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ABSTRACT 

The AiResearch Ma:ufacturing Company is under contact t o  the  J e t  Propulsion 
Laboratory (JPL) t o  manufacture prototype Brayton rece ivers  f o r  t he  Parabolic 
Dish Solar Thermal Power Systems Project.  This paper summarizes the  work 
accomplished in the  program and describes t he  JPL t e s t i n g  of t he  receiver  
at the  Parabolic Dish Test S i t e ,  Edwards AFB, Cal i fornia .  

INTRODUCTION 

In June 1979, The AiResearch Manufacturing Company received a contract  from 
the J e t  Propulsion Laboratory (JPL) fo r  t he  design and fabr ica t ion  of two groto- 
type a i r  Brayton so l a r  receivers  (ABSR'S) a s  par t  of the  Parabolic Dish S o l a r .  
Thermal Power Systems Project  directed by JPL and sponsored by the Department 
of Energy. These prototypes a r e  designed t o  receive 85-kW thermal inso la t ion  
a t  the  focal  plane of a parabolic dish concentrator and t r a n s f e r  t h a t  energy 
i n t c  the f l ~ i d  stream of an open, regenerated, Brayton-cycle system. I n i t i a l  
receiver  evaluation t e s t i n g  i s  now being conducted by JPL, u t i l i z i n g  the t e s t  
bed concentrator developed f o r  t h i s  type of a c t i v i t y  a t  the  Parabolic Dish Test 
S i t e .  Following t h a t  evaluat ion,  the prototypes w i l l  be ava i lab le  fo r  incor- 
poration in to  a demnst ra t ion  of t he  Brayton cycle. 

This paper describes the r e s u l t s  of the program from i ts  inception through 
December 1980. The f i r s t  sect ion w i l l  b r i e f l y  describe the  design requirements, 
~ ~ n c e p t ,  and s ign i f i can t  ana lys is  upon which the rece iver  is based. Section 
two w i l l  describe the  fabr ica t ion  processes t h a t  have been u t i l i z e d  i n  the  con- 
s t ruc t ion  of the prototype receivers  now a t  the t e s t  s t a t i on .  Section t h r e e ,  
the  concluding sec t ion ,  describes the t e s t  and evaluation phase underway a t  
the Parabolic Dish Test S i t e .  

DESIGN REQUIREMENTS, CONCEPT, AND ANALYSIS 

The design requirements f o r  t !~e  ABSR were prepared by JPL, based upon i ts 
appl icat ion as the  heat source i n  a gas t u r t i n e  engine system. The system 
schematic i s  shown i n  Figure 1. The so l a r  input is 85 kW. The energy is con- 
centrated a t  the receiver  aper ture  by an l l -n  parabolic dish that h a  s foca l  
length of 6.6 m and an assumed slope e r ro r  of between 1 and 2 mil l i radians.  
This energy i s  used t o  heat the  a i r  of the recuperated open-cycle gas turb ine  
engine from 565' t o  8 1 6 ' ~  (1049' t o  1500 '~ ) .  The operat ing air  pressure is 
225.5 kPa (36.75 p s i a )  and t he  pressure drop of the  rece iver  is 2.5 percent 
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FIGURE :. BRAYTON SYSTEEl SCHETlATIC 

AF/P. T r a n s i e n t  a n d  o f f - d e s i g n  c o n d i t i o n s  are c o n s i s t e n t  w i t h  gas t u r b i n e  
o p e r a t i o n .  T h e  un i t .  w i l l  b e  m u n t e d  a t  t h e  f o c a l  p i n t  o f  t h e  c o n c e n t r a t o r  
a n d  w i l l  b e  exposed  t o  t h e  a m b i e n t  a t  t h e  test  s i t e .  A s  a c o n s e q u e n c e ,  t h e  
s p e c i f i e d  e n v i  ronmentu l  c o n d i t i o n s  are f o r  a h i g h - d e s e r t  e n v i r o n m e n t ,  i n c l u d i n g  
ambien t  t e m p e r a t u r e s  k ,- .en -18" and  51.7"C ( 0 "  a n d  l 2 5 " ~ ) ,  a n d  wind g u s t s  t o  
58 km/h (36  mph) w i t h  s a n d  and  d u s t .  

The  ABSR c o n c e p t  d e v c l o p e d  f o r  t h i s  a p p l i c a t i o n  u s e s  d i r e c t  a i r  h e a t i n g .  
S o l a r  f l u x  p a s s e s  t h r o u g h  a n  a p e r t u r e  l o c a t e d  o n  t h e  c o n c e n t r a t o r  f o c a l  p l a n e  
and f a l l s  u p n  t h e  i n t e r i o r  s u r f a c e s  o f  a c l o s e d  c y l i n d e r  whose a x i s  i s  l o c a t e d  
o n  t h e  c o n c e n t r a t o r  c e n t e r  l i n e .  The c y l i n d e r  c o n t a i n s  a x i a l  f low p a s s a g e s  
t h a t  b r i n b  t h e  a i r  d i s c h a r g i n g  from t h e  r e c u p e r a t o r  i n t o  c o n t a c t  w i t h  s o l a r -  
h e a t e d  s u r f a c e s .  Heat t r a n s f e r  i n  t h e  f low p a s s a g e s  i s  erihanced by t h e  u s e  
o f  a n  e x t e n d e d - f i n  s u r f a c e .  N e i t h e r  t h e  c l o s e d  n o r  a p e r t u r e  e n d s  o f  t h e  
r e c e i v e r  h a w  a i r f l o w .  T h e s e  s u r f a c e s  r e r a d i a t e  t h e  i m p i n g i n g  e n e r g y  t o  t h e  
c o o l e d  h e a t - t   ran^ f e r  c y l i n d e r .  

Design o p t i m i z t l t i o n  was b a s e d  o n  t h e r m a l  a n a l y s i s  p e r f o n n e d  by a f i n i t e  e l e m e n t  
compute r  c o d e  d e v e l o p e d  by AiResenrch.  T h i s  o p t i m i z a t i o n  l e d  t o  t h e  ADSR 
d e s i g n  shown i n  F i g u r e  2. T h e  s i n g l e  sandwich c y l i n d r i c a l  p a n e l  w i t h  a n  o f f s e t  
f i n  n a t r i x  o f  4.72 f i n s / c m  ( 1 2  f i n s / i n .  ) has a 1.27-cm (112-in .  ) high- f low p a s s -  
age. The  h e a t  e x c h a n g e r  i s  s u p p o r t e d  by 3 s e r i e s  o f  s l o t t e d  t u b e s  a n d  is  i n s u -  
l a t e d  from t h e  o u t e r  c a s e .  The hear,  exchanger  i s  a b r a z e d  and  welded s t r u c t u r e  
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FIGURE 2.  PHOTOTYPE A I R  BHAYMN RECEIVER 

f a b r i c a t e d  f rom I n c o n e l  b25. The s t a i n l e s s  s t ee l  mount s y s t e m  a l l o w s  f o r  b o t h  
a x i a l  and r a d i a l  e x p a n s i o n  o f  t h e  h e a t  e x c h a n g e r  w i t h  r e s p x t  t o  t h e  e x t e r r i a l  
mi ld  steel  c a s e .  The llncocleci a p e r L u r e  and c l o s e d  end  are f n b r i c a t e d  from 
s i l i c o n  c a r b i d e .  Both t h e  c i r c u l a r  c l o s e d  end p l a t e  and t h e  a p e r t u r e  a s s e m b l y  
are mountcd t o  min imize  h e a t  l o s s  t o  t h e  r e L a t i v e l y  c o l d  r e c e i v e r  c a s e ,  The 
p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  d e s i g n  a r e  shown i n  T a h l e  1. The method 
f o l l o w e d  i n  o p t i c a l  and t h e r m a l  d e s i g n  h a s  p r e v i o u s l y  been r e p o r t e d  and  w i l l  
n o t  be repe i l t cd  here .*  The r e s u l t s  o f  t h e  t h e r m l  d e s i g n  i r i d i c e t e  t h a t  t h e  
ABSH w i l l  p e r f o r m  w i t h  a n  o v e r a l l  e f f i c i e n c y  o f  more thm.  96 p e r c e n t .  

A d e t a i l e d  s t r u c t u r a l  a n a l y s i s  was u n d e r t a k e n  t o  v e r i f y  t h e  adequacy  o f  t h i s  
d e s i g n .  The combined t h e r m a l  and p r e s s u r e - i n d . l c e d  stresses were c a l c u l a t e d  f ~ r  
c r i t i c a l  d e s i g n  e l e m e n t s .  I n  t h e  i n i t i a l  p h a s e s  o f  t h i s  a n a l y s i s ,  it became 
a p p a r e n t  t h a t  a c o n t i n u o u s  i n n e r  and  o u t e r  s h e l l  would n o t  be s u c c e s s f W .  T h i s  
c o n c l u s i o n  ras based  on t h e  t h e r m a l  g r a d i e n t  t h a t  is  c a l c u l a t e d  t o  e x i s t  between 
t h e  i n n e r  and o u t e r  s h e l l  ( s e e  i n  F i g u r e  3 ) .  The peak h e a t  input,  t o  this c y l i n -  
d e r  o c c u r s  a p p r o x i m a t e l y  l / 3  o f  t h e  d i s t a n c e  toward  t h e  c l o s e d  end. A t  t h a t  
po i : , t ,  9 110°C ( 2 3 0 % : ' )  t h e r m a l  g r a d i e n t  e x i s t s  between t h e  two s u r f a c e s .  The 
t k r m a l l y  c r e a t e d  stress, which d e v e l o p s  as t h e  r e s u l t  o f  ,,he? d i f f e r e n t i a l  
e x p a n s i o n  o f  t h e  two c o n t i n u o u s  c y l i n d e r s ,  s i g r ~ i f i c a n t l j  e x c e e d s  t h e  r a t e r i a l  
s t r e n g t h  l inits.  

*M.   re even, M. Coombs, and J. Eastwood,  The Des ign  o f  8 S3l f i r  R e c e i v e r  f o r  a 
2 5 - k ~ ( e )  Gas T u r b i n e  h g i n e ,  p i p e r  p r e s e n t e d  a t  t h e  Gas T u r b i n e  D i v i s i o n  
Conference  o f  t h e  American S o c i e t y  o f  Mechanica l  E n g i n e e r s ,  March 1980. 



TABLE 1 

PHYSICAL CHARACTERISTICS OF THE kESR 

Materials 
Heat e x c h a n g e r  
I n s u l a t i o n  
Case 
A p e r t u r e  

R e c e i v e r  
Weigh t ,  k g  ( l b  ) 
L e n g t h ,  cm ( i n . )  
Diameter, cm ( i n .  ) 

Heat e x c h a n g e r  
L e n g t h ,  cm ( i n . )  
Diameter, cm ( i n . )  
S k i n  t h i c k n e s s ,  crn ( i n .  ) 
F i n  t h i c k n e s s ,  cm ( i n . )  

A p e r t u r e  
Diameter, cm ( i n .  ) 
C o n i c s 1  h e i g h t ,  cm ( i n .  ) 

I n c o n e l  625 
C e r a b l a n k e t  
Mild s teel  
S i l i ~ d n  c a r b i d e  

_c~ 
0UTF.R WALL., f l M  C A S U O l  

[--A.-T-~ 7 1 r .  1 . .  , mi=:\- 

z CM (INCHES) 
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FIGURE 3.  FUCEiVER T H E W  GRADIENTS 



The thermal gradient  cauld be decreased by increasing t h e  performance and 
conductive c ross  sec t ion  of t h e  f i n ;  however, t h e  a i r  pressure drop l imi t a t ion  
~f 2.5 percent AP/P t o t a l  i s  not cons is ten t  with t h i s  approach. 

A s  a consequence, it was decided t o  segment t h e  inner  surface,  and based 
on t h e  r e s u l t s  obtained by ana lys is ,  36 segments were selected.  The s t r e s s  
values of var laus c r i t i c a l  design elements a r e  shown i n  Table 2. These s t r e s s e s  
were obtained by developing a s t r u c t u r a l  m d e l  of a segment and applying t h e  
previously calculated temperatures a s  wel l  e s  operating pressures. The ana lys i s  
revealed t h a t  t h e  uni t  was cycle- l i fe  l imited as compared t o  operating-time 
limited. The inner surface of t h e  u n i t  at t h e  p i n t  cf miximum thermal grad ien t  
could be expected t o  withstand 6,000 f u l l  s t a r t i s t o p  excursions p r i o r  t o  i n i t i s l  
f racture.  This i s  an acceptable value fo r  a prototype configuration. The 
s t r u c t u r a l  adequacy of t h e  remaining design components, including t h e  rece iver  
munting,  heat exchanger supports,  and nanifolds ,  was ver i f ied .  None of t hese  
elements a r e  s t ressed t o  a l imi t ing  degree. This  completed t h e  ana lys is ,  and 
t h e  design was released for  fabricat ion.  

TABLE 2 

ABSR OPERATING STRESSES 

Temperature, S t r e s s ,  
Locat ioi: 'C ( O F )  MPa (kps i )  

Inner skin 
Outer skin 
Fin 

RECENEH FABRICATION 

The c r i t i c a l  fabr ica t ion  processes f o r  t h e  ABSR a r e  these:  forming t h e  o f f s e t  
heat t r a n s f e r  f i n ,  joining of t h e  heat exchanger i n t o  a continuous s t ruc tu re ,  
and mrrufa..turc of t h e  s i l i c o n  carbide components. 

Fin fabr ica t ion  requires  complex form tooling. The la rge  ava i lab le  inventory 
of these too ls  permits s e l ec t ion  from a number of d i f f e r e n t  f i n  geometries. 
During f i n  fabr ica t ion ,  t h e  formed f i n  was reduced from t h e  12.7-mrn (0.5-in. ) 
height  selected i n  design t o  6.35 mm (0.25 in .)  and then contoured t o  t h e  
cy l ind r i ca l  surfcce. The lower f i n  heist was se lec ted  fo r  t h e  f ab r i ca t ion  
because it allowed t h e  bes t  match with tile desired f i n  contour,  given ex i s t i ng  
f i n  tooling. The flow passage height was rmintained a t  12.7 mm (9.5 in .)  by 



u s i n g  two f i n  s e g m n t s  s t a c k e d  o n e  on  t o p  of t h e  a t h e r .  The p r i n c i p a l  d e t a i l  
part8 of t h e  h e a t  exchanger assembly are shown i n  F i g u r e  4. 

The h e a t  exchanger  m e  i n i t i a l l y  brazed  i n  t h r e e  e q u a l  120-deg h i l l - l e n g t h  styr- 
ments, u t i l i x i n g  a n  a tmosphere  fbrnace.  The segments were assembled,  t a c k  
welded, and t h e n  r e b r a z e d  fbr a con t inuous  s t r u c t u r e .  The two-stage b r a z e  pro- 
c e d u r e  a l s o  a l lowed f o r  t h e  b r a z e  a t t acbmcn t  o f  t h e  m u n c i n g  r i n g s  and  t h e  nrrni- 
f o l d  s t r u c t u r e  ( s e e  F i g u r e  5 fbr  a photograph o f  t h e  comple ted  h e a t  exchanger  
assembly p r i o r  t o  mani fo ld  a t t achmen t ) .  Fol lowing f i n a l  b raze ,  t h e  i n l e t  and  
o u t l e t  m i f o l d s  and  d u c t i n g  were welded t.o t h e  h e a t  exchanger  t o  form t h e  com- 
p l e t e  h e a t  exchanger  assembly. 

Each assembly was s c b J e c t e d  t o  b o t h  a p r e s s u r e  test and a v e r i f i c a t i o n  of t h e  
p r e d i c t e d  p r e s s u r e  d rop  p r i o r  t o  f i n a l  assembly i n t o  t h e  housing. The p r e s s u r e  
test, which was conducted  a t  446 kPa (64.7 p s i a )  and  a t  roam t empera tu re ,  was 
based upon a n  ASME p r e s s u r e  vessel .  code  type requ i r emen t ;  however, code  cert i f i -  
c a t i o n  was no t  o b t a i n e d ,  because  t h e  number o f  u n i t s  and t h e i r  usage  d i d  n o t  
war ran t  t h i s  ac t . i v i ty .  

The aperture and r e f l e c t i n g  p l a t e  were xanufac tu red  by t h e  Norton Cornpaw, a 
l e a d i n g  m n u f a c t u r e r  of  s i l i c o n  c a r b i d e  components. The 3 - f t  and  2-ft d i a m e t e r  
o f  t h e s e  p a r t s  r e p r e s e n t e d  a s ig l . i f  i c a n t  f a b r i c a t i o n  t a s k ,  b u t  Norton met t h e  
cha l lenge .  These parts were s l i p - c a s t  t o  t h e i r  f i n i s h e d  dimensions. 

The f i r s t  c m p l e t e d  A B R  (shown i n  F i g u r e  6 )  was de l i -be red  t o  JPL i n  September 
1980; t h e  second,  i n  November. Unit  t e s t i n g  i s  d i s c u s s e d  i n  t h e  fo l lowing  
s e c t  ion. 

RECEII'ER TEST AND EVALUATION 

The AER was des igned t o  met  s e v e r a l  requirements .  P r i m r i l y  concz  ved as 
part of a d i s t r i b u t e d  e l e c t r i c a l  power generation m d u l c ,  it w i l l  a l s o  be used 
t o  h e a t  gases f o r  a ~p_rieLq)t o f  o t h e r  purposes ,  such as  h e a t i n g  p r o c e s s  gas 
strctuns, p r e h e a t i n g  combustion gases, and p r o v i d i n g  h e a t  f lows f o r  i n d u s t r i a l  
p r o c e s s e s  t h a t  f o r  economic o r  s a f e v  r easons  do  no t  u s e  l i q u i d s .  Thus t h e  
t e s t i n g  program was des igned t o  i n c l u d e  a wide r a n g e  o f  c o n d i t i o n s  t o  demn-  
s t r a t e  t h e  v e r s a t i l i t y  of t h e  ABSR i n  maw a p p l i c a t i o n s .  

I n i t i a l  tests on e a c h  ABSR were performed a t  AiResrarch;  t h e s e  c o n s i s t e d  o f  
leakage ,  proof p r e s s u r e ,  and flow c o n t i n u i t y  tests  t o  e n s u r e  b a s i c  n rchan ica l  
i n t e g r i t y .  A l l  tests were conducted  a t  e s s e n t i a l l y  ambient  t empera tu re s .  
Performance testing w i l l  b e  conducted a t  JPL ' s  P a r a b o l i c  D i sh  T e s t  S i t e  ( s e e  
F igu re  7 ) .  There ,  two 11-m-dia test bed c o n c e n t r a t o r s  have been i n s t a l l e d .  Or.  
a c l e w  day each can  c o n c e n t r a t e  a b o u t  82 k ~ ( t h )  i n t o  a 20.3-cm ( b i n . )  d i a  
f o c a l  spo t .  In a d d i t i o n ,  a n  e x p e r t  t e s t  s t a f f  and all necessa ry  s u p p o r t  equip-  
ment, i !~c lud ing  i n s t r u m n t a t i o n ,  a computerized data a c q u i s i t i o n  system, and 
shops ,  a r e  a v a i l a b l e .  

Air f low i n  -.rovided by a 750-cfm diesel-powered sir compressor. Thc a i r  passes 
through a n  a f t e r c o o l e r ,  o i l  s e p a r a t o r ,  d r y e r ,  and f i l t e r  t o  e n s u r e  flow w i t h  
on ly  about  0.05-ppm contaminants .  Flow rates between 0 and 0.43 k g / s e c  (0.93 
l b / s e c )  can be produced, which b r a c k e t s  t h e  0.23 t o  0.27 kg / sec  (0.5 t o  0.6 







This  s e r i e s  of t e s t s  i s  designed primarily t o  a s se s s  t h e  e f f ic iency  and dynamic 
response of t h e  ABSR. L i fe  and fa t igue  t e s t s  w i l l  be conducted l a t e r  a s  
resources p e m i  t. 

Testing i s  scheduled t o  begin i n  midjarnary  1981, with i n i t i a l  da ta  t o  be 
ava i lab le  within a month. Variable winter weather i s  a problem on t h e  high 
deser t ,  but a maximum e f f o r t  i s  b e i w  made t o  hold t o  t h i s  schedule. 




