  type s o l a r  col lec tor .  The study is one of severa l  paral- 
l e l  e f f o r t s  on various power conversion concepts f o r  t h i s  applicat ion.  
References 1, 2, 3, 4, and 5 a re  the  f i n a l  r epor t s  of the  re la ted  s tudies .  
h each case the  study scope involves the engine-generator s e t  only; t o  
the exclusion of the d ish  mirror o r  s o l a r  heat  rece iver  heat exchanger. 

Parametric analyses and conceptual designs were completsd f o r  both 
a simple cycle engine design and a compound-reheat cycle adaptation. 
The performance est imates of up t o  30 percent power conversion ef f ic iency 
(heat i n  steam t o  e l e c t r i c  out)  a r e  s ign i f i can t  i n  tha t  they xeprrreent 
approximately a 2: l  improvement over the  ef f ic iency avai lable  from present 
commercial steam turbine-generator combinations a t  the  s imi lar  20 kWe out- 
put s i z e  range. 



3 PARAMETRIC ANALYSIS 

The parametric atudiee were concerned with detcrmining the  e f f e c t  
of i n l e t  eteani pressure and temperature on engine of variour configura- 
t ions,  s ized f o r  a 15 kW generator drive.  

3.1 MATHPUTICAL MODEL 

The objective, of t h e  mathematical model developed f o r  t h i s  program 
vae t o  accurately represent  a Rankine cycle  steam engine s imi la r  t o  
previous JCE stem engine8 but  of a s i z e  and configurat ion su i t ab le  
for  the  s o l a r  thermal electric applicat ion.  The model was coded f o r  
the Hewlett Packard 2000 computer eystem t o  permit rapid and accurcate 
analys is  of a wide range of values f o r  various system parametere. 

The model was designed t o  operate i n  severa l  modes. Theee iaclude: 

1. For a given e l e c t r i c a l  power output,  determine engine 
configuration, heat  engine ef f ic iency,  power conversion 
ef f ic iency and required thermal input. Parameters t o  be 
varied include i n l e t  s t e m  pressure, i n l e t  steam tempera- 
ture,  condensing temperature, and expansion ra t io .  

2. For an engine 05 a given configuration, determine e l e c t r i c  
power output,  hea t  engine ef f ic iency,  power conversion 
ef f ic iency,  and i n l e t  steam pressure. 

Parameters t o  be varied incl.ude thermal power input ,  
i n l e t  steam temperature and condensing temperature. 

3. Similar  t o  mode 1 but f ix ing  thenaal  power input  and 
determining e l e c t r i c a l  power output. 

The model waa designed t o  perform analyses on simple cycle,  compound 
cycle and compound reheat  cycle engines. For a l l  engine types, the model 
can be operated i n  the  f i r s t  o r  t h i r d  mode, 1.e. t o  determine an engine 
configuration, and t o  then automatically opera te  i n  the  second mode, 
with t h a t  engine configuration, over a s e r i e s  of r e l a t i v e  thermal inputs  
such as Table 3-1 i n  order  t o  determine an annual average heat  engine 
ef f ic iency and annual average power conversion eff iciency.  



Rela t ive  Thermal 
, I n ~ u t  Level 

Table 3-1 Nominal Annual Duty Cycle 

Annual Duration 
Hour6 

The model is programmed t o  index th ru  a s e r i e e  of J - 1 t o  9. Th se 
correspond t o  t h e  nine d i f f e r e n t  va lues  of r e l a t i v e  thermal i npu t  [R ( J j  
given i n  Table 3-1 with J = 1 being t h e  f u l l  power condi t ion  wi th  r e l a t i v e  
t he rua l  i npu t  equa l  t o  1. Maximum thermal i n p u t  (Cl), maximum steam i n l e t  
p r e s s m e  (P l ) ,  steam i n l e t  temperature (TI),  steam condensing temperature 
(TO), high p re s su re  cyc l inder  expansion r a t i o  (Xl), and low pressure  
expansion r a t i o  (112) a r e  spec i f i ed .  A schematic of t h e  model t o  operc te  
i n  t h i s  manner f o r  a compound r ehea t  c y c l e  engine i s  shown i n  Figure 3-1. 
Symbols a r e  def ined i n  Appendix A. The step-by-step a n a l y s i s  procedure 
i s  descr ibed i n  Appendix B. 

Two observat ions can be made about  t h e  model. It is l a r g e l y  empir ica l  
r a t h e r  than theo re t i ca l .  It was developed t o  r e f l e c t  t h e  cxpcrimcntal 
r e s u l t s  obtained from previous JCE engines  of s i m i l a r  conf igura t ion  operated 
over a temperature range of 950-llOo°F and pressures  up t o  2500 p s i ,  
It is h ighly  i t e r a t i v e ,  i.e., many va lues  a r e  r equ i r ed  i n  t h e  a n a l y s i s  
p r i o r  t o  t h e  time when i t  i s  poss ib l e  t o  c a l c u l a t e  t h e  value. I n i t i a l  
values  a r e  es t imated,  t he se  are cons tan t ly  updated a s  b e t t e r  va lues  a r e  
a v a i l a b l e  u n t i l  a l l  ca l cu l a t ed  va lues  converge t o  es t imated values .  



Figure 3-1 Campurer Progrnm Flow Diagram 



SIMPLE CYCLE PARAMETRIC RESULTS 3.2 - - -- 
For t h e  simple cyc l e  engine, a t roke  wa8 held f i xed  a t  7.62 crn 

(3  i n )  with t h e  number of  cy l inde r s  being a minimum of two. The number 
of cy l inde r s  was incrcased a s  requi red  t o  l i m i t  cy l inder  diameter t o  
7.62 cm (3 i n )  maximum a t  lower p re s su re s  corraaponding t o  increased 
steam volume flow. The parametr ic  r e s u l t s  axe shown i n  F igure  3-2 a e  
a func t ion  of cy l inde r  expansion r a t i o  F r p  t he se  r e s u l t s  an i n i t i a l  
s imple cyc le  design p o i n t  of 17.2 x lo8 N/m pressure ,  6 7 7 ' ~  i n i t i a l  steam 1 
temperature and a cy l inde r  expansion r a t i o  of 16 was recommended, Temper- 
a t u r e  and p re s su re  recommendation a r e  based on m a t e r i a l  p rope r t i e s ,  lub- 
r i c a t i o n  requirements,  and pas t  des ign  experience in a d d i t i o n  t o  t h e  
parametr ic  performance r e s u l t s .  Note on the  curves  4 and 7 t h a t  lower- 
ing t h e  condensing temperature has  a minimum performance impact on thra 
p o s i t i v e  displacement engine, 

1 

3.3 COblPOUND-REHEAT CYCLE PARAMETRIC RESULTS* - 1 
For compound engines ,  s t r o k e  was held f i x e d  a t  7.62 cm (3 i n )  f o r  

both t he  high and low p re s su re  cy l inde r s ,  A s i n g l e  high p re s su re  cy l inder  
was employed. The number of low p re s su re  cy l inde r s  was determined a s  f o r  
the  simple cyc l e  engine. The r e s u l t s  a r e  shown i n  Figure 3-3 a s  a func- 
t i o n  of low pressure  expansion r a t i o .  The temperature and pressure  
recommendation remain t h e  same a s  f o r  t h e  simple cyc le ,  The i n i t i a l  
recommendation on conf igura t ion  i s  f o r  curve  number nine (9) a t  a hSgh 
pressure  expansion r a t i o  of 2.5 and a low p re s su re  expansion r a t i o  of 8. 

3 . 4  EF'FECT OF ENGINE --- POWER LEVEL ON PERFORMANCE 

A l im i t ed  number of parametr ic  c a l c u l a t i o n s  were made t o  eva lua t e  
t he  e f f e c t  of engine power l e v e l  on performance. The r e s u l t s  a r e  shown 
i n  F igure  3-4. Note t h a t  t he  hea t  engine e f f i c i e n c y  does no t  account f o r  
the  impact of t h e  electric generator  which w i l l  a l s o  e x h i b i t  a genera l  
trend of reducing eff icSency a t  smaller  s i z e s .  



EXPANS ION RATIO 

FIGURE 3-2 Simple Cycle Rankine Engine Parametr ic  Study 
15 klJe, 100'~ Condensing Temperature 
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4 CONCEPTUAL BESXBN - 
6 2 The JCE rrcommrndation of ersm i n l e t  prerrsure of 17.2 x 1 0  NIui 

and temperature of 6710C wale acctrptrd by NASA f o r  ure a e  t he  cancapt des ign  
point ,  NASA t h rn  d i r ec t ed  t h a t  t h e  system be r i zad  f o r  a 80 kR r h a m r l  
input  ( r e l a t i v e  input  l e v e l  1.00 i n  Table  3-1) w i t h  t he  kW e l a c g r i c a l  out* 
put dapandcnl: on tlre conversion ryrtam c f f i c i a n c y ,  Thcl 80 kW i s  daf ined 
a6 hea t  added ro  the  angina working f l u i d  i n  the  n t r m  genera tor  ( so l a r )  
reca iver )  , 

4.1 SWPLE CYCLE CONCEPT 

The rimple cycle  c o n r i s t s  of an sxpmdcr ,  water pump and e l e c t r i c a l  
generator  which a r e  d i sh  mounted and a hea t  r e j e c t i o n  aymtam which i r  
ground baesd, Figure 4-1 i s  an enginaexing drawing of the  d i s h  mounred 
components, 

Fu r the r  a t u d i e r  involving expander c o n f i w r a t i o n  continued a f t e r  
ehc a e l e c t i o n  of s system d e ~ i g n  po in t ,  A method of counter balancing 
a a i n g l e  cy l inder  engine was developed p e m i t t i n g  t h e  conr idera t ion  
of a s i n g l e  cy l inder  conf igura t ion ,  Addit ional ly  s t u d i e s  ware conducted 
on the  of f e e t  of varying both t h e  s t roke  and the  diameter of the cy l inder  
t o  ob t a in  m a x i m u m  ~ E f i c i e n c y ,  Figure 4-2 g ives  r e o u l t s  a t  vaxlous expansion 
r a t i o s  f o r  a s i n g l e  cy l inder ,  crimple cyc l e  engine wi th  a square d i sp lace-  
ment, L e , ,  s t r o k e  equal t o  diameter,  A t  t h e  concept design po in t ,  t h i s  
configurat ion has  an advantage over mu l t i p l e  cy l inde r  conf igura t ions  
( ~ i g u r e  3-2)  because of reduced E t i c t i o n  and thermal losees .  

The expander concept design the re fo re  i e  a s i n g l e  cy l inder  uniflow 
simple cyc le  engine which opera tes  a t  a nominal speed of 3600 rpm. A t  
the  s e l e c t e d  expansion r a t i o  of 17.1, cy l inde r  di!rmeter and s t roke  a r e  
both 7,62 cm (3 i n )  f o r  a dirplacement of 346 cm3 (21.2 in3) .  Engine 
opera t ion  is  t h e  same a s  previously employed i n  the  very r e l i a b l e  automo- 
b i l e  engine,  Steam e n t e r s  t he  steam ches t  and passes  i n t o  t h e  c learance  
volume a s  t he  impulse va lve  i s  ac tua ted  by t h e  r i s i n g  p is ton .  The descending 
p is ton  uncovers exhaust p o r t s  allowing t h e  steam t o  exhaust and pass  t o  t h e  
condenser. 

The cy l inder  has a screw-on head made from a 3162, s t a i n l e s s  s t e e l  
cast ing.  The head contains  t h e  steam i n l e t  f i t r i n g ,  staarn ches t ,  and 
an impulse steam admission valve assembly cons i s t i ng  of carb ide  valve 
and s e a t  and a Rene' 41 va lve  r e t u r n  spr ing .  The s t e l l i t e  ac tua to r  i s  
screwed i n t c  t h e  top of rhe p i s ton .  The admission va lve  i s  capable of 
de l ive r lng  the  requi red  steam flow wi th  s h o r t  cut-off without lubr ica-  
t ion.  

The p i s ton  i s  twopiecewi th  a 4130 steel upper s ec t i on  and a 
d u c t i l e  i r o n  lower sec t ion .  P i s ton  r i n g  l u b r i c a t i o n  i s  accon~plished by 
i n j e c t i n g  o i l  d i r e c t l y  i n t o  the region of r i n g  t r a v e l ,  In t h i s  region, steam 
temperature i s  s u f f i c i e n t l y  reduced s o  t h a t  required l u b r i c a t i o n  i s  
obtained without o i l  d e t e r i o r a t i o n ,  The 8620 steel connecting rod is 
joined t o  t he  p i s ton  with a needle  bearing and t o  t h e  crankshaft  wi th  

I 
a s leeve  bearing. I 
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F I G W E  4-2 SIMPLE CYCLE SINGLE CYLINDER EXPANDER STUDY 
80 kt4 THED1A.L INPUT; 1 0 0 " ~  CONDENSING TDlPERIITt.$E 
PRESSURE = 1 7 . 2 4  x l o 6  ~ / r n ~ ;  TEMPERATURE = 677 C 



The Tancaloy aluminum crankcava contsfins a r e s a r v o i r  of o i l  f o r  
l u b ~ i c a t i o n  o f  the c r anksha f t  connect ing r ~ d  besr ing .  Mounted a- 
t a r n a l l y  t o  t h e  crankcase and b e l t  d r iven  by t h e  c ranksha f t  a r e  two 
counter - ro ta t ing  counter-balance s h a f t s ,  These a l low the  rac ipro-  
e a t i n g  mass of t he  p i s t o n  and connect ing rod t o  be p e r f e c t l y  counter- 
balanced s o  t h a t  t h e  expander w i l l  bc v i b r a t i o n  f r e e .  

4.1,2 WATER PUNP 

The pump f o r  t h e  s o l a r  thermal e l e c t r i c  a p p l i c a t i o n  is i d e n t i c 3 1  t o  
t h e  u n i t  used on the  JCE automobile engine. I t  is mounted t o  t h e  crank- 
case and i s  b e l t  d r iven  by t h e  crankst laf t .  Purlp e f f i c i e n c y  is es t imated  
t o  be 90 percent .  

4.3.3 ELECTRIC GENERATOR 

The e l e c t r i c  genera tor  f o r  t h e  Carter concept  i s  a t t i ree phase, 
220 v o l t ,  3600 rpm, high e f f i c i e n c y ,  s q u i r r e l  cage i n d u c t i o n  motor. The 
motor-generator w i l l  be d i r e c t l y  coupled t o  the expander c rankshaf t  end 
w i l l  se rve  a s  t h e  expander f lywheel  and s t a r t e r .  The motor is  b r i e f l y  t i e d  
t o  tire u t i l i t y  l i n e  a t  s t a r t - u p  and is  reconnected t o  t h e  u t i l i t y  l i n e  when 
t h e  expander reaches 3600 rpm. I'he expander then  tends  t o  d r i v e  the  induc- 

/ t i o n  motor frisker than synchronous speed,  causing the  motor t o  s t a r t  gen- 
e r a t i n g ,  au toma t i ca l ly  feeding  power back i n t o  the power g r i d .  Frequency 
of t h e  generated power i s  t h a t  of t h e  e x c i t a t i o n ,  i.e. l i n e  frequency. 
Output vo l t age  is s t a b i l i z e d  by l i n e  v o l t a g e  and w i l l  be s l i g h t l y  h igher  
than l i n e  vol tage .  Expander speed i s  l i m i t e d  by the  power i t  genera tes ,  
i.e. the  h igher  above synchronous speed t h e  gene ra to r  is  dr iven ,  t h e  
h ighe r  the  e l e c t r i c  power t h a t  is genera ted .  

I 

Ccnerntor e f f i c i e n c y  is  shown i n  F igure  4-3. 

4 .  .I. 4 HEAT REJECTION SYSTEM 

The h e a t  r e j e c t i o n  system c o n s i s t s  of che condenser,  water  tank, and 
a s soc i a t ed  pumps. The condenser system c o n s i s t s  of n l e a d  and b ra s s  con- 
densex, condenser f an ,  a f i b e r g l a s s  s t a c k  and a s s o c i a t e d  framing. Exhaust 
steam i s  t r anspor t ed  Ero~n the  d i s h  mounted expander thrsilyh f l e x i b l e  steam 
l i n e s  t o  t he  condenser. A i r  is induced t o  F l o w  t l~ rough  the condenser by 
che stnck. Figure  4-4 is  a l ayou t  of the  ground based condenser s t a c k  
and water tank.  

P re s su re  d i f f e r e n t i a l  a c r o s s  t h e  condenser i s  equ iva l en t  t o  t he  d i f -  
f e r e n c e  i n  d e n s i t y  between t h e  ambient a i r  and t h e  warm a i r  i n  t h e  s t a c k  
mul t ip l i ed  by t h e  height  of t he  s tack .  Assuming t h a t  t h e  condensing 
capac i ty  of condensers of equ iva l en t  des ign  and th i ckness  fo l low the 
r t? lat ionst l ip  
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"IGURE 4-4 LAYOUT OF HEAT REJECTION SYSTnf 



where C = condensing capacity 1 
A = condenser area i 

A P  = pressure  drop ac ross  condenser 
* 

The capacity of the condenser can be  estimated by comparing i t  t o  the  JCE 
automobile condenger. The temperature d i f fe rence  ac ross  t h e  condenser is  
expected t o  be 30 C o r  more, the  s t ack  is about 10 meters high and the  
condenser has an area  of 1.39 m2. 

Dens&ty of a i r  of 30 % r e l a t i v e  h m i d i t j  
@ 35 C (95O~)  * 1.105 kg/~13~( .069 i b / f t  4 @ 6 5 ' ~  (149'~) = 1.025 kg/m 1.064 lb/f t ) 

A P' - (1.105 - 1.025) x 1 0  - 2. 8 kg/n2 = 7.89 ~ / m ~  
(automobile) = $86.75 N/m (.75 in .  water) 

A = 1.39m2 (15 f t )  
A (automobile) = .65m2 (7 f t 2 )  
C (automobile) - 3.49 x 108 

c1 = 5.49 x 1 0  x 1.39 7.89 - 2.41 x lo8 J1h 
65 

The peak heat  load from the  system w i l l  be 

Therefore, the  condenser fan  w i l l  no t  be required t o  opera te  under riormal 
condi-::ions. 

The condensate is  drawn from the  bottom of t h e  condenser and pumped i n t o  
an adjacent  f i b e r g l a s s  water tank. The tank is f i t t e d  with v e r t i c a l  
perforated f i b e r g l a s s  shee t s  which a c t  a s  colEectors  f o r  the  lubr i ca t ing  
o i l  which is mixed with the  wazer condensate. The o i l  rises t o  the  sur- 
face of t h e  water where i t  is  drawn o f f  by a pump and t r ans fe r red  t o  t h e  
expander crankcase. Water i n  the  tank is pumped t o  d i s h  mounted high 
pressure pump a s  required. 

The th ree  ground based gear  pumps, i.e., condensate, o i l  l i f t ,  
and water l i f t  are driven by an e l e c t r i c a l l y  d r iven  motor. The power 
requirement of t h i s  motor i s  minimal and is l a r g e l y  due t o  gear  f r i c t i o n  
s ince  l i t t l e  work is  a c t u a l l y  being done by t h e  pumps. The t o t a l  power 
requirement f o r  accessor i e s  which c o n s i s t  of t h e  condenser fan  and t h e  
aux i l i a ry  pumps was conservatively estimated i n  the  a n a l y s i s  t o  be 1 / 8  x G 
x ~ 3 / 1 5  kWe. The maximum value  of t h i s  r e l a t ionsh ip  i s  . 2  kWe a t  a 
thermal i n p u t  of 80 kW. 



SYSTEM PERFORMANCE - 
Figure 4-5 i s  a flow diagram of t h e  s imple c y c l e  system conceptual  

design. Table 4-1 lists system parameters and e f f i c i e n c i e s  a t  var ious  
va lues  of r e l a t i v e  thermal input  (RTI). Thermal i npu t  i s  80 kW a t  RTI 
of 1. The a m a t i o n  of annual  power product ion and annual  average e f f i c i e n -  
c i e s  are der ived  from the  n o m i n a l a n n y l  duty cyc l e  given i n  Table 3-1. 
I n l e t  steam temperature is 677OC (1250 F) and condensing temperature is 
1oo0c. 

Simple Cycle System Performance 

RTI 

Annual power production 53072 kW-h 

Annual average hea t  engine e f f i c i e n c y  .276 

Annual average power production e f f i c i e n c y  .254 
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4 1.6 SYSTY WEIGHT 

The eat iuuted weight o f  various system conponentn a r e  l i n t e d  i n  
Table 4-2. The t o t a l  weight of d i s h  moui~ted components i o  278.3 kg 
while ground bared component8 weigh 304.2 kg. 

Table 4-3 Eotinurted Simple Cycle System Weight 

Dirh Mounted Componentr - I -  

Genera t o r  
Expander 
Water pump 
Feed water heater  
Controls 
Thro t t l e  valve 
S t e e l  frame 
Sheet metal cover 
Misc. ( b e l t s ,  pulleys,  sa fe ty  valve,  

bracke to ,  l ines ,  e t c  . ) 

W t .  kg 

Ground Based Components 
-_II - 
Condenser 
Fiberglass water tank 
Fiberglass s tack  
Accessory pump and motor 
Frame 
Miscellaneous 

304.2 

To ta l  582.5 

4.2 COMPOUND-REHEAT CYCLE CONCEPT 

The compound-reheat cycle concept is  s imi la r  t o  the  simple cycle concept, 
; 
I 

t he  major d i f ference  being t h a t  a second cylinder is added t o  the e.xpander. 
Figure 4-6 is  a layout of the  two cylinder compound-reheat concept. 

4.2.1 EXPANDER 
I 

I 
The expander is a two cyl inder ,  compound-reheat cycle  reciprocating engine 

which operates nominal ly  a t  3600 rpm. The counter-flow high pressure cylin- 
de r  has g diameter and s t roke  of 4.23 cm (1.67 in)  and a displacement of 
59.40 cm (3.67 in3) while the  low pressure cylinder has a diameter of 
12.70 cm 5 i n )  and a s t roke  of 7.62 cm (3 in )  with a displacement oE I 965.28 cm (58.91 in3).  The two cylinder configurat ion r e s u l t s  from 
studieu of one Pow pressure cylinder vs two low pressure cylinders s imi lar  
t o  the f r i c t i o n  and heat  l o s s  s tud ies  t h a t  resulted i n  a s ing le  cylinder 

i 
# 

1 





configurat ion f o r  the  oimpXe cycle. The r tudy r e r u l t r  a r e  then r u b j r c t  
t o  p t a c t i c a l  limit8 on miniram diameter by t h a  prer rure  impulrcr conridered 
to le rab le  and on rtxoke by the p i r ton  veloci ty.  

S t e m  e n t e r r  the  expandar ~ h r o u g h  the  H.P. i n l e t  f i t t i n g  i n t o  the 
H.P. r t e u  chert .  It parses  through the  H.P. odmiwrion valve when the  
p i r ton  i n  n a r r  top dead center .  SEem is expanded 3.25 timer i t r  voluue 
rr the  H.P. p i r t o n  dercendr. The crankahoft har  a a m  lobe t o  l i f t  the  
H.P. cySinder e x b u r t  valye. Steam i r  driven o u t  of the  H.P. exhaurt valve 
opening near the  top of t h e  H.P. cy1ind@r am the  H.P, p i r ton  rirer. The 
ateam A r  ci rcula ted  back through the  thermal receiver  where i t  Ir reheated 
t o  the  o r i g i n a l  steam i n l e t  temperature. The reheated rtem parers  t o  the  
L.P. rteam chert .  After  entering through the  L.P. rdmirrion valve, the  
rteam is again expanded t o  8.60 timer i t r  volume. It then exhaurtr out  
the bottom of the  L.P. cyrinder a f t e r  tha L.P. p i r ton  uncoverr exhaurt portr .  

4.2.2 SYSTEM PWORMANCE 

Figure 4-7 i r  a flow diagram of the compound-reheat cycle ryrtem 
conceptual design. Table 4-2 l i r t e  syrtem p a r m e t e r r  and r f f i c i cnc ien  a t  
va r io~r r  valuer  of r e l a t i v e  thermal input  (RTZ). Thermal input is 80 kW 
a t  RTZ of 1. The o m a t i o n  of annual power production and annual average 
efficienciem a r e  derived from the  n m i n a l  annual duty cycle given In Table 
3-1. I n l e t  rterm tcnperature is  677OC (1250%) and condens?ng temperature 
is 10ooc. 

4.2 .3  SYSTEM WEXC2:? 

The only v a r i a t i o n  i n  eyetem weight from t h a t  given fo r  the  simple 
cycle concept is i n  expander weight which would increase t o  50 kg. This 
would increaee d i s h  mounted weight to ,296.5 kg and t o t a l  eyetea ;eight t o  
600.7 kg. 
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Annual power production 6136 7 kW- h 

. k u a l  average heat eng ine  efficiency ,313 

Annual average power conversion efficiency ,288 
* 



5 - POWER CONVERSION SUBSYSTEM OPERATION 

Tha foZlowing i s  a d i r c u r r i c n  of rubrystrw operat ion under varying 
condit ionr.  A r c h e m t i c  of t h e  c o n t r o l  ryrtlna it given i n  Figure 5-1, 

5.1 START-UP I 
As the  temperature i n  the  r ece ive r  rtarts to increase ,  low prelrrura 

hot water and stem flow i n t o  the  expander rteam ches t  and from the re  
i n t o  t h e  exhaust auni fo ld  through r t m p e r r t u r e  cont ro l led  blowdown rolnold 
valve, When the  temperature of t h e  rtem flowing through the  blowdown valve 
reacher 1 5 0 ° ~ ,  the  va lve  w i l l  c1o.e allowing rteam pre r ru re  t o  build up i n  
the r ece ive r  steam tuber and expander stem cher t .  An expander con t ro l  
which monitorr both steam pre r ru re  and rpm tu rns  the  r ta r ter -generr to  on 1 fo r  one recond when the  ttbam ~ r e r r u r e  is  g r e a t e r  than 2.75 x 106 N/m and 
the rpm i r  less than 100. When t h e  rpm i s  equal  t o  o r  g rea te r  than l i n e  
frequency (approximately 36!0 rpm) the  generator  i r  connected t o  the  u t i l i t y  
l i n e .  Since t h e  generator  w i 2 1 t l ~ o  a c t  a r  a motor i f  t h e  rpm dropr below 
3600 tpm, the  genera tor  is  disconnected from the  u t i l i t y  l i n e  i f  the  rpm drops 
below l i n e  frequency. Maximum ra ted  output  of t h e  generator i s  reached a t  
approximate 3700 rpm while r t i l l m a i n t a l n l n g  t h e  rune frequency am the  u t i l i t y  
l ine .  

f f  t h e  u t i l i t y  l i n e  loses  powerp the  generator  w i l l  r t op  generat ing 
unloading the  expander and allowing t h e  expander t o  go i n t o  an overspeed 
(tpm g r e a t e r  than 3700). I f  an ovarapeed should occur for any reairon, a 
cen t r i fuga l ly  operated t h r o t t l e  valve w i l l  c l o s e  and hold t h e  rpm between 
3700 and 500 pa, Under these  conciitions, steam presrure  w i l l  rire t o  
18.6 x 10d ~ / m ~ ,  and open the  s a f e t y  va lve  which i r  t i e d  i n t o  the  steam l i n e  
upstream of the  t h r o t t l e  valve allowing t h e  steam t o  flow through some finned 
tubing located i n  the  condenser s t ack  before  going i n t o  the  condenser. Here 
the steam temperature would drop t o  a temperature t h a t  could be s a f e l y  handled 
by the  condenser. Since a s  much a s  65 percent  of the  heat  absorbed by the  
rece iver  ends up i n  the  condenser and s i n c e  the  condenser with the  s t ack  can 
condense t h i s  steam without the  need of a condenser fan,  t h i s  additions?, 
heat added t o  t h e  condensing system could a180 be handled. This a d d i t i o n a l  
heat is i n  the  form of high temperature steam which would increase  the  a i r  
temperature i n  the  s t ack  downwind of t h e  main condenser, r e s u l t i n g  i n  a n  
increased n a t u r a l  d r a f t .  During t h i s  period of ovetspeed, a ba t t e ry  operated 
servo would continue to  cause t h e  c o l l e c t o r  t o  t r a c k  the  sun. I f  a f t e r  30 
minutes, u t i l i t y  p w e r  had not  come back on, then the  c o l l e c t o r  servo would 
move t h e  rece iver  ou t  of the  sun and al low the  rece ive r  t o  cool  down. I n  
t h i s  way?if u t i l i t y  power Is off  f o r  l e s s  than 30 minutes, the  s o l a r  
generator  w i l l  be ready t o  produce power a s  soon as the  u t i l i t y  l ineu come 
back on. 

5.2 SHUT-DOWN 

As heat  flow t o  the  rece iver  is  reduced, water flow is a lao  reduced 
so t h a t  the  steam temperature w i l l  remaln near its design point .  As t he  
water flow i s  reduced s o  w i l l  the  steam pressure  drop, so  t h a t  a t  some 
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pressure  the  expander rpm w i l l  drop below 3600 rpm and w i l l  be discon- 
nected from t h e  u t i l i t y  l i n e .  The p ressure  and6rptn w i l l  continue t o  drop 
u n t i l  a t  some pressure  (approximately 2.75 x LO ~ / r n * )  the  expander will 
no longer run ,  A t  t h i s  time steam flow through the  rece iver  and expander 
s t o p s ,  Then a s  the  preeeure and temperature continue t o  d r  p, a s p e c i a l  S accumulator i n i t i a l l y  charged t o  approximately . 7  x lo6 N/m s t a r t s  t o  
unload a given quant i ty  of water i n t o  t h e  r ece ive r ,  priming i t  f o r  the  
next  s t a r t u p ,  

RAPID TRANSIENTS 593 -. 
There w i l l  be t r a n s i e n t s  i n  hea t  flow t o  the  r ece ive r  due t o  the  

passage of clouds between the  eun and the  co l l ec to r .  These t r a n s i e n t s  
may be rapid and are i n  addi t ion  t o  normal t r a n s i e n t s  due t o  change i n  
pos i t ion  of t h e  sun r e l a t i v e  t o  the  c o l l e c t o r .  Control of temperature of 
t h e  ~ 3 t e m  e x i t i n g  the  rece iver  during these  r ap id  t r a n s i e n t s  w i l l  r equ i re  
a r ap id  response i n  c o n t r o l  of feedwater flowing thru  the  receiver .  A 
system s imi la r  t o  the  temperature c o n t r o l  system used i n  the  J C E  a11tonlobil.e 
engine w i l l  be  required.  This w i l l  c o n s i s t  of fotlr temperature feedbacks 
t o  t h e  con t ro l  u n i t  and f i v e  water i n j e c t i o n  nozzles i n  the  rece iver ,  

The loca t ion  of the  temperature pick-ups f o r  information feedback 
and the  loca t ion  and flow r a t e  of the  water i n j e c t i o n s  a r e  given i n  
Table  5-1. The con t ro l  system is expected t o  provide temperature con t ro l  
of + 150C during t r a n s i e n t s  going from 5 percent  t o  100 peresne of f u l l  
powTr i n  10 seconds. 

Table 5-1 Location of Tempzrature Feedback and Water In jec t ion  

Feedback Location Tmperature ~ C L  n, OC injection ~ o c a t i o n  ~ u l l  Flow 

1 .33L 343 538 1 0 ( s t a r t )  lOO%Prislary Water 
2 .25L 33% " !I 

2 .67L 34 3 538 3 .4L 33% 11 

3 09L 566 64 9 4 .75L 20% " I I  

4 L(ex i t )  671 682 5 .95L 10% ,I II 

ORIENTATION DURING SOLAR TRACKING 5.4 -- 
The system tracking method has been defined a s  a two-axis elevat,ion- 

asthmuth type 'In which a reference point  on the  system which is on the  bottom 
of t h e  d ish  i n  t h e  a.m. is  a l s o  a t  t h e  bottom i n  the  p.m. 

The expander i s  designed t o  be mounted t o  the  d i s h  with the  crankcase 
sump mounted toward the  dish.  A t  s ta r t -up ,  t h e  cyl inders  a r e  v e r t i c a l  wi th  
the  crankcase on the  bottom. A t  noon t h e  cyl inders  w i l l  be hor izonta l  but  
the  sump w i l l  be on t h e  bottom. A t  shut-down, t h e  o r i e n t a t i o n  is  the  same 
a s  a t  start-up. Therefore crankcase o i l  and any condensate co l l ec t ing  i n  
the  o i l  a r e  always toward the bottom of the  expander and can be pumped ou t  
of t h e  expander. 



FREEZE PROTECTION 5.5 -- 
D i s t i l l e d  water should be used i n  the  system, therefore a mechanical- 

e l e c t r i c a l  f r eeze  protec t ion  system must be employed. The system would 
requi re  an insula ted  water tank, insula ted  water and steam l i n e r  between 
the  engine and ground base condenser and water tank, an e l e c t r i c  thennostat 
control-led water tank heater ,  a t r a n s f e r  water pump and thermocouples, 
located a t  points  throughout the  system t h a t  would l i k e l y  f reeze  f i r s t .  

A descr ip t ion  of how the  syatem works is a s  fo l lo tp :  a thermostatic 
control led e l e c t r i c  heater  holds the  water tank above 4 C. A separa te  
thermostat which monitors temperatures a t  severa l  points  throughout the 
system turns on the t r ans fe r  water punp whenever any temperature drops 
t o  ~ O C .  The t r ans fe r  pump moves 4OC water from the  water tank through 
the  water l i n e  feeding the  feedwater pump, through the  ch$!,ck valves on 
the feedwater pump, through the  receiver ,  through the  expander cylinder 
heads, through the temperature operated blowdown valve i n t o  the exhaust 
manifold and then back i n t o  the  water tank by way of the  condensate pump. 
A small  o r f i c e  a t  the  bottom of a "U" t r ap  located i n  the  exhaust manifold 
catches the  water and allows i t  t o  go s t r a i g h t  t o  the  condensate pump, bypas- 
s ing the  condenser. These pumps operating off  one motor, c i r c u l a t e  water 
through the  system and keep i t  from freezing. 

Should anything f a i l  t o  operate a s  described, the  system could freeze 
up. Damage t o  the system can be eliminated by the  use of a f l e x i b l e  water 
tank, expansion bellows located a t  key po in t s  i n  the  tubing and controls ,  
and high pressure tubing capable of forcing the  i c e  t o  ex t ru te  through 
the tubing. An operator  a s s i s t ed  thaw out period would be required i n  the 
event of a freezeup. 



6 IMPLEMENTATIOE ASSESSMENT 

6 .1  SY STPi DEVEEOPYENT STATUS 

The proposed J C E  steam Rankine power-electr ical  conversion system 
(simple cyc l e )  r equ i r e s  no new technology development f o r  mass production. 
The simple cyc le  expander is similar t o  a 2 cyc l e  I .C.  engine i n  t h a t  t h e  
exhaust P o r t s  a r e  loca ted  i n  the  cy l inder  and uncovered by the pis ton.  
P i s tons ,  r i n g s ,  bearings,  crankshaft  and crankcase a r e  s imi l a r  t o  a small  
d i e s e l  engine. The induct ion generator  is  nothing more than a mass pro- 
duced 25 hp induct ion motor. The i n l e t  va lve  is made from carb ide  and 
should p re sen t  no problem f o r  mass production, as many i n t r i c a t e  p a r t s  
are now mass produced out  of carbide. The c o n t r o l s  which r equ i r e  thermo- 
couples,  so lnoid  valves,  p ressure  t ransducers ,  rpm ind ica to r s ,  and elec-  
t r o n i c  p r in t ed  c i r c u i t  boards a r e  a l l  p re sen t ly  being mass produced. 

The expander coacep t u a l  design is spec i f  ical ' ly  based on the  simple 
cyc le  JCE automobile engine. The automobile engine has evolved through 
t h r e e  genera t ions  of design an$ has numerous hours of successfu l  opera t ion  
a t  a design temperature of 566 C. The technology b a r r i e r  t o  increased 
steam temperatures i s  the  o i l  l u b r i c a t i o n  system and con t ro l  of o i l  temper- 
a t u r e s  t o  wi th in  acceptab le  l i m i t s .  This  is  accomplished by loca t ing  the  
p i s ton  r i n g s  wel l  do;w on the  p is ton .  

A simple cyc le  development program would r equ i r e  t h ree  o p e ~ a t i n g  
temperature increments beginning a t  5380C and progressing t o  677 C. The 
estimated system performance a t  each s t e p  is given i n  Table 6-1. 

Table 6-1 Simple Cycle Development Schedule 
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Cycle - OC N/m 2P1 x10 Peak E 3  Peak E4 Avg. E3 Avg. E4 

Simple 538 15.99 ,237 .218 .235 .216 
Simple 607 16.81 .258 ,238 .256 .236 a 

Simple 677 17.235 .279 ,257 .276 .254 



It is ant ic ipa ted  tha t  a compound rehear cycle expander develop- 
ment would take place i n  s i x  d i sc ree t  s teps .  Xn the  f i r s t  three  s teps ,  the  
expander would operate on a simple cycle, i.e., only the  low pressure cylinder 
would be ac t ive .  The H.P. cyl inder is  deactivated by removing the  l i f t  rod 
from the exllaust valve and capping off the  steam i n l e t  f i t t i n g .  The expan- 
s i o n  r a t i o  of the L.P. cyl inder is increased by i n s t a l l i n g  a plug t o  decrease 
Its clearance volrrme. Zn t h i s  case,  high preoaure ataam 18 admitted t o  the  
L.P. cyl inder where S t  expands t o  30 times its volume a s  the  p is ton  descends. 
Ae before, steam exhausted by the  L.P. cylinder passes t o  the  condenser. 
The capabi l i ty  f o r  i n i t i a l  operation i n  the  simple cycle mode w i l l  allow 
perfec t ion  of the  balancing system requires  fo r  a s i n g l e  cylinder engine 
and would allow f o r  a progression from 538 C,  the  operat ing temperature 
of the ex i s t ing  automobile expander, t o  677OC, the  t a rge t  operating temper- 
a ture .  Af ter  completion of the  simpia cycle  development, the expander would 
then be changed to  the  reheat  cycle configurat ion and the  three  temperature 
s t eps  repeated. The estimated system performance a t  each of the  s i x  devel- 
opment s t eps  is given i n  Table 6.2. 

Table 6-2 Reheat Cycle Development Schedule 

L I 2=' 6 
OC ~ / m  x10 Cycle Peak E3 Peak E4 Avg. E3 Avg. E4 

Simple 538 15.215 .248 .228 .240 .221 
Simple 607 16,497 ,, 267 .248 ,258 .238 
Simple 677 17.235 ,286 ,264 ,277 ,255 
Reheat 538 16.539 .290 .260 .277 ,255 
Reheat 607 17.125 .310 .280 ,296 .272 
Reheat 677 17.235 .330 .300 .313 .280 

6.2 DURABLLITY MAINTENANCE 1 
d 

The proposed steam system should be very durable. Because i t  is a 
closed system, o i l  can be in jec ted  i n t o  the  p is ton  r ing  b e l t  grea t ly  in- 
creasing p i s ton  r ing  and cylinder wall  l i f e .  The o i l  tha t  is  used f o r  
r i n g  and cylinder lubr i ca t ion  and t h a t  passes out  the  exhaust por t s  is 
separated from the water. Since the exhaust steam temperatures and mean 
pis ton  and r ing  temperatures a r e  below the  oxidat ion temperature 
of the s p e c i a l  synthet ic  o i l  used, and s ince  there  a r e  no ac ids  formed 
a s  a r e s u l t  of combustion a s  i n  an T.C. engine, o i l  s h o ~ l d  not have t o  
be changed but once every 2 years. The expander could run 6 months o r  
a gear without adding o i l .  Any o i l  tha t  may pass through the  receiver I 

I 
I 
i 



turns i n t o  a graphic l i k e  substance which settles out  i n  the water tank. 
It doee not remain i n  the receiver tubes nor doer i t  damage the  system 
i n  any way. 

Main bearings, rod bearings, and wrist pin bearing l i f e  rhould be 
a t  least a s  good as  s ta t ionary  d iese l# ,  which have run continuourly over 
two years. S t r e s s  levelo i n  the high temperature p a r t s  a r e  equal or 
l e s s  than bo i l es  standards f o r  100,000 hour l i f e .  The po ten t i a l  i s  
posrible fo r  tha  system t o  have a 10 year l i f e  between overhauls wtth 
many components l aa t ing  20 t o  30 yearr.  Experience and running time are 
needed before project ion can be made am to  which components might f a i l  
f i r s t ,  what components a r e  overdeeigned and could be reduced, and a s  t o  
new and b e t t e r  designs, 

Average annual operating and maintenance cost  should run about 5 
percent of the un i t  cos t s  per  year with major overhauls coating 50 percent 
of the  urrits costs .  These cos ts  estimates a r e  approximately the  same a s  
that  allowed f o r  s tat ionary d iese l  engines. 

6 . 3  MANUFACTURING COST 

Preliminary estimates of power conversion sybsystem un i t  manufacturing 
cost i n  1978 do l l a r s  can be made using cos t  per  pound analysis.  Using graphs 
and curves developed showing the cos t  per pound of various manufactured items 
similar i n  complexity, mater ia l  cos t s  and quanti ty,  an estimate can be made 
for  the  production costs  a t  rates of 100, 1,000, 10,000 and 100,000 un i t s  
annually, This is given i n  Table 6-3. An e a r l i e r  analys is  indicated the  
complete un i t  weight including ground base components f o r  the  simple cycle 
@ 582 kg (1283 l b )  and f o r  the reheat cycle at 601 kg (1323 lb) .  

Table 6-3 Cost Estimates of Power Conversion Subsystem 

100 u n i t s  @ $10/lb 

1,000 u n i t s  @ $5/lb 
(approximate cos t / l b  fo r  
Gasoline and d i e s e l  generators) 

10,000 u n i t s  @ $3.5/lb 
(approximete cos t / l b  for  
emall t r ac to r s )  

100,000 un i t s  @ $2.5/lb 
(approximate cos t / lb  f o r  
standard automobiles 

Simple Reheat 



7 DISCUSSION PF RESULTS 

The program being reported here has ar r ived a t  the  concept defini-  
t ion  of a steam Rankine power conversion subsystem which, when supplied 
with 80 kW of s o l a r  thermal energy, can produce high qua l i ty  e l e c t r i c a l  
energy with 30 percent ef f ic iency a t  an estiatated cos t  of $3,307. This 
is ox: estimated cos t  of $138 per kW of maximum power output. It i s 4  not  
known i f  t h i s  represents  an economically f e a s i b l e  system o r  not. The cos t  of 
a complete system must be considered and compared t o  the  t o t a l  cos t  of pro- 
ducing e l e c t r i c i t y  by o ther  means. 

What is known i s  t h a t  the s t e m  Rankinc syotcm produces about 30 
pcrccnt high qua l i ty  encrgy i n  the  form of the  c l c c t r i c  output and r e j e c t s  
about 60 percent i n  the condenser and the  remaining 10 percent i n  the  gen- 
e ra to r  and other  external  losses.  The heat  re jec ted  i n  the  condenser 
represents  pgimarily the  steam heat  of condensation a t  a constant temper- 
a tu re  of 100 C. The equipment required t o  r e j e c t  t h i s  heat is  considerable. 
I n  f a c t ,  over ha l f  the estimated cos t  of the  power conversion subsystem 
is fo r  equipment t o  e x t r a c t  t h i s  heat  from steam and t r ans fe r  i t  t o  the  
atmosphere. It would appear tha t  the  economic f e a s i b i l i t y  of the  system 
would be  g rea t ly  enhanced i f  the condenser heat  could be u t i l i z e d  i n  
some form of t o t a l  energy system. 

The small, d i s t r ibu ted  so la r  systems may have unique advantages 
f o r  use i n  the  t o t a l  energy mode. It is assumed tha t  the so la r  systems 
would be located i n  c lose  proximity t o  energy users  such a s  houses, 
business, e tc .  I f  these users  can u t i l i z e  the  1 0 0 ~ ~  r e j e c t  heat  f o r  
water heating, space heating, and/or a i r  conditioning the r e a l  e f f ic iency 
would be  q u i t e  high. I f  the  60 percent r e j e c t  energy should become e n t i r e l y  
useful  the  rea l ized  ef f ic iency of the  s o l a r  conversion would be 90 percent. 
Even f o r  p a r t i a l  u t i l i z a t i o n  e f f i c i e n c i e s  of 60 percent and grea ter  can be 
envisioned. 



8 SUMMARY -- OF RESULTS 

A study was undertaken t o  d e f i n e  a concept of a nominal 15  kWe s t e m  
Rankine power conversion sybsystcm f o r  a point  focusing d i r t r ibu ted  so la r  
thermal-electric system. 

A mathematical model of the  Jay Carter  Enterpriser  stem engine 
concspt WRY developed i n  order  t o  conduct a p a r m e t r i c  ana lys i s  covering 
a broad range of stem i n l e t  pressure and temperature a s  well  a s  var ia t ions  
i n  engine configuration and condensing temperatgre. A s  r e s u l t  of the 
parametric study, a design point  a t  677'~ (1250 F) and 17.2 x lo6 ~ / m ~  
(2500 p s i )  was selected a s   maxim^ i n l e t  steam temperature and pressure 
with a maximun s o l a r  thermal power o f  80 kW. 

Conceptual designs were developed f o r  a simple cycle  and a compound 
reheat cycle engine concept, The simple cycle concept employe a s ing le  
cylinder simple cycle uniflow expander. The reheat  concept employs a 
3600 rpm, compound- reheat cycle reciprocating expander containing a s ing le  
high pressure cylinder and a s ing le  low pressure cylinder with the  steam 
being reheated t o  the  maximum i n l e t  temperature a f t e r  expansion by the 
high pressure cylinder. Both expanders have counter-rotating counter- 
balance s h a f t s  t o  perfec t ly  balance the  expander and el iminate vibrat ion.  
Except f o r  the  difference i n  expanders the  two concepts a r e  iden t i ca l ,  
Power generation is accomplished with a three-phase induction motor 
d i r e c t l y  coupled t o  the  expander and connected e l e c t r i c a l l y  t o  the  pub- 
l i c  u t i l i t y  power gr id ,  Frequency and voltage automatically correspond 
t o  l i n e  frequency and voltage because of the inherent  cha rac te r i s t i c s  of 
induction motors. The expander, generator ,  water pump and contro l  system 
a r e  d i sh  mounted, i. e., connected t o  the  so la r  receiver .  

The steam condeneer, water tank, and acceseory pumps a r e  ground 
based. A summary of estimated ef f ic iency,  weight, and c o s t  is given i n  
Table 8-1. 

The reheat  cycle concept has a maximum heat  engine ef f ic iency of 33 
percent and a maximum power conversion ef f ic iency of 30 percent a s  compared 
t o  the simple cycle e f f i c i e n c i e s  of 28 percent and 26 percent. The simple 
cycle power conversion subsystem is  considered t o  be well  within the s t a t e  
of the art. The reheat  cycle concept w i l l  requi re  more development e f f o r t  
and incurs  a s l i g h t l y  higher r i s k  than does the  simple cycle  because the  
reheat cycle expander i s  a g rea te r  departure from the  current  JCE automo- 
b i l e  expander which i s  the  bas i s  of both expander concepts. 
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APPENDIX A 

Def in i t i on  of Symbols 
C6 - S p e c i f i c  volume i n  H.P, c y l  before  i n l e t  valve openo 

C7 - Spec i f i c  volrmne i n  HePe cy l  a f t e r  inlet valve openr 

C8 - Spec i f i c  volume i n  L.P. c y l  before  i n l e t  valve openr 

C9 - Spec i f i c  volume i n  L.P. c y l  a f t e r  i n l e t  va lve  openr 

D3 - Diameter of high premrure cy l inder  

D4 - Diameter !of low prereure  cy l inder  

E l  - Generator e f f i c i ency  

E2 - Expander e f f i c i ency  

E3 - Heat engine e f f i c i ency  

E4 - Power conversion e f f i c i ency  

E5 - H.P. expander effieisney 

E6 - L.P. expander e f f i c i ency  

E7 - I d e a l  cycle  e f f i c i ency  

G - E l e c t r i c  power 

G 1 -  Peak thermal power 

H 1  - H.P. i n l e t  enthalpy 

H2 - I d e a l  H.Pe exhaust enthalpy 

H3 - L.P. i n l e t  enthalpy 

H4 - I d e a l  L.P. exhaust enthalpy 

H6 - Actual H.P. exhaust enthalpy 

H7 - Actual L.P. exhaust enthalpy 

H8 - Feedwater enthalpy 

H9 - H.P. clearance volume enthalpy a f t e r  valve opens 



APPENDIX A - Dafini t ion o f  Symbols (cone'd) 

L2 - H.P. f r i c t i o n  l o r 8  

L3 - H,P . t h e m 1  l o r e  

L4 - Short c i r c u i t  lor. 

LS - LsP, f r i c t i o n  loor  

L6 - L.P. thennal loam 

M3 - Mars i n  H.P. cylinder before valve openr 

M4 - Marr i n  H.P. cylinder a f t e r  valve openr 

M5 - Mar8 flow r a t e  calculated f o r  H.P. cyl inder  
I 

M6 - Ertimated mar8 flow rate 

M9 - Mars flow rate calculated f o r  L.P. cylinder 

P1 - Maximum steam i n l e t  presaure 

P2 - H.P. cylinder exhaust pressure 

P3 - Accessory power 

P4 - Estimated water pump power 

P5 - Calculated water pump power 

PO - Steam i n l e t  pressure 

.Q1 - Calculated water flow r a t e  

R(J) Specif ied r e l a t i v e  thermal input  

R 1  - Calculated r e l a t i v e  thermal input  

R2 - Ratio H.P. power/total power 

R3 - Rat io  output power/maximum output power 

S - Gross s h a f t  power 

S l  - N e t  sha f t  power 

S2 - Maximum gross s h a f t  power 

S3 - H.P. power 

54 - L.P. power 



APPENDW A - Defini t ion of  Spboln (cont 'd) 

T1 - Steam I n l e t  temperatura 

T2 - H.P. i d e a l  exhaumt temperature 

T5 - E a t b a t e d  H,P, exhaumt temperature 

T6 - Calculated HePe exhaumt temperature 

T7 - Temperature i n  H.P. cylinder a f t e r  valve open8 

T8 - Temperature i n  L,P, cylinder a f t e r  i n l e t  valve open8 

T9 - Temperature feedwater 

TO - Condensing temperature 

U 1  - I n t e r n a l  energy i n  H,P, cylinder before i n l e t  valve opens 

U2 - I n t e r n a l  energy i n  H.P. cylinder a f t e r  i n l e t  valve opens 

U3 - I n t e r n a l  energy i n  L,P. cylinder before  .inlet valve opens 

U 4  - I n t e r n a l  energy i n  L.P. cylinder a f t e r  i n l e t  valve openm 

V3 - H.P. cylinder displacement 

V4 - L.P. cylinder displacement 

V7 - H.P. cylinder clearance and cut-off volume 

V8 - L.P. cylinder clearance and cut-off volume 

X 1  - H.P. cylinder expansion r a t i o  

X2 - L.P. cylinder expansion r a t i o  



h t h r l u t i c a l  Model Step-by-Step Procedure 

t l e c t r $ c  power output (G) r G1, x E4 x R3; kWe 
wheta d4 power conversion rrfEiciency, i n i t i a l l y  e r t h t r d  t o  be '25 

Net s h a f t  p m r  (S1) I C/t l ;  kW 
where El g e m r a t o r  efficierrcy fram Figure 4-3 

Grorr r h a f t  power (8) m S1 + D3 + P4; kW 
whore P3 accerrory power ," 1/8 x G x R3/15; kW 

P4 - water pump power, in f  t i a l l y  er t imatrd  t o  be 3/8 kW 

I n l e t  'tau presrure (PO) - 5/62 x (PI - 1.03 x lo6) + 1.03 x lo6; NIB* 
where 52 = S - F u l l  Powrr (J m 1) 

From t a b l e r  - high prer rure  cy1,fnder i n l e t  mtha lpy  (Hl), 
Exhaurt enthalpy (H6), exhaust tmpnra tu re  (TS) and 
Exhaust prer rure  (P2). H6 and T5 are i n i t i a l l y  estimated t o  be 
equal  t o  I d e a l  exhaust enthalpy (HZ) and temperature (T2) 

SimilarPy - low pressure cylinder M a t  enthalpy (H3), and exhauet 
enthalpy ( R f ) .  H7 i r  i n i t i a l l y  estiPurted t o  be equal t o  i d e a l  
euctuurt enthalpy (H4). 

1 
R2 m ("1 - HZ) x ES/ [(ill - HZ) x E5 + (H3 - 84) x E6j 
where high prer rure  cylinder ef f ic iency (ES) and low prersura 
cyl inder  ef f ic iency (E6) a r e  i n i t i a l l y  estimated t o  be .9 and 
.8 rerpect ive ly .  

High prer rure  cylinder power (S3) - S x R 2  
Law prerrure  cyl indet  power (S4) = S - S3 

9. Low pressure cylinder volume (V4) - S4 x X2 r 11.93 x lo6/ (P2-2.76~105 ;un 3 

1 N. High pressure cylinder volume (V3) - .45 V4/X2; cm3 

32. High prer rure  cylinder clearance 8 cutoff  volume (V7) V3  x . 9 / ~ 1  0 3  
3 12. From tab le r  - r p e c i f i c  volume of eteam before valve open8 ( ~ 6 )  m /kg 

U. Strum maas i n  c lear ruce  volume before value opens (M3) - V7/ C6 x i d b  kg 

14. Steam i n t e r n a l  energy before valve opena (Ul) = H6 - P2 x C6 J/kg 



A P P E N I ) ~  B - Mathemstical Model S tap-by-S tep Procedure (cone' d) 

6 .  Temperature i n  clearance tfolume a f t e r  valve openr :T?) 
i n i t i a l l y  rmrwned t o  be T 1 +  50 

17. From tab le r  - enthalpy (H9) and r p e c i f i c  v o l m e  of  rteam (C7) 
af ter valve openc 

18. S t e m  mar8 i n  clearrrnce volume a f t e r  valve openr (M4) - V7/C7 

19. Bteam i n t e r n a l  energy a f t e r  valve openr (U2) = H9 - .872 x PO x C7 

21. Adjumt T7 u n t i l  IJS' 32 

22. Marm flow r a t e  thru high presrure cylinder (M5) - (M4 - M3) x 2160G; kg/h 

23. Adjumt V3 unLi1 M5 myrtam mars flow rate (M6) 
M6 is i n i t i a l l y  estimated o r  M6 * S x 3600 x le15/(H1 - H2 + H3 - H4) 

24. Similarly determine maur flow rate of low premmure cylinder (M9) 

25, Adjuot V4 u n t i l  M9 M6 

26. Calculate diameter of high and low pressure cylinders (D3 6 D4) 
depending on number of cylinders and stroke/diarneter relat ionship.  

27. If J + 1, Skip 23, 25 6 26 and ad jus t  P2 u n t i l  M5 - M9 

28. Determine engine losses  

High pressure cylinder f r i c t i o n  lose  (L2) 
High proemre  cylinder thermal lose  (L3) 
T h e m , l  shor t  c i r c u i t  between cyl inders  (L4) 
Low pressure cylinder f r i c t i o n  l o s s  (L5) 
Low prereure cylinder thermal lose  (LG) 

29. High pressure cylinder ef f ic iency (E5) - S3/ (53 + L2 + L3 + L4) 

30. High preesure exhauat entha1.p~ (H6) = H 1  - (H1 - H2) x S3/(S3 + L3 + L4) 
31. From tab les  - high pressure cylinder exhaust temperature (T6) 

32. I f  T6 5 T5, update T5, r eca lcu la te  L4 

33. Low pressure cylinder ef f ic iency (E6) = S4/ (S4 + L5 +L6) 



APPENDIX B - Mathematical Model S tep-by4 tep Procedure (cont 'd) 

34. Low prerrure exhaurt enthalpy (H7) - H3 - (H3 - H4) x S4/ ( S4 +L6) 

35. Water flow r a t e  (Ql) = (S1 + P3 + P4 + L2 + LS) x 3600/ (HI - H6 + H3 - H7) 

36. Xf Q1+ M6, update M6 
I f  3 * 1, r e t u n  to  equation 11 
If J $ 1, adjur t  PO & P2 and return t o  equation 5 

37. Ideal  cycle efficiency (El) - (H1 - H2 + H 3  - H4)/(H1 - ti2 + H3 - o 9 x 
(H4 -970)) 

38. Feed water enthalph (H8) -(H7 - 970) x .9 

39. Water pump power (PS) = Ql x PO / (2.95 x 10') ; kW 

40. I f  P4 # P5, update P4 and return t o  equation 35 

6 41. Heat engine efficiency (E3) = S5. x 3.6 x 10 / ((Hl - H8 - H6 + H3) x Q3.) 

42. Power conversion efficiency (E4) - E3 x E l  

43. Relative thermal input (Bl) - G / ( G ~  x E4) 
i f  R 1  f R(J) , adjust R3 and return to  equation 1. 
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4. STEAM RANKINE REHEAT H .  F u l l e r  Foster-Miller,Tnc. 
RECIPROCATOR SYSTEM 

5.  BRAYTON SYSTEMS T.  Ashe Air Research,Mfg. ,Tnc. 159592 
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