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ABSTRACT 

The AiResearch Manufacturing Company of C a l i f o r n i a  i s  under c n n t r a c t  t o  t h e  
Jet Propulsion Laboratory (JPL) t o  manufacture a prototype Steam Rankine S o l a r  
Receiver (SRSR) f o r  t h e  Parabol ic  Dish So la r  Thermal Power Systems Pro jec t .  
This  paper summarizes t h e  work accomplished i n  t h i s  program and desc r ibes  t h e  
GPL t e s t i n g  of t h e  r e c e i v e r  at  t h e  Parabol ic  Dish Tes t  S i t e ,  Edwards AFB. The 
rece iver  is a once-through monotube b o i l e r  designed f o r  s t e a m f e l e c t r i c  and 
process steam a p p l i c a t i o n s  a t  p ressures  up t o  17.24 MPa (2500 p s i a )  and tem- 
pera tu res  up t o  704°C ( 1 3 0 0 " ~ ) .  The u n i t  is 76.2 cm (30.0 in. ) i n  diameter 
and 95.8 cm ( 37.7 i n .  ) i n  l eng th ;  it weighs 220 kg (485 l b ) .  Its heat  t r a n s f e r  
su r face ,  which is 45.7 cm (18 i n . )  i n  diameter by 57 cm (22.4 i n . )  lcng,  i s  an 
Inconel 625, c y l i n d r i c a l ,  tube-coi l  sssembly composed of primary and rehea t  
sec t ions .  A t e s t  u n i t  has been success fu l ly  opera ted  a t  up t o  6.9 MPa (1000 
p s i a )  and 704°C (1330°F) with s o l a r  input  from a 11-m-dia pa rabo l ic  d i s h  
concentra tor .  

INTRODUCTION 

The p a r t i c i p a t i o n  of AiResearch i n  t h e  So la r  Thermal Power Systems Pro jec t  a t  
JPL began with a Phase I conceptual  design study o f  a Steam Rankine S o l a r  
Receiver (SRSR) i n  J u l y  1978. The f in 'd  r e p o r t  on t h i s  study was completed 
in  Jauuary 1979. On t h e  b a s i s  of t h e  Phase I s tudy,  f i n a l  design cond i t ions  
were formulated by JPL, and i n  June 1979 a Phase I1 c o n t r a c t  was awarded t o  
AiResearch f o r  t h e  f i n a l  design and f a b r i c a t i o n  o f  an 85-kW ( the rmal )  SRSR. 
A f i n a l  design review was held i n  October 1979, and t h e  f i r s t  t e s t  u n i t  was 
shipped t o  JPL i n  June 1980. A f i n a l  r e p o r t  on t h e  design and f a b r i c a t i o n  
of t h e  rece iver  descr ibed herein  is  i n  p repara t ion .  Tes t ing  by JPL at t h e  
Parabol ic  Dish Tes t  S i t e  commenced i n  September 1980. 

The purpose of t h i s  paper is  t o  ( 1 )  suntnarize t h e  f i n a l  design goa l s  and con- 
d i t i o n s ,  ( 2 )  desc r ibe  t h e  cons t ruc t ion  d e t a i l s  o f  t h e  receiver . ,  ( 3 )  present  
t h e  est imated perfc-mance f o r  a s t e a m / e l e c t r i c  a p p l i c a t i o n ,  ( 4 )  discuss  methods 
of *dapting t h e  SHSR t o  i n d u s t r i a l  process  steam a p p l i c a t i o n s ,  and ( 5 )  p resen t  
preliminary t e s t  r e s u l t s .  

DESIGN REQUIREMENTS AND CONDITIONS 

The f i n a l  design requirements a r e  t h a t  t h e  SRSR be s ized  f o r  a s t e a m l e l e c t r i c  
a p p l i c a t i o n  wi th  p rov i s ions  f o r  dual-mo6s opera t ion  (wi th  o r  without rehea t  ) 



and t h a t  t h e  SRSR be adaptable t o  i ndus t r i a l  process s t e m  appl icat ions.  The 
design l i f e  i s  t o  be 10,000 hours, with 1500 cycles  of operation. Weight and 
s i z e  a r e  t o  be minimal. 

The design conditions f o r  both appl ica t ions  a r e  summarized i n  Table 1. The 
diurnal solar  input i s  from an 11-m-dia parabolic dish concentrator on an 
average sunny spring day. The peak input i s  85 kW, and the  rece iver  must 
accept i r r e g u l a r i t i e s  i n  so l a r  flux input caused by mirror slope e r r o r s ,  
reduced wwer (10 percent)  from one-half of t h e  mirror,  and an asymmetric f lux 
p ro f i l e  r e su l t i ng  *om a - +2.54-cm (1.0-in. ) o f f s e t  of t he  receiver  axis from 
t h e  op t i ca l  axis. 

SRSR DESIGN CONDITIONS 

Solar  energy sovxce: 11-meter concentrator 
Peak power input:  8 5kW 

Process Steam S t e a d  
(up t o )  E lec t r i c  

Pr imqy sect ion 
I n l e t  feedwater temperature, O C  ( 'F) 149 (300) 93 t o  149 

(200. t o  300) 
Outlet  steam 

Temperature, "C ( O F )  704 (1300) 704 (1300) 
Pressure, MPa (psis) 17.24 (2500) 17.24 (2500) 

Reheat sect ion 
Outlet  steam temperature, 'C ( O F ?  704 (1300) 704 (1300) 
I n l e t  steam 

~empera ture ,  " C  ( O F )  704 (13CO) 343 (650) 
Pressure, MPa ( F s l a )  17.24 (2500) 1.21 (175) 

Flow ra t e :  Determine from energy balance; same i r .  both sec t ions  
Fressure drop: APIP = 10 percent 

DESCRIPTION OF THE SRSR 

A cutaway drawing of t h e  SRSR i s  shown i n  Figure 1. The SRSR i s  a once-through 
monotube bo i l e r  tha t  uses conceritrated s o l a r  energy a s  a heat source t o  prodtlce 
high-pressure, high-temperature steam a t  the condit ions l i s t e d  i n  Table 1. The 
major compnents a r e  t ; le ou te r  s h e l l  assembly, 15.2 cm ( 6  i n . )  of Cerablanket 
insu la t ion ,  an Inconel 625 tube-coil  heat exchanger assembly, a r ea r  p l a t e  t h a t  
can be mved ax ia l ly  7.6 cm ( 3  in. 1, and an aper ture  assembly that can be 
adjusted from 20.3 t o  25.4 cm ( 8  t o  10 in. ). The r ea r   late and aper ture  
assembly were nade of N~405 s i l i c o n  carbide,  but,  a s  a r e su l t  of t e s t  experience, 
change t o  a rear  p l a t e  of chromium nickel  s t e e l  ( R A  330) and an aperture assem- 
bly of graphi te  i s  recommnded. 

The  tube-coil heat exchanger assembly i s  shown i n  Figure 2. The ac t ive  heat 
t r ans fe r  portion cons i s t s  of 34 turns  of 1 1 . 1 3 - m m  O D  by 1.728-rnm w a l l  (7116 by 
0.070 in.)  primary sec t ion  tubing and 10 turns  of 19.05-mm OD by 3.05-mm wall  





Radiation in terchange computations were based on t h e  assumption of f l a t  s u r f a c e s ,  
a n  equal  s o l a r  absorptance  and i n f r a r e d  emit tance  of  0.80, and d i f f u s e  r s d i a t i o n  
( b o t h  r e f l e c t e d  s o l a r  and emit ted  i n f r a r e d ) .  Also,  t h e  heated s u r f a c e  of  t h e  
t u b e s  VBS assumed t o  be  one- th i rd  (120 deg) of  t h e  t o t a l  t u b e  o u t s i d e  a rea .  
Aperture convect ion l o s s e s  were assumed t o  be  2.5 pe rcen t  of  t h e  s o l a r  input .  

Hzat t r a n s f e r  t o  t h e  f l u i d  i n s i d e  t h e  tube  i n  t h e  subcooled l i q u i d  and t h e  
s u p r h e a t e d  vapor r eg ions  was camputed from Colburn m d u l u s  ve r sus  Reycolds 
nu&er data  f o r  flow i n  round t u b e s  ( 1  ). A tube-length-to-diameter r a t i o  o f  
L/D = 25 was used t o  account  f o r  t h e  e f f e c t s  of  tube  c o i l  cu rva tu re .  I n  t h e  
b o i l i n g  region u p  t o  a steam q u a l i t y  of 70 pe rcen t ,  t h e  John Chen c o r r e l a t i o n  
was used (2). Vapor hea t  t r a n s f e r  c o e f f i c i e n t s  were used t h e r e a f t e r .  

P ressure  drop i n  t h e  l i q u i d  and vapor r eg ions  was computed from Fanning f r i c -  
t i o n  f a c t o r  versus  Reynolds number data  f o r  round t u b e s  having a n  L/D = 25 ( s e e  
Reference 1 ) .  P r e s s u r e  drop i n  t h e  b o i l i n g  reg ion  r e s u l t i n g  from mmentum 
change and f r i c t i o n  l o s s e s  was computed with t h e  Lockhart and M a r t i n e l l i  c o r r e -  
l a t i o n  f o r  two-phase flow p r e s s u r e  drop ( 3 ) .  S t a b l e  and homogeneous flow was 
assumed. A stab1.e match p o i n t  f o r  pump and flow s y s t e a  can be achieved by 
i n s t a l l i n g  a s u i t a b l y  s i z e d  o r i f i c e  i n  t h e  ylumbing l i n e  between t h e  pump and 
r e c e i v e r  ( s e e  Reference 4 f o r  a genera l  d i scuss ion  of  methods f o r  o b t a i n i n g  
forced-flow b o i l i n g  s t a b i l i t y  1. 

The t h e m d y ~ a m i c  p rocess  p a t h  i n  t h e  r e c e i v e r  c o i l  f o r  t h e  s t e a m / e l e c t r i c  p l u s  
r e h s a t  m d e  of opera t ion  c o n s i s t s  of  28 percent  l i q u i d  hec.ting, 20 percent  
b o i l i n g ,  32 percent  superhea t ing ,  and 20 pe rcen t  reheat ing.  

Heat Flux D i s t r i b u t i o n  and Tenqerature  P r o f i l e s  

The s o l i d - l i n e  curve  i n  F igure  3 i s  a graph of  t h e  b a s e l i n e  i n c i d e n t  hea t  
f lux  d i s t r i b u t i o n  i n s i d e  t h e  r e c e i v e r  cav i ty .  The absorbed f l u x  f o r  t h e  
p r i m r y  p l u s  r ehea t  s t e a m / e l e c t r i c  design c o n d i t i o n  i s  represen ted  by t h e  
dashed l ine .  Th i s  o c c u r s  a f t e r  radia t iof i  i n t e r c h m g e  and hea t  t r a n s f e r  t o  t h e  
f l u i d  has  taken   lace. The d i f f e r e n c e  between t h e  i n c i d e n t  and absorbed f l u x  
i s  caused by r a d i a t i o n  from t h e  uncooled end p l a t e  and fYont cone, where very 
l i t t l e  hea t  f l u x  i s  absorbed,  and by t h e  hea t  l o s s e s  ( r a d i a t i o n  o u t  of t h e  
a p e r t u r e  and convection from t h e  r e c e i v e r  c a s i n g ,  e s p e c i a l l y  t h e  f r o n t  end).  

Figure  4 i s  a graph of t h e  r e s u l t i n g  tube-wall  and r l u i d  temperatures  i n  t h e  
a x i a l  d i r e c t i o n  a long t h e  c o i l .  Note t h a t  t h e  p r i m r y  and r e h e a t  f l u i d  i n l e t s  
a r e  on o p p s i t e  ends of t h e  c o i l  assembly and t h a t  t h e  two o u t l e t s  a r e  a d j a c e n t  
t o  each other .  Th i s  flow arrangement was s e l e c t e d  t o  avoid a l a r g e  tempzrature  
d i x o n t i r r ~ i t y  a t  t h e  j u n c t i o n  of t h e  two c o i l s .  Also, t h e  l e n g t h s  of  t h e  two 
c o i l s  were proportioned t o  o b t a i n  equal  temperatures  a t  t h e  p r i m r y  and r e h e a t  
steam o u t l e t s .  The temperature  p r o f i l e s  i n  F igure  4 a r e  v a l i d  only f o r  t h e  
i n c i d e n t  heat  f l u x  d i s t r i b u t i o n  displayed i n  Figure  3. I f  s o w  o t h e r  i n c i d e n t  
f l u x  d i s t r i b u t i o n  occurs ,  then  t h e  p o s i t i o n a b l e  end p l a t e  mst be m v e d  e i t h e r  
forward o r  backward t o  e q u a l i z e  t h e  steam o u t l e t  t empera tu res  and t o  prevent  
overheat ing of 0r.e of  t h e  c o i l s  a t  i t s  o u t l e t .  For  example, i f  t h e  concen- 
t r a t o r  has  a l a r g e r  s lope  e r r o r  than t h e  b a s e l i n e  c a s e  o r  i f  t h e r e  i s  haze  
i n  t h e  atmosphere, t h e  h e a t  f l u x  w i l l  be s h i f t e d  towards t h e  rear of t h e  c a v i w .  
Th i s  w i l l  cause underheat ing of t h e  prirmry steam and overhea t ing  of t h e  r e h e a t  
steam (and tubing nea r  t h e  o u t l e t ) .  Equa l i za t ion  o f  t h e  steam o u t l e t  tempera- 
t u r e s  can be accomplished by mvi~lg t h e  end p l a t e  forvard .  
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FIGURE 3.  BASELINE HEAT FLUX DISTRIBUTION 

In t h e  primary node on ly  o p e r a t i o n ,  d u r i n g  which t h e  two c o i l s  a r e  connected  
i n  s e r i e s ,  t h e  t h r e e  zones ( l i q u i d  h e a t i n g ,  b o i l i n g ,  and  s u p e r h e a t i n g )  w i l l  
be extended o v e r  a g r e a t e r  a x i a l  d i s t a n c e .  and t h e  steam o u t l e t  w i l l  o ccu r  
a t  t h e  rear o f  t h e  c o i l  assembly. I n  t h i s  mode, t h e  p o s i t i o n  o f  t h e  end p l a t e  
remains f i x e d  a t  t h e  rear f o r  a l l  i n c i d e n t  h e a t  f l u x  d i s t r i b u t i o n .  

The e s t i m a t e d  o v e r a l l  energy  ba l ance  and p r e s s u r e  d r o p  performance o f  t h e  SRSR 
f o r  t h e  s t e a m / e l e c t r i c  a p p l i c a t i o n  i s  p r e s e n t e d  i n  Tab le  2.  Ninety-four pt r c e n t  
o f  t h e  85-kW s o l a r  t he rma l  i n p u t  is  absorbed by t h e  working f l u i d  ( w a t e r )  t o  
produce primary s team a t  17.24 MPa (2500 p s i a )  and 704'C ( 1 3 0 0 " ~ )  o r  bo th  
primary s team a t  t h e  same c o n d i t i o m  and r e h e a t  steam a t  1.21 MPa (175  psis) 
and 704°C (1300'F). 
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TABLE 2 

SRSR ESTIMATED PERFORMANCE 
STEAM/ELECTilIC APPLICATION 

Parameter  --- 

S o l a r  i n p u t ,  k~ ( t h )  
Aper tu re  (9-in.  d i a )  r a d i a t i o n  l o s s ,  k ~ ( f h )  
i i i s u l s t i o n  l o s s ,  k ~ ( t h )  
Assumed a p e r t u r e  convec t ion  l o s s ,  kW ( t h )  
Thermal power t o  f l u i d ,  kk'(s11) 
Receiver  e f f i c i e n c y ,  p e r c e n t  
Flow r a t e ,  gm/sec ( l b / h r  ) 
P r e s s u r e  d rop ,  percent  

Primary 
Reheat 

Primary m d e  o n l y  
Slow rate, g s / s e c  ( l b / h r )  
P r e s s u r e  d r o p ,  p e r c e n t  

Value --- 



ADAPTATION TO PROCESS STEAM APPLICATIONS 

Although t h e  u n i t  was designed as a steam Rankine s o l a r  r e c e i v e r  f o r  a high- 
p r e s s u r e ,  high-temperature s t e a m / e l e c t r i c  a p p l i c a t i o n ,  t h e  receive:. can be 
opera ted  as a once-through b o i l e r  at higher  f low r a t e s  t o  produce process  steam 
a t  lower temperatures  and lower p r e s s u r e s  (down t o  about 3.45 MPa o r  500 p s i a ) .  
Also,  t h e  r e c e i v e r  can be opera ted a s  a r e c i r c u l a t i o n  b o i l e r  o r  a high-pre-sure 
wa te r  r ece ive r .  Both of  t h e s e  a d a p t a t i o n s  r e q u i r e  t h e  use  o f  e x t e r n a l  equipment 
t o  p r o d u c ~  steam. The f i r s t  procedure r e q u i r e s  a l i q u i d / v a p o r  drum ( o r  equiv- 
a l e n t )  type  of s e p a r a t o r  and t h e  second r e q u i r e s  a steam generator .  The pres-  
s u r i z e d  water  r e c e i v e r  concept r e q u i r e s  t h e  use of d i s t i l l e d ,  pol ished water 
i n  a c losed- f lu id  c i r c u l a t i n g  l o c g  between t h e  r e c e i v e r  and t h e  steam generator .  

TEST RESULTS AT PARAROLIC DISH TEST SITE 

Prel iminary  t z s t i n g  was s t a r t e d  a t  t h e  Parabol ic  Dish T e s t  S i t e  i n  September 
1980. The JPL concen t ra to r  c o n t a i n s  224 r e c t a n g u l a r ,  s e p a r a t e l y  focused 
m i r r o r s  approximately 57 by 61 cm (22.5 by 24 in .  ). The t o t a l  s o l a r  power 
inpu t  c a p a b i l i t y  was 80 kW f o r  an i n s c h t i o n  of 1000 w/m2 (317 ~ t u / h r ' f t ~ ) .  

I n i t i a l  t e s t i n g  was done wi th  water hea i ing  at 25- and 50-percent m i r r o r s  a t  
low p r e s s u r e s  (about  1.1 MPa o r  160 p o i a )  and low tempera tu res  (about  150°C 
D r  300"~). The second s e r i e s  o f  t e s t s  was conducted at medium p r e s s u r e s  and 
temperatures  (about  4.8 MPa o r  70C pis and 2 8 8 ' ~  o r  5 5 0 ' ~ )  us ing 50-, 75-, 
and 100-percent mirrors .  Explorato:, high-tempereture h igh-pressure  t e s t s  have 
been s t a r t e d .  In  a l l .  runs ,  t h z  p r i m r y  and reheat  s e c t i o n s  o f  t h e  c o i l  were 
c.cnnectf\rl i n  s e r i e s .  Aim, f o r  procurement reasons ,  t h e  m a t e r i a l  was changed 
t o  +.ygc 321 s t a i n l e s s  s t e e l ,  and tli~., primary s e c t i o n  t u b i n g  s i z e  was increased 
t c  i2.':-11n OD by 2. bl-mm wall. i l / ; ?  by O.C95 in .  ) , and t h e  number of t u r n s  was 
reduc.~.i t-. -3  

T,il. tc . , t s  of  t k c  -eceiver  i n d i c a t e d  gcod thermal and flow p r f o r m a n c e ,  wi th  
e f ;  j:  :er;c.l cs i n  t t ! ~  . inge of 80 t o  88 percent.  No major i n s t a b i l i t i e s  were 

. . detect ,ea ,  ' .? i t  bnrtb - ,  ;; f' mt i o n s  t o  t h e  r e c e i v e r  were requ i red .  The ceramic 
end p ~ ~ t c  and 2,. + i t ' i ' t :  ,.-.:nr uere anverely  damaged ( s h a t t e r e d )  by t h e  s o l a r  
he&: 1r.3 d ~ r i n ; ;  e-iv ' . :  t e p t s .  An end p l a t e  of RA 330 n i c k e l  chromium ~ t e e l  and 
a watw-cxlt ici  durnlnum a p c r t u r c  r;ss:bmbl;. were needed t o  con t inue  t h e  t e s t i n g .  

A t.ypir ii t e s t  ~ - e s L l t  cb ta ined  by JTL dur ing t h e  exp lo ra to ry  high-temperature 
t e s t i r g  3'1 -; Octot; r 1980 is  shown i n  F igure  5. T h i s  is a graph o f  t h e  back- 
s i d e  and heat&-side tube-wall temperature  versus  a x i a l  d i s t a n c e  a long t h e  
c o i l .  Also, t h e  water i n l e t  and steam o u t l e t  temperatures  a r e  i d e n t i f i e d .  
The back-side o r  unheated tube-wall  t e y w a t u r e  p r o f i l e  is  a s  p r e d i c t e d ,  but  
t h e  heated-s ide  temperature p r o f i l e  shows a very high peak a t  t h e  bepinning 
of  t h e  b o i l i n g  region.  This  may be due t o  a thermocouple e r r o r  o r  t o  exces- 
s i v e  l o c a l  i n c i d e n t  s o l a r  heat  f lux .  P r i o r  t o  f u r t h e r  t e s t i n g ,  JPL p lans  
t o  i n s t a l l  new thermocouples on t h e  heated s i d e  of t h e  tube  c o i l  (welded t o  
t h e  c o i l  t o  ensure  a good thermal  bond) and t o  defocus t h e  m i r r o r s ,  which may 
reduce t h e  peak i n c i d e n t  heat  f lux .  
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FIGURE 5 .  TYPICAL TEST FESULT, TUBE-WALL TEMPERATUHE PROFILE 
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