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ABSTRACT 

Hea t - r ece ive r  t u b e s  were t e s t e d  a s  p a r t  of an  i n v e s t i g a t i o n  
o f  a h e a t  r e c e i v e r  f o r  a s o l a r  Brayton-cycle power system. The 
t u b e s  were designed t o  s t o r e  excess  s o l a r  energy d u r i n g  t h e  or- 
b i t a l  s u n l i t  p e r i o d  and then  t o  t r a n s f e r  t h e  h e a t  energy t o  t h e  
f lowing gas  d u r i n g  the o r b i t a l  shade p e r i o d .  I n  t h i s  way con- 
s t a n t  t he rma l  i n p u t  t o  t h e  Brayton system would b e  maintained 
over t h e  e n t i r e  o r b i t .  The t u b e s  u t i l i z e d  t h e  h e a t  of  f u s i o n  
of l i t h i u m  f l u o r i d e  a s  t h e  h e a t - s t o r a g e  medium and were designed 
t o  accommodate the 23-percent volume change of LiF d u r i n g  phase 
changes 

The columbium-1% zirconium t u b e s  ope ra t ed  under a s imula t ed  
o r b i t a l  c o n d i t i o n  f o r  2002 hour s  and 1 2 5 1  sun-shade c y c l e s  be- 
f o r e  going i n t o  a scheduled shutdown. Although t h e r e  were no 
g r o s s  d i s t o r t i o n s  o f  t h e  convoluted LiF-storage t u b e s ,  l o c a l  
d i s t o r t i o n s  were d e t e c t e d .  During o p e r a t i o n ,  t h e  g a s  d i s c h a r g e  
t empera tu re  v a r i e d  from 30' below nominal a t  the end of the 
shade p e r i o d  t o  50' above a t  t h e  end of  s u n l i t  pe r iod ,  S u r f a c e  
t empera tu res  a long  t h e  t u b e  ranged from 1410' F t o  1670' F. 
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SUMMARY 

The e f f e c t i v e  use  o f  a s p a c e  power system based on t h e  
Brayton c y c l e  with s o l a r  h e a t i n g  is h i g h l y  dependent upon the 
performance of the s o l a r - h e a t  r e c e i v e r .  T h i s  r e c e i v e r  must 
s t o r e  excess  s o l a r  energy d u r i n g  t h e  s u n l i t  p e r i o d  and then  
t r a n s f e r  t h i s  s t o r e d  energy t o  t h e  Brayton system d u r i n g  
shade t i m e  i n  o r d e r  t o  ma in ta in  c o n s t a n t  t he rma l  i n p u t  over 
the e n t i r e  o r b i t .  I n  t h e  r e c e i v e r  d e s i g n ,  t h e  the rma l  s t o r -  
age  and h e a t  t r a n s f e r  t o  t h e  Brayton-cycle working f l u i d  (gas) 
i s  accomplished by t h e  use  of c o a x i a l  t u b e s  w i t h  g a s  f lowing  
i n  the i n n e r  t u b e ,  l i t h i u m  f l u o r i d e  l o c a t e d  i n  t h e  annulus  
and w i t h  incoming h e a t  t r a n s m i t t e d  through t h e  o u t e r  tube. 
The t u b e s  were designed t o  o p e r a t e  under g r a v i t y  c o n d i t i o n s  
r ang ing  from 0- t o  1-g, The o u t e r  ( coax ia l )  t u b e  was 
bellows-shaped (convoluted) s o  t h a t  the  the rma l - s to rage  s a l t  
would b e  d i s t r i b u t e d  a l o n g  t h e  flow l e n g t h  i n  n e a r l y  s e l f -  
contained u n i t s ,  Both tubes were made from columbium-1% zir- 
conium 

A s  p a r t  of the development o f  t h e  f u l l  r e c e i v e r ,  t e s t s  
were conducted on t h r e e  r e c e i v e r  t u b e s  under c o n d i t i o n s  simu- 
l a t i n g  a near -Ear th  o r b i t a l  mission;  i , e . ,  w i t h i n  a vacuum 
chamber and with r a d i a n t  h e a t e r s  on a 60-minutes-on, 36- 
minutes-off  cont inuous cyc le .  The i n i t i a l  t e s t  was conducted 
w i t h  a h i g h - s o l a r - a b s o r p t i v i t y  c o a t i n g ,  Pe2TiO5, on the out- 
s i d e  s u r f a c e  o f  the convoluted tube, A f t e r  150 hour s  o f  
t e s t i n g ,  t h e  c o a t i n g  was found t o  have decomposed, and t h e  
b a s e  me ta l  t o  be  contaminated w i t h  oxygen from t h e  c o a t i n g e  
I n  the second phase of t e s t i n g ,  no c o a t i n g  was used; i n s t e a d ,  
t h e  b a r e  columbium-1% zirconium tube s u r f a c e  was g r i t - b l a s t e d  
t o  i n c r e a s e  its s o l a r  a b s o r p t i v i t y ,  R e s u l t s  showed t h a t  t h e  
g r i t - b l a s t e d  approach provided a s t a b l e  s u r f a c e  w i t h  adequate  
s o l a r  a b s o r p t i v i t y .  

T e s t i n g  proceeded f o r  2002 hour s  and 1251 sun-shade c y c l e s  
b e f o r e  t e r m i n a t i n g  i n  a scheduled shutdown., P o s t - t e s t  inspec-  
t i o n  r e v e a l e d  no gross d i s t o r t i o n s ,  b u t  l o c a l  d i s t o r t i o n s  d i d  



occur  i n  i n d i v i d u a l  convolu t ions  (bellows) i n  t h e  g a s - i n l e t  
reg ion .  Measured tempera tures  a long  t h e  t u b e  ranged from 
1410' F t o  1670' F. I n  a d d i t i o n ,  t h e  tempera ture  a t  each 
tube - su r face  l o c a t i o n  v a r i e d  du r ing  a t y p i c a l  sun-shade cyc le .  
Th i s  v a r i a t i o n  i n  t u b e  tempera ture  was a t  l e a s t  p a r t l y  r e -  
f l e c t e d  i n  t h e  gas  d i s c h a r g e  tempera ture ,  The g a s  v a r i e d  
from 30' below t o  50' above t h e  nominal va lue  of  1500° F and 
was r e p e a t a b l e  f o r  t h e  1 2 5 1  cyc le s .  Th i s  v a r i a t i o n  was with-  
i n  t h e  des ign  g o a l  of  r e c e i v e r  performance. 

INTRODUCTION 

I n  space ,  e l e c t r i c  power can be genera ted  by t h e  conver- 
s i o n  o f  s o l a r  hea t .  If a so l a r -hea ted  powerplant is i n  Ea r th  
o r b i t  however, t h e r e  w i l l  be  p o r t i o n s  of t h e  o r b i t  du r ing  
which t h e  powerplant i s  i n  t h e  E a r t h P s  shadow. Any des ign  of 
such a powerplant i n  an o r b i t i n g  c r a f t  must t h e r e f o r e  cons ide r  
t h e  s t o r a g e  of  thermal  energy f o r  use  du r ing  t h e  shadow per iod .  
One system t h a t  could be  cons idered  f o r  an o r b i t a l  mission and 
t h a t  could u t i l i z e  s o l a r  energy is based on t h e  Brayton cyc le .  
The Brayton c y c l e ,  shown schemat i ca l ly  i n  f i g u r e  1, employs a 
dynamic power system i n  which t h e  working f l u i d  g a i n s  energy 
from an  o u t s i d e  sou rce  (such a s  from t h e  Sun) and u s e f u l l y  con- 
v e r t s  it t o  e l e c t r i c a l  energy through t h e  turbomachinery.  

A t  t h e  p r e s e n t  t i m e ,  a Brayton-cycle system is being i n -  
v e s t i g a t e d  by t h e  L e w i s  Research Center  p r i m a r i l y  f o r  u se  w i t h  
an i s o t o p e  h e a t  source .  Th i s  same system, however, could be 
used wi th  s o l a r  h e a t i n g  a s  w e l l .  T o  provide  f o r  t h i s  s o l a r -  
h e a t i n g  o p t i o n ,  a s o l a r - h e a t  r e c e i v e r  has  been designed and 
f a b r i c a t e d .  A photograph of t h e  a c t u a l  s o l a r - h e a t  r e c e i v e r  
is shown i n  f i g u r e  2. 

The thermal  s t o r a g e  and h e a t  t r a n s f e r  t o  t h e  working f l u i d ,  
a gaseous mixture  of  helium and xenon, a r e  accomplished by t h e  
use  of  48 c o a x i a l  p a i r s  of  t ubes .  Gas f lows  through t h e  i n n e r  
t u b e ,  and l i t h i u m  f l u o r i d e  is confined w i t h i n  t h e  annu la r  vo l -  
ume (see f i g u r e  3 ) .  
p a r t  of  t h e  h e a t  t r a n s f e r r e d  through t h e  ou te r - tube  s u r f a c e  is 
t r a n s f e r r e d  t o  t h e  f lowing  gas .  The remainder l i q u e f i e s  t h e  
s o l i d  s a l t .  During t h e  shadow p e r i o d ,  t h e  l i q u i d  LiF s o l i d i -  
f i es ,  g i v i n g  up i ts  l a t e n t  h e a t  t o  t h e  gas .  I n  t h i s  way, t h e  
gas-d ischarge  tempera ture  is expected t o  s t a y  e s s e n t i a l l y  
c o n s t a n t  throughout  t h e  e n t i r e  o r b i t .  

During t h e  s u n l i t  pe r iod  of  t h e  o r b i t ,  

A prime concern i n  t h e  des ign  of  t h e  t u b e s  was t h a t  of  
c o n t r o l l i n g  t h e  d i s t r i b u t i o n  of  t h e  LiF. I n  changing from a 
l i q u i d  t o  a s o l i d  phase,  t h e  LiF undergoes a 23-percent de- 
c r e a s e  i n  volume, Without due c o n s i d e r a t i o n  f o r  t h i s  sheink-  
age ,  t h e  void volume could be d i s t r i b u t e d  adve r se ly  and cause 

2 



i nadequa te  h e a t i n g  o f  the gas ,  Without LiF i n  c o n t a c t  w i t h  
t h e  t u b e  s u r f a c e  i n  o r d e r  t o  abso rb  some o f  t h e  s o l a r  energy 
i n c i d e n t  on t h a t  r e g i o n ,  t h e  ou te r - tube  s u r f a c e  could over- 
h e a t  d u r i n g  t h e  s u n l i t  p e r i o d ,  
must be a b l e  t o  o p e r a t e  under 1-g a s  w e l l  a s  0-g f u r t h e r  aggra- 
v a t e s  t h e  L i F  d i s t r i b u t i o n  problem, 

The requirement  t h a t  the  tubes 

The des ign  upon which t h e  t u b e s  were b u i l t  c a l l s  f o r  a 
convoluted o u t e r  t u b e ,  t h e  neck o f  which is w i t h i n  0.030 i n c h  
o f  t h e  i n n e r  t ube .  A t  t h e  o n s e t  of f r e e z i n g ,  t h e  c l e a r a n c e  
between t h e  t u b e s  is expected t o  be  plugged w i t h  s o l i d  LiF, 
s e a l i n g  t h e  remaining L iF  w i t h i n  each convolut ion.  I n  t h i s  
way, LiF would remain p r o p e r l y  d i s t r i b u t e d  a l o n g  t h e  a c t i v e  
h e a t - t r a n s f e r  l e n g t h  o f  t h e  t u b e  d u r i n g  me l t ing  and f r e e z i n g ,  
under e i t h e r  I- o r  0-g, 

The i n n e r  t u b e  is 1% i n c h e s  i n  d i ame te r  w i t h  c i rcumferen-  
t i a l  grooves r o l l e d  a t  1- inch i n t e r v a l s .  The grooves s e r v e  t o  
i n c r e a s e  t h e  g a s - s i d e  convec t ive  h e a t - t r a n s f e r  c o e f f i c i e n t  t o  
t h a t  v a l u e  r e q u i r e d  t o  a t t a i n  t h e  des ign  d i s c h a r g e  temperature .  

Columbium-1% zirconium (Nb-lZr) was used f o r  t h e  t u b e  
m a t e r i a l  a s  w e l l  a s  b e i n g  used throughout  t h e  h e a t  r e c e i v e r .  
The h i g h  c o n d u c t i v i t y ,  t h e  low e l a s t i c  modulus, t h e  low co- 
e f f i c i e n t  o f  t he rma l  expansion,  and t h e  t empera tu re  t o l e r a n c e  
o f  t h i s  r e f r a c t o r y ,  a l low l a t i t u d e  i n  des ign ing  f o r  extended 
s t r u c t u r a l  l i f e  a t  t h e  expected e l e v a t e d  t empera tu re  l e v e l s ,  

The h e a t - f l u x  d i s t r i b u t i o n  absorbed by t h e  convoluted 
t u b e  depends upon t h e  a b s o r p t i v e  and emissive p r o p e r t i e s  of 
t h e  s u r f a c e .  S i n c e  t h e  g a s - s i d e  c a p a b i l i t y  was designed on 
t h e  b a s i s  o f  a h e a t  f l u x  d i s t r i b u t i o n  c l o s e  t o  t h a t  o f  t h e  
i n c i d e n t  s o l a r  f l u x ,  a h i g h  v a l u e  o f  s o l a r  a b s o r p t i v i t y  was 
deemed necessary.  An a n a l y s i s  d e s c r i b e d  i n  r e f e r e n c e  1 con- 
f i r m s  t h e  importance o f  s u r f a c e  a b s o r p t i v i t y  w i t h i n  t h e  re- 
c e i v e r .  To o b t a i n  a h i g h  v a l u e ,  t h e  t u b e s  were coated w i t h  
i r o n  t i t a n a t e .  To o b t a i n  a h i g h  v a l u e  wi thou t  c o a t i n g ,  
a n o t h e r  s e t  o f  t u b e s  was g r i t  b l a s t e d ,  Both t y p e s  o f  s u r -  
f a c e s  were t e s t e d ,  

I n  t h i s  i n v e s t i g a t i o n ,  t h e  heat-transfer/storage-tube 
des ign  was eva lua ted  i n  terms o f  its impact on t h e  perform- 
ance  o f  the t o t a l  r e c e i v e r ,  A s  such ,  t h e  fo l lowing  items 
were deemed a s  key a r e a s  of concern: 

1, Heat t r a n s f e r  t o  and p r e s s u r e  drop of t h e  gas .  

2.  V a r i a t i o n  i n  g a s - o u t l e t  t empera tu re  d u r i n g  the 
o r b i t a l  pe r iod .  
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3, L o c a l i z a t i o n  o f  t h e  LiF. Do t h e  convolu t ions  
adequate ly  prevent  l o n g i t u d i n a l  migra t ion  of  the 
LiF, o r  is t h e  migra t ion  s o  s e r i o u s  t h a t  thermal  
performance is impaired? 

4. Mechanical i n t e g r i t y  of t h e  tubes ,  Do t h e  con- 
v o l u t i o n s  d i s t o r t  o r  f a i l  i n  f a t i g u e  under the 
thermal  c y c l i n g  imposed by success ions  of  sun-shade 
opera t ion  ? 

5, S t a b i l i t y  of i r o n  t i t a n a t e  i n  t h i s  a p p l i c a t i o n .  

A complete thermal  a n a l y s i s  of  t h e  s o l a r - r e c e i v e r  t u b e s  
t h a t  adequate ly  e v a l u a t e s  its performance p r e s e n t s  a formi- 
dab le  t a s k .  Any s tudy  o r  exper imenta l  i n v e s t i g a t i o n  t h a t  
has  been undertaken t h u s  f a r  on a thermal  s t o r a g e  des ign  has  
been based on r e l a t i v e l y  s imple geometr ies ,  most noteworthy 
be ing  t h o s e  of R. A ,  McKinnon ( re f ,  2 ,  3 ,  4)-  The configu-  
r a t i o n s  s t u d i e d  inc luded  t h e  ' s a l t  (LiF or  LiH) between two 
t h i c k  p l a t e s  w i t h  and wi thou t  f i n s ,  and a l s o  inc luded  t u b e s  
con ta in ing  f lowing  g a s ,  immersed i n  a b a t h  of  s a l t ,  

The p r e s e n t  des ign ,  c o n s i s t i n g  of a convoluted geometry, 
r e n d e r s  h e a t - t r a n s f e r  a n a l y s i s  most d i f f i c u l t .  T h i s  is 
apparent  when one cons ide r s  such f a c t o r s  w i t h i n  a s i n g l e  con- 
v o l u t i o n  a s  t h e  c o n t i n u a l l y  va ry ing  phase percentage  of  t h e  s a l t  
du r ing  t h e  sun-shade c y c l e ,  vo id  formation and d i s t r i b u t i o n  a s  
t h e  s a l t  s o l i d i f i e s ,  and thermal  r a d i a t i o n  between t h e  given 
convolu t ion  and t h e  t o t a l  r e c e i v e r ,  These f a c t o r s  a l l  a f f e c t  
t h e  h e a t  t r a n s f e r  from a convolut ion t o  t h e  gas  and, cumula- 
t i v e l y  , a f f e c t  the  gas-d ischarge  temperature .  These f a c t o r s  
a l s o  determine t h e  thermal  s t resses  on t h e  convolut ions.  

Because of  the complexity o f  a n a l y s i s ,  it was decided t o  
e v a l u a t e  the r e c e i v e r  t u b e  des ign  exper imenta l ly  by s u b j e c t -  
i n g  t h r e e  such t u b e s  t o  c o n d i t i o n s  s i m u l a t i n g  an o r b i t a l  
mission. A conf igu ra t ion  of t h r e e  t u b e s ,  s ide-by-s ide ,  was 
chosen w i t h  t h e  two o u t s i d e  tubes used a s  guards t o  provide  
t h e  c o r r e c t  thermal  environment f o r  t h e  c e n t e r  tube ,  I n  
t h i s  way, t h e  middle t u b e  would exper ience  the same r a d i a t i o n  
in t e rchange  w i t h  the a d j a c e n t  t u b e s  a s  i n  t h e  r e c e i v e r ,  The 
t u b e s  were t e s t e d  i n  a vacuum chamber and exposed t o  an 
e l e c t r i c a l l y  powered r a d i a n t  h e a t e r .  I n  s imula t ion  of  a low- 
a l t i t u d e  a r b i t ,  the  hea t - inpu t  r a t e  was a p p l i e d  p e r i o d i c a l l y ,  
60 minutes on and 36 minutes o f f .  T e s t  t i m e  under t h e s e  
s imula ted  c o n d i t i o n s  t o t a l l e d  2002 hours  Helium-xenon was 
c i r c u l a t e d  through t h e  t u b e s  under cond i t ions  s i m u l a t i n g  
ope ra t ion  i n  t h e  Brayton power system. Sur face  tempera tures  
on the tubes, gas  tempera tures  e n t e r i n g  and l e a v i n g  t h e  t u b e s ,  
and p r e s s u r e  drop through t h e  t u b e s  were measured, 
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T h i s  r e p o r t  e v a l u a t e s  the h e a t - t r a n s f e r / s t o r a g e  tube 
des ign  by p r e s e n t i n g  t h e  performance and p o s t - t e s t  examina- 
t i o n  o f  t h e  2002-hour t e s t  of t h e s e  t h r e e  tubes .  

APPARATUS 

T e s t  Sec t ion  

The t h r e e  r e c e i v e r  tubes were mounted w i t h i n  one-half  o f  
a water-cooled copper box a s  shown i n  f i g u r e  4. Tantalum 
h e a t e r s  t o  s i m u l a t e  the s o l a r  f l u x  t o  the tubes  were mounted 
w i t h i n  t h e  mating h a l f  of t h e  box a s  shown i n  f igure 5 .  The 
r e l a t i v e  p o s i t i o n  between t h e  t u b e s  and the h e a t e r s  w i t h i n  
t h e  c losed  box is i l l u s t r a t e d  i n  f igure 6 .  Columbium and 
molybdenum s h e e t s  func t ioned  a s  r a d i a t i o n  s h i e l d s  between 
the i n t e r i o r  and the copper box. 

The t h r e e  columbium-1% zirconium r e c e i v e r  t u b e s  a r e  of  
i d e n t i c a l  des ign  - a 37-convolute t u b e  f i t t e d  c o a x i a l l y  over a 
l&- inch  d iameter  t ube .  The convoluted tube  i s  made up o f  
d i s c s  formed i n t o  h a l f  convolu t ion  shapes and electron-beam 
welded toge the r .  Dimensions a r e  i n d i c a t e d  i n  f i g u r e  7 and 
f a b l e  I. The volume between t h e  t u b e s  was f i l l e d  w i t h  molten 
l i th ium f l u o r i d e  a t  a f i l l  tempera ture  of  1750' F. T h i s  t e m -  
p e r a t u r e  is 190' above the s a l t ' s  mel t ing  temperature .  I t  is 
a l s o  about  90° above t h e  h o t t e s t  t empera ture  a t  which t h e  re- 
c e i v e r  is  expected t o  ope ra t e ;  t h u s  provid ing  a d d i t i o n a l  volume 
f o r  thermal  expansion. A r a d i a l  c l ea rance  of  0,015 inch  i s  
provided between the  neck of  the  convolu t ions  and t h e  i n s i d e  
t u b e  t o  a l low f o r  t r a n s f e r  of  the  molten s a l t  from one convolu- 
t i o n  t o  t h e  nex t  du r ing  the f i l l i n g  opera t ion .  Th i s  s m a l l  
annulus ,  a s  mentioned p rev ious ly ,  enables  a f rozen  LiF b a r r i e r  
t o  b e  formed r e a d i l y  du r ing  an o r b i t a l  mission thereby  maintain-  
i n g  t h e  proper  d i s t r i b u t i o n  o f  s a l t  a long  the  tube .  The convolu- 
t i o n  volume v a r i e s  a long  t h e  l e n g t h  of  the tube i n  p ropor t ion  
t o  the s o l a r  h e a t  f l u x  impinging upon it, The i n s i d e  t u b e  
through which t h e  gas  f lows is grooved c i r c u m f e r e n t i a l l y  every 
inch  f o r  36 inches. These grooves f u n c t i o n  a s  t u r b u l a t o r s  t o  
i n c r e a s e  gas  s ide -hea t  t r a n s f e r .  

I n  t h e  i n i t i a l  performance tests,  the o u t e r  s u r f a c e  of  the 
convolu t ions  was coa ted  w i t h  plasma-sprayed i r o n  t i t a n a t e  
(Fe2Ti05). For t h e  endurance t e s t ,  no c o a t i n g  was used. In-  
s t e a d ,  t h e  o u t e r  s u r f a c e  was g r i t - b l a s t e d  wi th  250-micron A1203 
p a r t i c l e s .  I n  b o t h  cases  t h e  i n t e n t  was t o  produce a high 
s o l a r - a b s o r p t i v e ,  emiss ive  s u r f a c e .  Reference 1 d i s c u s s e s  t h e  
i n f l u e n c e  of  a range  of  t h e s e  r a d i a t i o n  p r o p e r t i e s  and concludes 
t h a t  wh i l e  bo th  a r e  important  t o  r e c e i v e r  performance, s o l a r  
a b g o r p t i v i t y  is p r i m a r i l y  so.  Though t h e  i r o n  t i t a n a t e  c o a t i n g  

5 



i n d i c a t e d  h ighe r  absorp tance  va lues  and t h e r e f o r e  was more 
d e s i r a b l e ,  t h e r e  was a m e t a l l u r g i c a l  and p h y s i c a l  breakdown 
of t h e  c o a t i n g  du r ing  t h e  i n i t i a l  t e s t .  T h i s  r e s u l t  p r e c i p i -  
t a t e d  t h e  d e c i s i o n  t o  swi t ch  t o  t h e  g r i t - b l a s t e d  tubes .  
c o a t i n g  breakdown is  desc r ibed  i n  d e t a i l  i n  a l a t e r  s e c t i o n  
of t h i s  r e p o r t .  

The 

Heaters  w i t h i n  t h e  t e s t  s e c t i o n  f a l l  i n t o  two c l a s s i f i c a -  
t i o n s  - t h e  primary h e a t e r  which b a s i c a l l y  p rov ides  t h e  d i s -  
t r i b u t i o n  of t h e  s o l a r  h e a t  f l u x ,  and t h e  guard h e a t e r  which 
is used t o  e l i m i n a t e  h e a t  l o s s  from t h e  back s i d e  of  t h e  
primary h e a t e r .  Two r a d i a t i o n  s h i e l d s  s e p a r a t e  t h e  primary 
h e a t e r  from t h e  guard.  The primary h e a t e r  is d iv ided  i n t o  
f i f t e e n  zones ranging  i n  l e n g t h  from 2 inches  t o  4 inches  
a long  t h e  tube  a x i s .  The guard h e a t e r  is d iv ided  i n t o  4 
zones r ang ing  from 8 t o  1 2  inches  a long  t h e  a x i a l  l eng th .  
Each zone i n  b o t h  t h e  primary and guard h e a t e r s  is s e p a r a t e l y  
c o n t r o l l e d .  

Radia t ion  s h i e l d i n g  i n  t h e  form of f o u r  t h i n  s h e e t s  ( inner -  
most s h e e t  columbium, t h e  o u t e r  t h r e e ,  molybdenum) was i r l s t a l l e d  
on a l l  i n t e r i o r  s u r f a c e s  of  t h e  copper box except  f o r  t h e  a r e a  
behind t h e  tubes .  Here, 20 t h i n  columbium s h e e t s ,  h e l d  a p a r t  
by s u r f a c e  dimples  were i n s t a l l e d  f o r  t h e  i n i t i a l  t e s t ,  For 
t h e  endurance phase of t e s t i n g ,  a 60- layer ,  compact, m u l t i f o i l  
h e a t  s h i e l d  (20 l a y e r s  molybdenum, 40 l a y e r s  n i c k e l )  was added 
behind t h e  tubes .  The a d d i t i o n a l  i n s u l a t i o n  served  t o  reduce 
h e a t  l o s s  f u r t h e r .  

T e s t  F a c i l i t i e s  

The f a c i l i t y  used f o r  t e s t i n g  t h e  t h r e e  r e c e i v e r  t u b e s  
f e a t u r e d  a vacuum t a n k  t h a t  housed t h e  t e s t  s e c t i o n  and main- 
t a i n e d  p r e s s u r e  i n  t h e  10-8 t o r r  range.  

The c losed  gas  system is shown a s  a schemat ic  i n  f i g u r e  8. 
I n  o p e r a t i o n ,  a diaphragm compressor was t h e  d r i v i n g  f o r c e  t o  
c i r c u l a t e  t h e  gas  around t h e  loop,  A bypass  l i n e  was inco rpora t ed  
t o  c o n t r o l  t h e  flow r a t e  t o  t h e  t e s t  s e c t i o n ,  The d i scha rge  g a s  
from t h e  compressor was passed through a water-cooled h e a t  ex- 
changer s o  t h a t  i ts  flow r a t e  could be measured a t  a c o n s t a n t  
temperature .  Because diaphragm compressors a r e  known t o  o p e r a t e  
w i t h  a s i g n i f i c a n t  amount of p r e s s u r e  o s c i l l a t i o n ,  s u r g e  t a n k s  
were i n s t a l l e d  on bo th  t h e  upstream s i d e  of  t h e  compressor and 
t h e  downstream s i d e  t o  minimize t h i s  e f f e c t .  The p r e s s u r e  os- 
c i l l a t i o n s  du r ing  t h e  t e s t  were damped from approximately 210 p s i  
st t h e  compressor t o  2% p s i  a t  t h e  t e s t  s e c t i o n ,  
was measured b e f o r e  t h e  flow w a s  d iv ided  a s  w e l l  a s  i n  each of  
t h e  t h r e e  l i n e s .  Flow r a t e  was c o n t r o l l e d  by a va lve  i n  each 
l i n e .  A f inned  h e a t e r  rod  f u n c t i o n i n g  a s  a p r e h e a t e r  hea ted  

Gas flow r a t e  

6 



t h e  f lowing  g a s  from room tempera tu re  t o  approximately 
1200' F. 
v i d e  f i n e  c o n t r o l  o f  g a s  i n l e t  t empera tu re  t o  each tube. 

A t r i m  h e a t e r  f u r t h e r  downstream se rved  t o  pro- 

The g a s  t h e n  passed through t h e  t e s t  s e c t i o n  o r i e n t e d  
s o  t h a t  t h e  t u b e s  were 21%' from t h e  v e r t i c a l ,  the  same a n g l e  
a s  the tubes i n  the r e c e i v e r  w i t h  the  r e c e i v e r  a x i s  v e r t i c a l .  
This can b e  seen  i n  f igure 9 t aken  w i t h  the l i d  and c o l d  w a l l  
removed from t h e  vacuum tank .  From t h e  t e s t  s e c t i o n ;  the 
t h r e e  l i n e s  merge, p a s s  th rough  t h e  vacuum t a n k  w a l l  and i n t o  
two water-cooled h e a t  exchangers.  The  t h r o t t l e  v a l v e  s e r v e s  
t o  c o n t r o l  t h e  p r e s s u r e  l e v e l  w i t h i n  t h e  t e s t  s e c t i o n .  Cooled 
t o  room t empera tu re ,  t h e  g a s  r e t u r n s  t o  t h e  compressor t o  be 
r e c i r  c u l a t  ed 

B i m e t a l l i c  j o i n t s  were used t o  p rov ide  t h e  tube-to- tube 
connect ion between t h e  s t a i n l e s s  s t e e l  and t h e  columbium. 
These j o i n t s  were o f  tongue-in-groove brazed des ign  a s  shown 
i n  f i g u r e  10  and used a t  t h e  i n l e t  and d i s c h a r g e  f o r  each of 
t h e  three r e c e i v e r  t ubes .  

INSTRUMENTATION 

Temperatures on the columbium r e c e i v e r  tubes and backing 
s h e e t  were measured by c a l i b r a t e d  platinumLplatinum 13% rhodium, 
24-gage thermocouples connected t o  two 24-channel Brown record-  
ers. The c a l i b r a t i o n  t e s t s  showed r e s u l t s  w e l l  w i t h i n  NASA CURE 
s p e c i f i c a t i o n  U-50 and approaching l i m i t s  o f  e r r o r  f o r  I S A  
s p e c i a l - g r a d e  wire.  A p o s t - t e s t  r e c a l i b r a t i o n  was conducted on 
a thermocouple t h a t  was a t t a c h e d  t o  tube No, 2 i n  t h e  h igh -hea t  
f l u x  r eg ion ,  With an immersion o f  6 i nches  i n  the r e f e r e n c e  
oven, t h e  thermocouple i n d i c a t e d  0-7' h i g h e r  and 1-4'  lower 
t h a n  r e f e r e n c e  t empera tu res  a t  1240' F and 1792O F r e s p e c t i v e l y .  
These d i f f e r e n c e s  a r e  w e l l  w i t h i n  t h e  l i m i t s  of  S p e c i f i c a t i o n  
U-50. Within the t e s t  s e c t i o n ,  a l l  P t /P t l3Rh  thermocouples had 
a minimum of  6 i nches  exposed t o  nea r - i so the rma l  surroundings.  

The same t y p e  o f  thermocouple was a t t a c h e d  t o  t h e  two 
s h i e l d s  between t h e  primary and guard h e a t e r s  and connected t o  
i n d i c a t o r s .  Those t empera tu res  t h a t  were n o t  expected t o  ex- 
ceed 200' F ( u s u a l l y  a s s o c i a t e d  w i t h  water-cooled components) 
were measured by means o f  i ron -cons tan tan  thermocouples,  The 
remaining thermocouples were chromel-alumel. Both t h e  i r o n -  
cons t an tan  and chromel-alumel wires m e t  the  ISA s p e c i f i c a t i o n s .  

O f  s p e c i a l  i n t e r e s t  r e g a r d i n g  thermocouple use  is the 
t empera tu re  measurement of t h e  g a s  i n t o  and o u t  o f  t h e  r e c e i v e r  
t ubes .  T o  measure t h e  b u l k  g a s  t empera tu re ,  each thermocouple 
was inco rpora t ed  i n t o  a f low mixer. The mixer was designed t o  
f o r c e  t h e  g a s  t o  flow t u r b u l e n t l y  i n  c o n t i n u a l l y  changing 
d i r e c t i o n s  s o  t h a t  t h e  thermocouples would b e  measuring a t rue  
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averaged gas  temperature .  I n i t i a l l y ,  t h g  flow mixer was 
s e p a r a t e d  from t h e  r e c e i v e r  t u b e  by a 90  elbow and a 
columbium-1% z i r con ium/s t a in l e s s  s t e e l  t r a n s i t i o n  j o i n t .  
T e s t s  w i t h  t h i s  o r i g i n a l  scheme i n d i c a t e d  excess ive  h e a t  
loss  t a k i n g  p l a c e  between t h e  r e c e i v e r  t u b e s  and t h e  mixers.  
For t h e  endurance t e s t ,  a new flow-mixing s e c t i o n  was de- 
s igned  t o  be p o s i t i o n e d  c l o s e  t o  t h e  a c t i v e  l e n g t h  of  t h e  
r e c e i v e r  tube.  T h i s  des ign  is shown i n  f i g u r e  11. Because 
it was designed t o  f i t  i n s i d e  t h e  1%-inch t u b e ,  t h i s  s e c t i o n  
was p o s i t i o n e d  t o  w i t h i n  1 inch  of  t h e  l a s t  convolut ion of  
t h e  tube .  Th i s  des ign  f e a t u r e s  bo th  o u t s i d e  and i n t e r n a l  r a -  
d i a t i o n  s h i e l d s  t o  minimize h e a t  l o s s  o r  h e a t  a d d i t i o n  t o  t h e  
mixed gas .  The i n l e t  gas  tempera ture  was measured i n  t h e  
same manner. 

He-Xe p r e s s u r e s  throughout  t h e  system were measured by Bour- 
don t u b e  gages., Where a c c u r a t e  r ead ings  were r e q u i r e d ,  such a s  
a t  t h e  r e c e i v e r  t u b e  i n l e t  and t h o s e  needed t o  determine gas  
flow r a t e ,  t h e  gages were s p e c i f i e d  to be a c c u r a t e  t o  0 . 1  per-  
cen t  of  f u l l  s c a l e ,  S ince  100 p s i  gages were used,  accuracy 
was w i t h i n  0 . 1  p s i .  C e r t i f i e d  c a l i b r a t i o n  i n d i c a t e d  accuracy 
was w i t h i n  t h e  s p e c i f i c a t i o n .  

0 

P r e s s u r e  drop through t h e  r e c e i v e r  t u b e  was measured only 
d u r i n g  t h e  i n i t i a l  t e s t s .  Measurement was made by v i s u a l ,  
d i r e c t - r e a d i n g  diaphragm d i f f e r e n t i a l  gage wi th  a maximum range  
of  3 inches  of water .  The accuracy was 2 2  percen t  o f  full s c a l e  
o r  a maximum e r r o r  of .06 i nch  of  water .  For t h e  endurance 
t e s t ,  t h e r e  was no a t tempt  t o  measure t h e  r e c e i v e r  t u b e  p r e s s u r e  
drop. Th i s  was due t o  t h e  placement of  t h e  r e l a t i v e l y  h igh  
p r e s s u r e  drop flow mixers w i t h i n  t h e  t u b e s  t h a t  would have 
completely overshadowed t h e  r e c e i v e r  t u b e  measurement 

Rotameters were used t o  measure helium-xenon flow r a t e .  
The in s t rumen t s  were c a l i b r a t e d  by a p o s i t i v e  displacement  w e t  
t e s t  meter t h a t  was a c c u r a t e  t o  1 percen t  of  t h e  flow r a t e  i n  
t h e  range  of  use.  A i r  was used a s  t h e  c a l i b r a t i n g  f l u i d  a t  
t h e  same d e n s i t y  a s  expected f o r  t h e  t e s t  cond i t ion  w i t h  helium- 
xenon. The a c t u a l  d i f f e r e n c e  i n  d e n s i t y  was duly accounted f o r .  

A mass spec t rometer  was used t o  a s c e r t a i n  t h e  composition 
of  t h e  working f l u i d .  The mass spec t rometer  was connected t o  
both  t h e  f l u i d  i n  t h e  gas  loop and t o  t h e  g a s  supply.  I n  t h i s  
way, t h e  gas  supply served  a s  a r e f e r e n c e  wi th  which t o  compare 
t h e  g a s  i n  t h e  system. Care was taken  t o  change t h e  c o n d i t i o n s  
o f  t h e  gas  e n t e r i n g  t h e  ins t rument  a s  l i t t l e  a s  p o s s i b l e  s o  
t h a t  t h e  only v a r i a b l e  i n  ou tpu t  would be g a s  composition. The 
accuracy of t h e  mass spec t rometer  is very much dependent on the 
s c a l e  of measurement, i , e , ,  whether t h e  gas  component t h a t  is 
measured is a major c o n s t i t u e n t  o r  a minute contaminant of  t h e  
sample. I n  both  c a s e s ,  e r r o r  is in t roduced  by e l e c t r i c a l  "noise" 
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and d r i f t .  For t h e  major c o n s t i t u e n t s ,  t h e  o v e r a l l  accuracy 
is  w i t h i n  2 pe rcen t  of f u l l  s c a l e  r eadou t ,  o r  i n  terms of  
i t s  molar percentage  t h e  helium read ing  is  a c c u r a t e  t o  21.3 
p e r c e n t  and xenon t o  2 2 . 1  pe rcen t .  The o v e r a l l  accuracy f o r  
t h e  d e t r i m e n t a l  Contaminants, oxygen and n i t r o g e n ,  is w i t h i n  
1 molar ppm of  t h e  reading .  

EXPERIMENTAL PROCEDURE 

The t e s t  on 3 s o l a r  r e c e i v e r  t u b e s  was o r i g i n a l l y  con- 
ce ived  i n  two phases  - a shor t - te rm t e s t  t o  e v a l u a t e  perform- 
ance,  and an endurance t e s t  t o  determine any change i n  per -  
formance over a r e l a t i v e l y  long pe r iod  of  t ime. A comparison 
of  t h e  two tests is shown i n  t h e  fo l lowing  t a b u l a t i o n .  

Short-Term T e s t  Endurance T e s t  

T e s t  Dura t i on 13  1 hours  2002 hours  

Tube Sur face  Coated wi th  G r i t  b l a s t e d  
Fe2Ti05 

Bas i s  of Heat Flux I n c i d e n t  S o l a r  I n c i d e n t  S o l a r  
Flux Flux p l u s  re+ 

c e i v e r  c a v i t y  
r e f l e c t o r s  

I n  t h e  first t e s t ,  a c o a t i n g  of  Fe2Ti05 ( i r o n  t i t a n a t e )  was used 
t o  i n c r e a s e  t h e  e m i s s i v i t y  and s o l a r  absorp tance  of t h e  tubes .  
The i r o n  t i t a n a t e  was i n  t h e  form of powder which was plasma- 
sprayed on to  t h e  t u b e s ,  r e f l e c t o r s ,  and backing s h e e t .  I n  t h e  
second t e s t ,  t h e  b a r e  columbium s u r f a c e s  of  3 new t u b e s  were 
g r i t  b las ted .  by A1203 p a r t i c l e s ,  aga in  t o  i n c r e a s e  t h e  e m i s s i v i t y  
and s o l a r  absorptance.  The s o l a r  f l u x  i n c i d e n t  upon t h e  tubes 
was c a l c u l a t e d  from t h e  r e f l e c t i o n  from a 30-foot  p a r a b o l i c  
mi r ro r  and a s o l a r  h a l f  ang le  of  0°16? .  The i n c i d e n t  f l u x  dis- 
t r i b u t i o n  is shown a s  t h e  h ighe r  peaked curve i n  f i g u r e  12. 
The curve was obta ined  through use of  a computer code developed 
by Shrenk ( r e f .  5 ) .  The shor t - te rm t e s t  was based on f u l l  ab- 
s o r p t i o n  of  t h e  i n c i d e n t  s o l a r  f l u x .  For t h e  endurance t e s t ,  
t h e  n e t  i n p u t  flow t o  t h e  t u b e s  was used. Th i s  f lux d i s t r i b u -  
t i o n ,  seen a s  t h e  second curve i n  f i g u r e  12, is a l s o  based on 
t h e  i n c i d e n t  s o l a r  f l u x  bu t  is reduced by loss  through t h e  re- 
c e i v e r  a p e r t u r e  and t h e  r e f l e c t i v e  in t e rchange  w i t h i n  t h e  r e -  
c e i v e r  cav i ty .  The f u l l  a n a l y s i s  r e s u l t i n g  i n  t h i s  curve  is 
desc r ibed  i n  r e f e r e n c e  1. 

The 3-tube t e s t  was designed t o  o p e r a t e  a t  t h e  same condi- 
t i o n  of  gas  flow p e r  t u b e  a s  i n  a s o l a r  r e c e i v e r  Brayton system 
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11 kWe u n i t .  The c y c l e  informat ion  is a s  fo l lows:  

Working f h i d  : 
Molecular weight:  83.8 
T o t a l  f low r a t e  

Gas i n l e t  t empera ture :  1098O F 
Gas e x i t  t empera ture :  1500° F 
Gas p re s su re :  53 p s i a  

helium-xenon gas  mixture  

through r e c e i v e r :  1 . 6  lb / sec  

Performance eva lda t ion  was based on t h e  p h y s i c a l  r e s u l t s  
of  t h e  t e s t  - dimens iona l ly ,  me ta l log raph ica l ly  - and on t e s t  
d a t a  such a s  tempera ture  on t h e  convoluted t u b e  s u r f a c e  and on 
t h e  backing s h e e t ,  t h e  d i s c h a r g e  g a s  tempera ture ,  and p r e s s u r e  
drop. 

The environmental  cond j t ion  t h a t  was t o  be s imula ted  was 
t h a t  of  vacuum and a c y c l i c  h e a t  l oad ing  of  60 minutes sun, 36 
minutes shade. T h i s  cond i t ion  i s  e q u i v a l e n t  t o  a near -Ear th  
o r b i t ,  t h e  p l ane  of which inc ludes  t h e  9un-Earth l i n e .  I n  an 
a c t u a l  o r b i t a l  miss ion ,  however, t h e  d u r a t i o n  of  shade can vary 
from 0 t o  36 minutes ,  t h e  e x t e n t  o f  v a r i a t i o n  depends upon the 
a n g l e  of  t h e  o r b i t  w i t h  t h e  e c l i p t i c  plane.  A cons t an t  shade 
t ime of  36 minutes each c y c l e ,  t h e r e f o r e ,  imposes a cond i t ion  
of  minimum i n t e g r a t e d  h e a t  i n p u t  p e r  o r b i t  t o  t h e  r e c e i v e r  t ubes .  

The gun-shade s imula t ion  was provided by an i n t e g r a l  u n i t  
i n c o r p o r a t i n g  bo th  t h e  t iming  sequence f u n c t i o n  and t h e  power 
c o n t r o l l e r s .  The t i m i n g  was c o n t r o l l e d  by a constant-speed 
r o t a t i n g  drum. Tabs on t h e  drum were p o s i t i o n e d  t o  swi t ch  t h e  
sun cond i t ion  power s e t t i n g  o r  t h e  shade cond i t ion  power s e t t i n g  
i n t o  t h e  c i r c u i t  a t  t h e  a p p r o p r i a t e  t ime. Power t o  t h e  h e a t e r  
was necessary  f o r  t h e  shade cond i t ion  t o  p reven t  h e a t  l o s s  
through t h e  h e a t e r  s u r f a c e ,  I n  t h e  first t e s t ,  t h e r e  was one 
bank of power c o n t r o l l e r s  w i t h  which t o  c o n t r o l  t h e  two s e t t i n g s  
(o f  sun and of shade) ,  A s  a r e s u l t ,  t h e  power had t o  be reset  
manually a t  every switchover .  I n  t h e  second t e s t ,  a second hank 
o f  c o n t r o l l e r s  was added ~ With one--b.$nk sef f o r -  th.e, sun , cond i t ion  
and t h e  o t h e r  s e t  f o r  t h e  shade,  t h e  ope ra t ion  became e n t i r e l y  
a u t  oma t i c  

The p recond i t ion  f o r  s t a r t u p  included t h e  gas  loop p res su r -  
i zed  t o  approximately 70 p s i a  w i t h  hel ium, and t h e  vacuum l e v e l  
w i t h i n  t h e  b e l l  j a r  i n  t h e  low LOv7 t o r r  range.  S t a r t u p  was 
i n i t i a t e d  by apply ing  power t o  t h e  primary and guard h e a t e r s  of  
t h e  t e s t  s e c t i o n ,  The r a t e  of  average tempera ture  r i s e  o f  t h e  
r e c e i v e r  t u b e s  was c o n t r o l l e d  t o  s t a y  w i t h i n  t h e  fo l lowing  
l i m i t s  I 
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A t  500' p r e s s u r e  no g r e a t e r  t han  5 ~ 1 0 - ~  t o r r .  

A t  1000° p r e s s u r e  no g r e a t e r  t han  1 ~ 1 0 ~ ~  t o r r .  

A t  1500' p r e s s u r e  no g r e a t e r  t han  5 ~ 1 0 - ~  t o r r .  

The l i m i t s  were based upon information from r e f e r e n c e  6 .  L iquid  
n i t r o g e n  flow through t h e  cold w a l l  w i t h i n  t h e  t a n k  helped main- 
t a i n  t h e  vacuum l e v e l s ,  

S t e a d y - s t a t e  d a t a  were obta ined  a t  no-flow, average t u b e  
tempera tures  a t  l l o o o ,  1350°, 1525', and 1600' F. The helium 
gas  was then  withdrawn from t h e  loop and r ep laced  wi th  t h e  
helium-xenon mixture .  The diaphragm compressor was s t a r t e d  and 
v a l v e s  were a d j u s t e d  t o  e q u a l i z e  t h e  flow among t h e  t h r e e  t u b e s  
a t  des ign  flow r a t e .  The p r e h e a t e r s  and g e t t e r  h e a t e r s  were ad- 
j u s t e d  t o  produce t h e  i n l e t  des ign  tempera ture  of  1098' F. The 
primary and guard h e a t e r s  were r e a d j u s t e d  t o  produce average 
t u b e  tempera tures  of  11000,  1300°, 1 5 2 S 0 ,  1600° F. S t e a d y - s t a t e  
d a t a  were ob ta ined ,  t h e r e f o r e ,  a t  4 t u b e  tempera ture  l e v e l s  w i th  
and wi thout  flow. Curves drawn through t h e  d a t a  p o i n t s  se rved  
t o  c a l i b r a t e  t h e  t e s t  r e s u l t s  t h a t  fol lowed,  

RESULTS AND DISCUSSION 

Short-Term T e s t  

Within a s h o r t  per iod  of t ime a f t e r  s t a r t i n g ,  a t r e n d  toward 
h i g h e r  t ube  tempera ture  a t  t h e  end of each succeeding c y c l e  was 
no t i ced .  When t h e  maximum tempera ture  reached 1750' F ,  t h e  f l u x  
was reduced by 10  pe rcen t  and was maintained a t  t h i s  va lue  f o r  
t h e  remainder of t h e  t e s t .  The p r e s s u r e  drop between t h e  i n l e t  
and t h e  d i s c h a r g e  was measured t o  be  one inch  of  water ,  The 
r e a d i n g  d id  n o t  change wi th  t h e  sun and shade pe r iods  du r ing  a 
cycle .  

The t e s t  cont inued f o r  1 3 1  hours  and 8 2  c y c l e s  b e f o r e  con- 
c lud ing  i n  a scheduled shutdown, The t e s t  s e c t i o n  was c u t  ou t  
of t h e  gas  loop ,  opened up, and photographed. The tubes were 
then  sepa ra t ed  from t h e  t e s t  s e c t i o n  and s e c t i o n e d  t o  a s c e r t a i n  
LiF d i s t r i b u t i o n .  The i r o n  t i t a n a t e  c o a t i n g  was meta l lographi -  
c a l l y  analyzed.  

When t h e  t e s t  s e c t i o n  was opened, f i g u r e  1 3 ,  t h e  t u b e s  
appeared t o  be  i n  good cond i t ion  p h y s i c a l l y ;  t h e r e  were no 
apparent  d i s t o r t i o n s  of  any convolu t ion  and no bowing of  t h e  
tubes .  
resembling water  s t a i n s ,  f i g u r e  14. Consequently,  four samples 

There were,  however, w h i t i s h  zones on t h e  convolu t ions  

11 



of t h e  c o a t i n g  were t aken  f o r  an  x-ray d i f f r a c t i o n  a n a l y s i s .  
The samples were t a k e n  from the w h i t i s h  zones o f  t h e  l s t ,  20 th ,  
and 30 th  convo lu t ions  of t h e  c e n t e r  t u b e  and from an a p p a r e n t l y  
u n a f f e c t e d  zone o f  a convolut ion of a f l a n k i n g  tube. The re- 
s u l t s  showed t h a t  the  i r o n  t i t a n a t e ,  Fe2Ti05, had decomposed 
and t h a t  the  samples from t h e  w h i t i s h  zones showed t h e  g r e a t e s t  
effect .  I n  t h e s e  a r e a s ,  t h e r e  were s t r o n g  i n d i c a t i o n s  o f  & F e  
(free i ron )  and T i 0 2  ~ The sample from t h e  f l a n k i n g  t u b e  showed 
s t r o n g  FeTi03 and Ti02 w i t h  a medium i n d i c a t i o n  o f  Fe2Ti05. 
These f i n d i n g s  correspond w i t h  t h o s e  o f  Harr ison and Hendrixson, 
ref. 7 ,  which a l s o  showed t h e  w h i t i s h  zones,  T h e i r  a n a l y s e s  i n -  
cluded p i c t u r i n g  t h e  i r o n  i n  the  c o a t i n g ,  a f t e r  t e s t ,  i n  l a r g e  
d i s c r e t e  nodules  i n  c o n t r a s t  t o  the uniform d i s t r i b u t i o n  of 
i r o n  and t i t a n i u m  be fo re  t e s t .  The breakdown inc luded  a re- 
l e a s i n g  o f  t h e  oxygen t o  be  absorbed by t h e  columbium a l l o y  
s u b s t r a t e .  Contamination l e v e l s  of Har r i son  and Hendrixon 
reached i n t o  t h e  2000 ppm range  a f t e r  3000 hour s  of t e s t i n g .  

The c e n t e r  t u b e  was s e c t i o n e d  l eng thwise  t o  a s c e r t a i n  t h e  
L iF  d i s t r i b u t i o n  i n  each convolut ion a s  w e l l  a s  a long  the l e n g t h  
o f  the tube .  F i g u r e s  15a , b,  aadJ€j&-h&-shoy tQe " 

views i n s i d e  the convo lu t ions  on t h e  h e a t e r  (180') s i d e  and on 
t h e  o p p o s i t e  (0') s i d e  r e s p e c t i v e l y .  The L iF  is shown t o  have 
f r o z e n  mostly on the  h e a t e r  s i d e  which is a l s o  t h a t  s i d e  favored 
by g r a v i t y .  The t o p  5 convo lu t ions  a r e  shown t o  be v i r t u a l l y  
empty o f  any s a l t .  S i n c e  t h e  s a l t  was loaded a t  1750° F,  some 
o f  t h e  vo id  volume is  a t t r i b u t a b l e  t o  t h e  c o n t r a c t i o n  o f  t h e  
l i q u i d  from 1750' F t o  i t s  f r e e z i n g  t empera tu re  o f  1560' F. 
T h i s  was c a l c u l a t e d  t o  b e  e q u i v a l e n t  t o  approximately 2% con- 
v o l u t i o n s  i n  t h e  d i s c h a r g e  r eg ion .  The  o t h e r  i n f l u e n c e  i s  
t h e  e f fec t  o f  g r a v i t y  i n  d r a i n i n g  o f f  t h a t  volume o f  l i q u i d  and 
d i s t r i b u t i n g  it t o  t h e  convo lu t ions  below. The very bottom 
( i n l e t  reg ion)  convo lu t ions  appear  t o  i n c l u d e  more f r o z e n  LiF 
t h a n  some o t h e r s  o f  e q u a l  c a p a c i t y  i n  t h e  same r e g i o n ,  The 
s h o r t - t e r m  t e s t  i n d i c a t e d  a r e a s  where improvements were needed 
t o  o b t a i n  a c c u r a t e  d a t a ,  These included a c l o s e r  coup l ing  o f  
t h e  g a s  t empera tu re  s e n s o r s  t o  t h e  convoluted tubes and an  
automated system t o  switch from a solar power s e t t i n g  t o  a 
shade power s e t t i n g .  These f e a t u r e s  were inco rpora t ed  f o r  t h e  
endurance t es t .  

Endurance T es t  Resul ts  

The endurance t e s t  imposed e s s e n t i a l l y  the same c o n d i t i o n s  
on t h e  second s e t  o f  tubes ( c o n s i s t i n g  o f  g r i t - b l a s t e d  b a r e  
columbium-1% zirconium tubes)  , a s  on t h e  f irst  se t .  The imposed 
h e a t  f l u x  a g a i n  had t o  be reduced when t h e  maximum convolut ion 
t empera tu re  approached 1750' F. 
c o r r e c t e d  i n c i d e n t  h e a t  f l ux .  The endurance t e s t  c o n s i s t e d  o f  
1251 sun-shade c y c l e s  and 20d2 hours .  
scheduled. 

The r e d u c t i o n  was 5% o f  t h e  

Shutdown occurred a s  
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Upon completion of t h e  endurance t e s t ,  t h e  t e s t  s e c t i o n  
was cut  o u t  o f  the gas  loop ,  opened up and photographed. The 
t u b e s  were radiographed and dimensional ly  measured. The ten- 
t e r  tube was subsequent ly  s e c t i o n e d  f o r  me ta l log raph ic  a n a l y s i s .  
Resul ts  o f  t h e  above s t e p s  p l u s  t h e  d a t a  from the t e s t  a r e  
d e s c r i b e d  below 

P h y s i c a l  F e a t u r e s .  - The o v e r a l l  impression o f  the  t u b e s  
when t h e  t e s t  s e c t i o n  was opened, f igure 1 7 ,  was t h a t  i ts  b a s i c  
p h y s i c a l  i n t e g r i t y  was p re se rved .  There were no g r o s s  d i s t o r -  
t i o n s  o f  any convolut ion nor  was t h e r e  an obvious bowing o f  
t h e  t u b e  a x i s  w i t h  r e s p e c t  t o  each o t h e r ,  The s u r f a c e s  appeared 
t o  be f ree  o f  c r a c k s  and no s a l t  bu i ldup  was appa ren t  t o  sugges t  
LiF l eak .  There was, however, a blacHish d e p o s i t  on t h e  tubes 
and on t h e  backing s h e e t .  The d e p o s i t  ( s o o t - l i k e  p a r t i c l e s )  
was h e a v i e r  toward t h e  i n l e t  end of t h e  t u b e  and v i r t u a l l y  non- 
e x i s t e n t  toward the d i s c h a r g e  end, The p a r t i c l e s  were e a s i l y  
sc raped  o f f  t h e  t u b e  s u r f a c e  w i t h  parchment paper  and were sub- 
s e q u e n t l y  analyzed. The a n a l y s i s  w i l l  b e  d e s c r i b e d  i n  more 
d e t  a i 1 under "Met a 11 ogr a p h i c An a l y  s is V .  

The t h r e e  t u b e s  were radiographed t o  determine LiF d i s t r i -  
b u t i o n  i n  t h e  convolut ions.  F i g u r e s  18,  1 9  and 20 show t h e  three 
t u b e s  a t  the  i n l e t  r e g i o n ,  midregion, and e x i t  r e g i o n  r e s p e c t i v e l y .  
The t u b e s  a r e  i n  t h e  same r e l a t i v e  p o s i t i o n  t o  each o t h e r  except  
t h a t  each tube h a s  been r o t a t e d  90'. The view shown, t h e r e f o r e ,  
i s  e s s e n t i a l l y  t h a t  of t h e  tube c r o s s  s e c t i o n  from t h e  h e a t e r  
( 1 8 0 O )  s i d e  t o  t h e  backing sheet (0') s i d e .  

I n  g e n e r a l ,  t h e  i n t e n t  o f  t h e  convolut ion d e s i g n ,  a s  ev i -  
denced by t h e s e  r ad iog raphs  appea r s  t o  have been s u c c e s s f u l  i n  
d i s t r i b u t i n g  LiF a l o n g  t h e  l e n g t h  o f  t h e  gas-f lowing tube .  It 
i s  e v i d e n t ,  however, t h a t  t h e r e  had been some s h i f t  i n  LiF d i s -  
t r i b u t i o n .  The i n l e t  r e g i o n  convo lu t ions  appeared t o  be r e l a -  
t i v e l y  f u l l e r  t h a n  t h e  midsect ion convo lu t ions ;  and the d i s -  
cha rge  end r e g i o n  had v i r t u a l l y  no LiF i n  i ts  l a s t  s e v e r a l  con- 
v o l u t i o n s .  F i g u r e  2 1  shows the  first ( i n l e t )  convolut ion o f  
tube No. 2 w i t h  i ts  t o p  h a l f  cut  away r e v e a l i n g  t h e  s o l i d i f i e d  
LiF. The f u l l n e s s  o f  the s a l t  w i t h i n  the convolut ion corrobo- 
r a t e s  t h e  i n d i c a t i o n  o f  t h e  r ad iog raphs .  I n  a d d i t i o n ,  t h e  
first few convo lu t ions  i n  t h e  i n l e t  r e g i o n ,  a s  s e e n  more c l e a r l y  
i n  f igure 2 2 ,  appea r  t o  b e  d i s t o r t e d .  The h e a t e r  s i d e  o f  t h e  
convo lu t ions  appea r s  t o  have "swelled", 

The r ad iog raphs  i n  t h e  middle s e c t i o n  o f  t h e  convoluted 
t u b e s ,  f i g u r e  1 9 ,  i n d i c a t e  what had been expected f o r  t h e  en- 
t i r e  convoluted t u b e  l e n g t h ,  The amount o f  LiF i n  each of 
t h e  convo lu t ions  appea r s  t o  be  t h e  same a s  b e f o r e  t h e  t e s t .  
The l o c a t i o n  o f  t h e  LiF i n d i c a t e s  t h e  i n f l u e n c e  o f  g r a v i t y  on 
d i s t r i b u t i o n  w i t h i n  t h e  convolut ion,  
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Figure  2 3  o f f e r s  t h e  c o n t r a s t  of t h e  LiF taken  from 
convolu t ion  #4 nea r  t h e  tube  i n l e t  compared t o  t h e  LiF taken  
from convolut ion #IS, i n  t h e  midlength r eg ion  of t h e  tube .  
The LiF  from convolu t ion  #4 appears  t o  be  an accumulation 
of d i s c r e t e  lumps t h a t  h a s  t aken  a number of  sun-shade 
p e r i o d s  t o  b u i l d  up. The LiF from convolut ion #18, on t h e  
o t h e r  hand, is a c l e a r  c r y s t a l l i n e  s t r u c t u r e  t h a t  sugges t s  
t o t a l  LiF mel t ing  and f r e e z i n g  du r ing  each o r b i t a l  per iod .  

The rad iographs  of  t h e  convoluted t u b e s  a t  t h e  e x i t  
s e c t i o n  a l l  show v i r t u a l l y  no LiF i n  t h e  l a s t  7 o r  s o  con- 
vo lu t ions .  I f ,  a s  desc r ibed  i n  t h e  shor t - te rm t e s t  d i scus -  
s i o n ,  t h e  volume o f  2% convolu t ions  can be  a t t r i b u t e d  t o  t h e  
d i f f e r e n t i a l  c o n t r a c t i o n  between t h e  f i l l  tempera ture  o f  
1750' F and the f r e e z e  tempera ture  of 1560' F, t h e  volume 
equ iva len t  of  4% convolu t ions  must have flowed t o  t h e  convolu- 
t i o n s  below. This  does no t  mean, however, t h e s e  4% convolu t ions  
n e c e s s a r i l y  remain empty du r ing  an e n t i r e  o r b i t a l  pe r iod .  I t  is  
p o s s i b l e  du r ing  the  h e a t i n g  pe r iod  t h a t  l i q u i d  LiF expands par -  
t i a l l y  i n t o  t h e s e  convolu t ions  from t h e  convolu t ions  below. It 
does mean t h a t  even i f  t h i s  occur s ,  t h e  LiF  d r a i n s  i n t o  t h e  
lower convolu t ions  by t h e  end of t h e  shade per iod .  

The changes i n  dimension a f t e r  the  t e s t  a r e  t a b u l a t e d  ill, 
t a b l e  11. The change is de f ined  a s  t h e  measurement a f t e r  t e s t  
minus t h e  measurement b e f o r e  t e s t .  The p o s i t i v e  s i g n ,  t h e r e -  
f o r e ,  i n d i c a t e s  a dimensional  i n c r e a s e  a s  a r e s u l t  of the  t e s t .  
Dimension "D" was measured a t  the  90° and 270' p l anes  b e f o r e  
t e s t  and a t  0 0 ,  900, 180°, and 270' p l anes  a f t e r  t e s t ,  
change i n  dimension *D a t  t h e  O o  and 180° p l anes  was de f ined  
a s  t h e  measurement a f t e r  t e s t  minus t h e  average o f  the  measure- 
ments a t  90' and 270' b e f o r e  t e s t ,  

The 

Examining Tab le  11, t h e  convolut ion d i s t o r t i o n  i n  t h e  i n l e t  
r e g i o n ,  desc r ibed  q u a l i t a t i v e l y  p rev ious ly  , can be  seen i n  terms 
of dimensional  changes i n  t h e  AD and *D p lanes .  The c e n t e r  
t u b e  shows t h e  d i s t o r t i o n  cover ing  more o f  t h e  convolu t ions  than  
t h e  o u t e r  t ubes .  T h i s  r e s u l t  can be  expected a s  the two f l ank-  
i n g  tubes  a r e  f u l f i l l i n g  t h e i r  func t ion  a s  a thermal  b a r r i e r  f o r  
t h e  c e n t e r  t u b e  and a r e  expected t o  be  ope ra t ing  c o o l e r  than  t h e  
c e n t e r  tube .  The g r e a t e s t  change i s  i n  t h e  180 p l ane  (toward 
t h e  hea te r )  and ex tends  from t h e  1st t o  t h e  1 7 t h  convolut ion.  

The d i s t o r t i o n  of  the D dimension had t h e  e f fec t  of  draw- 
i n g  i n  t h e  major d iameter  o f  the  convolut ion,  Th i s  can be  seen  
by the  nega t ive  s i g n s  of  AA i n  t h o s e  i n s t a n c e s  where AD and *D 
were notab ly  high,, 

The method of  measurement involved i n  t a b l e s  I and I1 i n d i -  
c a t e s  t h a t  c a u t i o n  is i n  o rde r  when de termining  t h e  s i g n i f i c a n c e  
of some o f  t h e  va lues ,  No i n s c r i p t i o n s  of  any kind were al lowed 
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on t h e  t u b e  m a t e r i a l  for measurement purposes ,  The i n t e n t  of  
t h i s  p r o h i b i t i o n  was t o  avoid  inducing  a c rack  o r  o t h e r  d e l e t e -  
r i o u s  e f f e c t s  i n  t h e  convolu t ions ,  A s  a r e s u l t ,  t h e r e  a r e  
rough s p o t s  t h a t  would i n f l u e n c e  diameter  r ead ings ,  I n  addi-  
t i o n ,  t h e  "D" dimension - t h e  d i s t a n c e  a c r o s s  t h e  f l a t s  of a 
convolut ion - becomes almost  meaningless when t h e  contour  be- 
comes a cont inuous ly  angle-changing curve.  Therefore ,  t h e  AD 
r ead ings  i n  t h e  l a s t  few convolu t ions  have been omit ted.  

Another measurement made was t h a t  of  camber - t h e  d i s p l a c e -  
ment of t h e  t u b e  a x i s  from its t r u e  c e n t e r l i n e  a t  v a r i o u s  s t a -  
t i o n s  a long  t h e  t u b e  l e n g t h ,  T h i s  measurement was made wi th  V- 
b locks  provid ing  end suppor t s  f o r  t h e  tube  and w i t h  a d i a l  i n d i -  
c a t o r .  With t h e  i n d i c a t o r  he ld  f i x e d  and i t s  measuring s p i n d l e  
spr ing-loaded a g a i n s t  a convolu t ion ,  t h e  t u b e  would be r o t a t e d  
through 360°, The minimum and maximum read ings  would be  noted 
and t h e  p l a n a r  ang le s  where they  occurred,  The maximum d i s p l a c e -  
ment among t h e  3 t u b e s  was i n  t u b e  #2. Again, t h i s  is very 
l i k e l y  due t o  t h e  h ighe r  h e a t  i n g u t  t o  t h e  c e n t e r  tube .  The 
maximum displacement  measured 0.294 inch  a t  t h e  1 8 t h  and 1 9 t h  
convolu t ions .  The p lane  o f  maximum displacement  appeared t o  
be  s l i g h t l y  of f  180' - more l i k e  190'. 
t h e  t u b e  would have sagged toward the  heater.,  

Within t h e  t e s t  s e c t i o n ,  

Convolution Temperature, - Thermocouples were a t t a c h e d  t o  
t h e  convoluted t u b e s  a t  5 l o c a t i o n s  a long  t h e  l e n g t h  of  t h e  
t u b e  a s  shown i n  f i g u r e  4. A t  each l o c a t i o n  on t h e  c e n t e r  t u b e ,  
4 thermocouples were a t t a c h e d  t o  t h e  o u t e r  d iameter ,  or peak, of 
one convolu t ion  - a t  t h e  Oo, 90°,  180°, and 270' p l anes .  
t i o n ,  a thermocouple was a t t a c h e d  a t  t h e  (upper) neck of  t h e  con- 
v o l u t i o n  on t h e  180' plane.  On t h e  f l a n k i n g  t u b e s ,  thermocouples 
were a t t a c h e d  a t  t h e  convolu t ion  peak on t h e  180' p lane  a t  each 
l o c a t i o n .  These thermocouples were intended t o  confirm t h e  read-  
i n g s  on t h e  c e n t e r  tube .  The convolu t ions  t h a t  were instrumented 
were Nos. 3 ,  9 ,  1 9 ,  28 and 35, 

I n  addi-  

F igu res  24  through 28  p r e s e n t  t h e  v a r i a t i o n  of tempera ture  
a t  each l o c a t i o n  on t h e  c e n t e r  t u b e  du r ing  t h e  1240th c y c l e  (near  
t h e  end of  t h e  endurance t e s t  pe r iod ) .  The p a t t e r n  i n  t h e  3rd 
convolu t ion ,  f i g u r e  24 ,  i n d i c a t e s  t h a t  t h e  tempera ture  a t  t h e  
180' peak p o s i t i o n  was i n  t h e  molten LiF tempera ture  range  f o r  
most of t h e  sun p e r i o d  and was d i s t i n c t l y  h ighe r  t han  t h e  temper- 
a t u r e  i n  t h e  o t h e r  p o s i t i o n s .  The tempera ture  i n  t h e  90' peak 
p o s i t i o n ,  i n  c o n t r a s t ,  remained e n t i r e l y  i n  t h e  s o l i d  LiF tempera- 
t u r e  range,  The thermocouple a t  t h e  Oo peak p o s i t i o n  became in -  
o p e r a t i v e  e a r l y  i n  t e s t i n g  b u t  undoubtedly would have been i n d i -  
c a t i n g  t h e  c o l d e s t  tern e r a t u r e s .  A s i g n i f i c a n t  r ead ing  is t h e  
tempera ture  a t  t h e  180 neck pos i t i on ,  The tempera ture  is  seen 
t o  i n c r e a s e  t o  above 1560' I-" and presumably t o  have melted t h e  
LiF. 

g 

A passage of molten L ip  would have allowed a c c e s s i b l e  
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l i q u i d  LiF i n  the convolut ion above t o  have flowed i n t o  t h e  
vo ids  o f  convolut ion 3, The r eason  f o r  the subsequent t e m -  
p e r a t u r e  drop while s t i l l  i n  t h e  sun p e r i o d  i s  n o t  e n t i r e l y  
understood. 
t h e  28 th  convolut ion a l s o  showed t h e  same occurrence,  T h i s  
phenomenon i s  most obviously seen  i n  f igure 27 a t  the  180' 
neck and the 90' peak p o s i t i o n s ,  Though t h e  e x a c t  sequence 
o f  e v e n t s  might n o t  be de te rminab le ,  t h e  cause o f  the phenome- 
non is e a s i l y  recognized.  The LiF w i t h i n  the  convo lu t ions  
was designed t o  f u n c t i o n  i n  the two-phase r e g i o n ;  t h e r e f o r e ,  
t h e  o p e r a t i o n a l  c o n d i t i o n  was t h a t  o f  con t inu ing  change. Not 
only  was t h e r e  a c o n s t a n t  me l t ing  and f r e e z i n g  of LiF, b u t  
a l s o  a change-of-phase vo lumet r i c  expansion and c o n t r a c t i o n .  
Both o f  t h e s e  f a c t o r s  c o n t r i b u t e  t o  a c o n s t a n t  s h i f t i n g  of 
l i q u i d ,  s o l i d ,  and void solumes w i t h i n  each convolut ion.  
The many i n f l e c t i o n s  t h a t  a r e  common t o  many of t h e  tempera- 
t u r e  cu rves  f u r t h e r  t e s t i f y  t o  t h e  complex p rocesses  t h a t  
t o o k  p l a c e .  

The r e a d i n g  was cons ide red  v a l i d ,  howeGer, s i n c e  

F i g u r e  25 p r e s e n t s  t h e  t empera tu re  v a r i a t i o n  o f  t h e  9 t h  
convolut ion,  The g e n e r a l  t empera tu re  d i s t r i b u t i o n  - the  
l a r g e  d i f f e r e n c e  between t h e  t empera tu re  a t  the  180' peak 
p o s i t i o n  and t h e  o t h e r  c l u s t e r e d  t empera tu res  - is s i m i l a r  
t o  t h e  d i s t r i b u t i o n  a t  t h e  3rd  convolut ion,  The t empera tu re  
v a r i a t i o n  a t  the  180' peak p o s i t i o n ,  however, appea r s  t o  have 
undergone a t r a n s i t i o n .  I n s t e a d  o f  a more or  less c o n s t a n t  
r a t e  o f  t empera tu re  r i se  d u r i n g  t h e  sun p e r i o d ,  the  tempera- 
tur'e began a t  a lower l e v e l  and suddenly r o s e  about  40' over 
the l a s t  20 minutes.  T h i s  behavior  i s  c h a r a c t e r i s t i c  o f  a 
s i n g l e  phase r e sponse  t o  h e a t  i n p u t ,  I n  o t h e r  words, the  
curve suggests t h a t  the  c o n t r o l l i n g  c o n d i t i o n  w i t h i n  the  con- 
v o l u t i o n ,  a t  the  180° peak p o s i t i o n  a f t e r  40 minutes ,  was t h a t  
due t o  l i q u i d  LiF, The change i n  c o n d i t i o n s  can only be a t -  
t r i b u t e d  t o  the con t inuous ly  changing r e l a t i o n s h i p  o f  the s o l i d  
and l i q u i d  phases  o f  t h e  s a l t  and the v o i d  volume. 

The t empera tu re  d i s t r i b u t i o n  and v a r i a t i o n  on the 1 9 t h  and 
28 th  convo lu t ions  a r e  s i m i l a r ,  a s  s een  i n  f i g u r e s  26 and 27.  
A l l  o f  t h e  t empera tu res  appear  t o  b e  responding i n  c o n c e r t  and 
w i t h i n  a r ange  o f  25' of one ano the r ,  All t h e  curves  show a 
r e l a t i v e l y  s h a r p  i n c r e a s e  d u r i n g  the  sun pe r iod  s i m i l a r  t o  the 
curve d i s c u s s e d  f o r  t h e  9 t h  convolut ion.  The r eason  f o r  t h e  
s h a r p  r i se  would be t h e  same a l s o  - t h e  L i F  having melted en- 
t i r e l y  and f u r t h e r  h e a t  i n p u t  r e s u l t i n g  i n  t h e  t empera tu re  
r i s e  o f  the LiF. A s  mentioned p r e v i o u s l y ,  t h e r e  were i n -  
s t a n c e s  o f  t h e  t empera tu re  a c t u a l l y  d e c r e a s i n g  d u r i n g  t h e  sun 
p e r i o d  such as shown i n  f i g u r e  27. It  should b e  mentioned 
a l s o  t h a t  t h e r e  were i n s t a n c e s  o f  a t empera tu re  i n c r e a s e  d u r i n g  
t h e  shade pe r iod .  All of  t h e  f i g u r e s  o f  the 19th and 28th con- 
v o l u t i o n s  i n c l u d e  a t  l e a s t  one curve  showing t h i s  phenomenon. 
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Again, t h e  r eason  f o r  the appa ren t  d e v i a t i o n  is due t o  t h e  
mixture  o f  t h e  2 phases  o f  t h e  s a l t  and t h e  vo id  volume. 

F igu re  28 r e f l ec t s  t h e  r e s u l t  of one of t h e  e x i t  r e g i o n  
convo lu t ions  devoid o f  LiF. I n  t h i s  convolut ion (No. 35 ) ,  t h e  
temperature  sp read  is widened t o  a s  much a s  70' - i n  c o n t r a s t  
t o  the 25' sp read  o f  the p r e v i o u s  two l o c a t i o n s .  Because o f  
t h e  shal low convo lu t ions  a s  w e l l  a s  t h e  t o t a l  vo id ,  t h e r e  is 
l i t t l e  t e m  e r a t u r e  d i f f e r e n c e  between t h e  peak and t h e  neck 
a t  the 180 p o s i t i o n .  I t  may be noted t h a t  i n  t h i s  r e g i o n  
where t h e  l a t e n t  h e a t  c o n s i d e r a t i o n  is a b s e n t  and w i t h  a con- 
s t a n t  power i n p u t  t o  t h e  h e a t e r s ,  t h a t  t h e  t empera tu res  a f t e r  
the  f irst  1 5  minutes i n  t h e  sun p e r i o d ,  i n c r e a s e  a t  a low r a t e .  
I t  i s  e v i d e n t  t h a t  t h e r e  i s  an  e q u i l i b r i u m  c o n d i t i o n  reached  
wherepy a tendency f o r  an  i n c r e a s e  i n  t empera tu re  is o f f s e t  by 
r e r a d i a t i o n .  The e q u i l i b r i u m  t empera tu re  under the g iven  con- 
d i t i o n s  was 1665' F. Other l o c a t i o n s  t o o  e x h i b i t  t h e  tempera- 
t u r e  t a p e r i n g  o f f  a f t e r  an i n i t i a l  s h a r p  r i s e ,  T h i s  would 
i n d i c a t e  t h a t  even w i t h  t h e  p re sence  of L iF ,  t h e  t empera tu re  
o f  t h e  convolut ion would i n c r e a s e  a f t e r  LiF me l t ing  u n t i l  an 
e q u i l i b r i u m  c o n d i t i o n  i s  reached.  For  t h e  1 9 t h  and 2 8 t h  con- 
v o l u t i o n s ,  t h e  maximum e q u i l i b r i u m  t empera tu re  was 1633' F. 

g 

uelium-Xenon Performance. - The working g a s ,  helium-xenon, 
was maintained a t  a c o n s t a n t  flow r a t e  and i n l e t  temperature .  
The d i s c h a r g e  t empera tu re  was recorded d a i l y  throughout  t h e  en- 
durance t e s t .  F i g u r e  29 shows t h e  d i s c h a r g e  g a s  t empera tu re  
d u r i n g  a f u l l  c y c l e  a t  t h e  beg inn ing ,  middle,  and towards t h e  
end of t h e  t e s t .  The curves appear  t o  e x h i b i t  t h e  same t r e n d s  
a s  the convolut ion t empera tu res .  The t empera tu re  i n c r e a s e s  
r e l a t i v e l y  r a p i d l y  a t  t h e  beginning o f  t h e  sun p e r i o d  and t h e n  
t e n d s  t o  l e v e l  o f f ,  A t  t h e  end of t h e  sun p e r i o d ,  t h e  g a s  t e m -  
p e r a t u r e  drops s h a r p l y  and a g a i n  t e n d s  t o  l e v e l  ou t .  The curves 
themselves a r e  n o t  smooth b u t  r a t h e r  made up o f  a ser ies  o f  
s m a l l  s t e p s  and p l a t e a u s .  T h i s  s u g g e s t s  t h a t  t h e  curve r e f l ec t s  
t h e  r e s u l t  of each c o n v o l u t i o n ? s  c o n t r i b u t i o n  t o  t h e  t o t a l  h e a t  
i n p u t  t o  t h e  gas .  

A l l  t h r e e  cu rves  a r e  shown having  ope ra t ed  on b o t h  s i d e s  

Compari- 
of t h e  des ign  v a l u e  of 1500° F, 
from 29' below t o  50' above the des ign  temperature .  
son of t h e  cu rves  i n d i c a t e s  t h a t  t h e  g a s  was r e c e i v i n g  more 
h e a t  a s  t h e  t e s t  progressed.  The d i f f e r e n c e  between the  mini- 
mum and maximum tempera tu res  was 65O, 72' ana 7 5 O  f o r  t h e  32nd, 
728th ,  and 1251s t  c y c l e s  r e s p e c t i v e l y ,  For  t h e  32nd and 728th 
c y c l e s ,  t h e  d i s c h a r g e  tempera ture  was above 1500° F f o r  56 min- 
utes. For the  1251s t  c y c l e ,  the  t i m e  was 65 minutes,  

The g a s  t empera tu res  ranged 

Meta l lographic  Ana lvs i s .  - Meta l log raph ic  a n a l y s i s  was p e r -  
formed upon (1) the  b l a c k i s h  d e p o s i t  on t h e  t u b e s  and t h e  V-gutter 
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h e a t  s h i e l d s  and (2) t h e  r e f r a c t o r y  m a t e r i a l  of  t h e  convolu- 
t i o n s ,  V-gut ter  h e a t  s h i e l d s ,  and t h e  h e a t e r  w i r e .  A t t e n t i o n  
was d i r e c t e d  upon t h e  c e n t e r  t u b e  f o r  t h e  ana lyses .  

The b l a c k i s h  d e p o s i t  was obta ined  from t h e  tubes  and,  
s e p a r a t e l y ,  from t h e  V-gut ters .  The d e p o s i t  was analyzed 
s p e c t r o g r a p h i c a l l y ,  by x-ray d i f f r a c t i o n ,  and by a n  e l e c t r o n  
microprobe. The d e p o s i t s  i n  bo th  cases  i n d i c a t e  t h a t  t h e  
major c o n s t i t u e n t s  a r e  columbium and aluminum. The s p e c t r o -  
g r a p h i c  a n a l y s i s  a l s o  i n d i c a t e d  a moderate amount of i r o n  and 
t i t an ium.  Th i s  f i n d i n g  would i n d i c a t e  t h a t  i r o n  t i t a n a t e  was 
s t i l l  p r e s e n t  d e s p i t e  t h e  a t t empt  t o  e l i m i n a t e  t h e  c o a t i n g  
from w i t h i n  t h e  t e s t  s e c t i o n .  The presence  of  aluminum r a i s e s  
t h e  ques t ion  a s  t o  i t s  source ,  There a r e  t h r e e  p o s s i b i l i t i e s  - 
a l l  p e r t a i n i n g  t o  aluminum oxide (A1203). The first is its 
use  a s  a powder t h a t  g r i t - b l a s t e d  t h e  s u r f a c e s  exposed t o  t h e  
h e a t  f l u x .  There i s  a p o s s i b i l i t y  t h a t  t i n y  p a r t i c l e s  may 
have become embedded i n  t h e  g r i t - b l a s t e d  s u r f a c e .  
p o s s i b l e  sou rce  is i t s  use  a s  i n s u l a t i n g  s l e e v e s  f o r  t h e  
thermocouples used throughout  t h e  t e s t  s e c t i o n ,  The t h i r d  
p o s s i b i l i t y  is i ts  use a s  e l e c t r i c a l  i n s u l a t o r s  s e p a r a t i n g  
t h e  tan ta lum h e a t e r  w i r e s  from i t s  suppor t  frame, The p u r i t y  
of  t h e  aluminum oxide used i n  t h e  first two cases  was 99.5% or  
b e t t e r .  A photograph o f  t h e  d e p o s i t ,  shown i n  f i g u r e  30 ,  
sugges t s  a c o r a l - r e e f  t y p e  of  s t r u c t u r e .  F igu re  3 1  c o n t r a s t s  
t h e  d e p o s i t  w i t h  t h e  b a r e  columbium metal .  I n v e s t i g a t i o n  is 
con t inu ing  t o  t r a c e  t h e  sou rce  of  t h e  aluminum. 

A second 

Analyses were a l s o  conducted on t h e  convolut ion m a t e r i a l ,  
V-gut te r  h e a t  s h i e l d ,  and a s e c t i o n  of  t h e  tan ta lum h e a t e r  wi re .  
M a t e r i a l  from t h e  4 t h ,  1 8 t h ,  and t h e  35 th  convolu t ions  ( i n l e t ,  
middle,  d i scha rge  r eg ions  r e s p e c t i v e l y )  were used a s  specimens. 
Samples of  t h e  V-gut te r  and h e a t e r  w i r e  were taken  i n  t h e  h igh  
h e a t  f l u x  r eg ions  - approximately i n  t h e  4 t h  convolu t ion  reg ion .  
Analyses were conducted f o r  oxygen, n i t r o g e n ,  and carbon con ten t s .  
The tests were performed by t h e  i n e r t  gas  f u s i o n ,  K je ldah l ,  and 
combust’ion chromatographic methods, r e s p e c t i v e l y  ., A l l  t h r e e  con- 
v o l u t i o n s  i n d i c a t e d  no d i f f e r e n c e  i n  n i t r o g e n  con ten t  (71-82 ppm) 
or  i n  carbon con ten t  (22-59 ppm). There was a d e f i n i t e  g rada t ion  
of  oxygen c o n t e n t ,  however. The 4 t h  convolut ion showed t h e  high- 
es t  r ead ing ,  2200 ppm; t h e  1 8 t h  showed a lower va lue ,  1200 ppm, 
and t h e  35 th  showed t h e  l e a s t ,  500 ppm, 
zirconium had less than  100 ppm oxygen, 50 ppm and l e s s  of  niSro-  
gen, and l e s s  t han  50 ppm of  carbon,  The V-gut ter  h e a t  s h i e l d  
sample had a r ead ing  of oxygen conten? t h a t  was  i n  t h e  same range.  
a s  t h a t  of t h e  4 t h  convolut ion.  The tan ta lum h e a t e r  w i r e ,  how- 
e v e r ,  had an oxygen r e a d i n g  of  1 2 5  ppm, a n i t r o g e n  r ead ing  of  
8 ppm, and carbon of 30 ppm, I n v e s t i g a t i o n  is cont inuing .  

The o r i g i n a l  columbium-1% 

,’ 

a 
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Endurance T e s t  - Discussion o f  R e s u l t s  

The r e s u l t s  from the  endurance t e s t  can b e  c l a s s i f i e d  
i n t o  two c a t e g o r i e s .  The first concerns t h o s e  pa rame te r s  
f o r  which t h e  t e s t  was instrumented - such a s  t h e  tempera- 
t u r e  and p r e s s u r e  r ead ings ,  These r e s u l t s  have been covered 
adequa te ly  i n  t h e  p rev ious  d i s c u s s i o n .  The second ca t egory  
c o n s i s t s  o f  t h o s e  r e s u l t s  which were l a r g e l y  u n p r e d i c t a b l e  
from an a n a l y t i c a l  s t a n d p o i n t  and which depended upon the t e s t  
f o r  q u a l i t a t i v e  i n s i g h t s  and q u a n t i t a t i v e  d a t a .  These phenom- 
ena i n c l u d e  t h e  n a t u r e  o f  the d i s t o r t i o n s  o f  t h e  convo lu t ions  
and t h e  s h i f t  i n  d i s t r i b u t i o n  o f  t h e  LiF a l o n g  t h e  tube l eng th .  
The fo l lowing  d i s c u s s i o n  d e a l s  w i t h  t h i s  second ca t egory  of 
r e su l t s  

A cu r so ry  i n s p e c t i o n  o f  t h e  convo lu t ions  o f  t h e  t u b e s  and 
t h e  r ad iog raphs  i n i t i a l l y  suggested a c o r r e l a t i o n  between s a l t  
f u l l n e s s  and d i s t o r t i o n  C e r t a i n l y  t h e  i n l e t  r e g i o n  showed 
very marked evidences o f  bo th .  F u r t h e r  i n v e s t i g a t i o n ,  however, 
which included dimensional  measurements o f  t h e  convo lu t ions  and 
a c a r e f u l  removal o f  t h e  convolut ion sheit1 t o  i n s p e c t  t h e  f r o z e n  
LiF w i t h i n ,  s u g g e s t s  t h a t  t h e  two phenomena - t h a t  o f  s a l t  f u l l -  
n e s s  and e x t e n t  o f  d i s t o r t i o n  - were p r i m a r i l y  due t o  s e p a r a t e  
mechanisms L. 

Convolution d i s t o r t i o n  appea r s  t o  have t aken  p l a c e  because 
o f  the i n s u f f i c i e n t  l o c a l  vo id  volume a v a i l a b l e  when p a s s i n g  
from the shade t o  the sun pe r iods .  An e s s e n t i a l  i n g r e d i e n t  
b r i n g i n g  about  t h i s  c o n d i t i o n  w i t h i n  an i n d i v i d u a l  convolut ion 
is t h a t  o f  g r a v i t y ,  The s i n g l e  convolut ion t i l t e d  a s  it is 
when t h e  t u b e  a x i s  i s  o r i e n t e d  22%' from t h e  v e r t i c a l ,  enab le s  
g r a v i t y  t o  e x e r t  f o r c e  on t h e  s a l t  t o  flow toward t h e  "low" 
s i d e  which happens i n  t h i s  t e s t  t o  b e  t h e  s i d e  o f  t h e  h e a t  
source .  The consequence i s  t h a t  d u r i n g  the shade p e r i o d ,  a s  
t h e  s a l t  s t a r t s  f r e e z i n g  (and s h r i n k i n g ) ,  t h e  l i q u i d  t e n d s  t o  
f i l l  any developing vo id  volume on the  h e a t e r  ("10w'~) s i d e  o f  
t h e  convolut ion.  The r e s u l t i n g  d i s t r i b u t i o n ,  a s  s een  i n  the 
r ad iog raphs ,  shows a c o n c e n t r a t i o n  of the s a l t  on t h e  h e a t e r  
s i d e  o f  t h e  convolut ion and much o f  t h e  vo id  on t h e  "cold" 
s i d e .  When t h e  shade p e r i o d  p a s s e s  t o  t h e  sun ,  m e l t i n g  t a k e s  
p l a c e  on t h e  h e a t e r  s i d e  where t h e  vo id  volume is l i m i t e d .  
When t h e  vo id  volume is f i l l e d ,  f u r t h e r  me l t ing  causes  t h e  con- 
v o l u t i o n  w a l l  i n  t h a t  l o c a l  s e c t o r  t o  d i s t o r t  t o  accommodate 
t h e  l i q u i d  s a l t .  

The convo lu t ion  t empera tu res  i n  f i g u r e s  24  and 25 t e n d  t o  
confirm the above d e s c r i p t i o n .  
s u r f a c e  t empera tu res  on t h e  two instrumented convo lu t ions  (#3 
and #9) t h a t  were d i s t o r t e d .  The t empera tu re  a t  t h e  t o p  
( n e a r e s t  t h e  h e a t e r )  peak l o c a t i o n  i s  s e e n  t o  pas s  through 
t h e  m e l t  t empera tu re  b e f o r e  t h a t  of any o t h e r  l o c a t i o n .  Not 

These two f i g u r e s  p l o t  the 
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only does t h i s  s e c t o r  o f  t h e  convolut ion r e a c h  m e l t  t empera tu re  
first,  b u t  i ts  t empera tu re  i s  w e l l  i n t o  t h e  m e l t  r e g i o n  while 
o t h e r  s e c t o r s  w i t h i n  the same convolut ion remain w i t h i n  t h e  
f r o z e n  t empera tu re  r e g i o n  f o r  much, i f  n o t  a l l ,  o f  t h e  t o t a l  
c y c l e ,  The a p p a r e n t  a b e r r a t i o n s  i n  some o f  t h e  temperature  
cu rves  may w e l l  be  explained by t h e  flow p r o c e s s e s  w i t h i n  t h e  
i n d i v i d u a l  convolut ion a s  d e s c r i b e d  p rev ious ly .  

S a l t  f u l l n e s s ,  on t h e  o t h e r  hand, is brought  about  by the 
c o n d i t i o n  of incomplete me l t ing  o f  t h e  s a l t  w i t h i n  a convolu- 
t i o n  i n  a d d i t i o n  t o  g r a v i t y .  Incomplete me l t ing  i n  the f irst  
f e w  convo lu t ions  was a n t i c i p a t e d ,  F i g u r e  32 ,  which i s  r ep ro -  
duced from r e f e r e n c e  1, shows t h e  d i sc repancy  between t h e  h e a t  
i n p u t  shown a s  broken l i n e s  and t h e  p o t e n t i a l  f o r  c o o l i n g  i f  
the convolut ion t empera tu re  was a t  1560° F shown as a s o l i d  
l i n e .  C l e a r l y  t h e  first f e w  convo lu t ions  were overcooled. 
A t  the  end o f  t h e  sun p e r i o d ,  w i thou t  t h e  a d d i t i o n  of s a l t  
e x t e r n a l  t o  a convo lu t ion ,  w e  could expec t  void volume pro- 
p o r t i o n a l  t o  the s a l t  n o t  melted.  The convolut ion t empera tu re  
d i s t r i b u t i o n ,  f igure 24 ,  does i n d i c a t e  however t h a t  the  neck 
r e a c h e s  m e l t  t empera tu re  d u r i n g  t h e  sun cyc le .  T h i s  would en- 
a b l e  the molten s a l t  from t h e  convolut ion above t o  flow down 
by g r a v i t y  i n t o  the e x i s t i n g  v o i a  volumes. The a d d i t i o n a l  salt 
t o  the convolut ion from above may be  compensated t o  an e x t e n t  
by t h e  l o s s  o f  the molten s a l t  t o  t h e  convolut ion below. The 
lowest  convolut ion (#l) e v e n t u a l l y  approaches a c o n d i t i o n  o f  
f u l l n e s s  where it cannot a c c e p t  any a d d i t i o n a l  amounts o f  s a l t .  
A c t u a l l y  a s m a l l  amount w i l l  s t i l l  e n t e r  t o  t h e  e x t e n t  t h a t  
d i s t o r t i o n  ( a s  d e s c r i b e d  p rev ious ly )  h a s  provided more t o t a l  
volume i n  t h e  convolut ion,  The n e x t  h i g h e r  convolut ion t h e r e -  
a f t e r  approaches i ts  c o n d i t i o n  of f u l l n e s s  a s  does t h e  succeed- 
i n g  convo lu t ions  i n  sequence. 

CONCLUDING REMARKS 

The purpose o f  t h e  t h r e e - t u b e  t e s t s  was t o  o b t a i n  per -  
formance d a t a  and t o  g a i n  an understanding o f  the mechanisms 
involved i n  t r a n s f e r r i n g  h e a t  under s imula t ed  near -Ear th  or -  
b i t a l  cond i t ions .  While the sun-shade p e r i o d s  and the vacuum 
environment could be c o n t r o l l e d  or  a s c e r t a i n e d ,  the  c o n d i t i o n  
o f  z e r o - g r a v i t y  obviously could n o t  be a t t a i n e d ,  Although the 
d e s i g n  was s e l e c t e d  t o  minimize the e f fec t  o f  o p e r a t i o n  i n  
g r a v i t y ,  t h e  p h y s i c a l  r e s u l t s  of the  t e s t  were h e a v i l y  i n f l u e n c e d  
by the  g r a v i t y  effect .  
a m a l d i s t r i b u t i o n  r e s u l t i n g  i n  a h i g h  c o n c e n t r a t i o n  o f  LiF i n  
some convo lu t ions  and t o t a l l y  vo id  o f  LiF i n  o t h e r s ,  t o  t h e  ex- 
t e n t  encountered i n  t h e  t e s t ,  most c e r t a i n l y  would n o t  have 
occurred .  Given the c o n d i t i o n  o f  E a r t h  g r a v i t y ,  however, the  
r e su l t s  h e r e i n  should b e  regarded a s  having  been ob ta ined  under 
a much more s t r i n g e n t  c i rcumstance t h a n  ze ro -g rav i ty .  

I n  an environment o f  zero-  $or  low-gravi ty ,  
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A f t e r  2002 hours  of  t e s t i n g ,  t h e  t u b e s  remained i n t a c t  - 
no c racks  i n  t h e  columbium t u b e s  and no leakage  of  LiF. The 
d i s t o r t i o n s  were l o c a l .  Equal ly  impor tan t ,  t h e  m a l d i s t r i b u t i o n  
and d i s t o r t i o n s  had l i t t l e  e f f e c t  on t h e  thermal  and h y d r a u l i c  
performance of t h e  r e c e i v e r  t ubes .  With t h e  l a s t  7 convolu t iors  
devoid of LiF,  t h e  tubes  s t i l l  func t ioned  t o  h e a t  helium-xenon, 
t h e  working g a s ,  t o  above t h e  des ign  tempera ture ,  of  1500° F f o r  
most of  t h e  96-minute cyc le .  The He-Xe d i scha rge  tempera ture  
v a r i e d  from 30' below t o  50' above des ign .  Th i s  r e p r e s e n t s  a 
range  of  6 pe rcen t  below t o  10  pe rcen t  above t h e  des ign  t e m -  
p e r a t u r e  r i s e  of  t h e  g a s ;  o r  -1 .5  t o  +2.5 percen t  v a r i a t i o n  
from des ign  a b s o l u t e  tempera ture ,  

There was some oxygen contaminat ion of  t h e  columbium a l l o y  
throughout  t h e  l e n g t h  of  t h e  t u b e s  b u t  h e a v i e s t  i n  t h e  i n l e t  
r eg ion  (2200 ppm i n  t h e  4 t h  convolution) e The source  o f  t h e  
contaminat ion h a s  n o t  been tnaced  a s  y e t  - b u t  is suspec ted  t o  
be due t o  t h e  f a c t o r s  p e c u l i a r  t o  t h e  t e s t  se t -up  r a t h e r  than  
t o  any source  i n t e g r a l  t o  t h e  t u b e  themselves.  I t  is  s i g n i f i -  
c a n t  t h a t  w i th  t h i s  l e v e l  of contaminat ion ,  t h e  convolu t ions  
could s t i l l  o p e r a t e  wi th  d i s t o r t i o n  b u t  wi thout  c rack ing  o r  
l eak ing .  

The endurance t e s t  o r i g i n a l l y  began w i t h  t h e  h e a t  f l u x  t o  
t h e  t u b e s  based on f u l l  s o l a r  h e a t  i n p u t  (with r e f l e c t i o n s  and 
r e r a d i a t i o n ) .  That  t h i s  h e a t  i n p u t  had t o  be reduced by 5 per -  
c e n t  s u b s t a n t i a t e s  t h e  des ign  i n t e n t  of  p rov id ing  a margin of  
c a p a b i l i t y  i n  t h e  r e c e i v e r ,  I n  t h e  a c t u a l  r e c e i v e r ,  c o n t r o l l -  
a b l e  doors  w i l l  a l low excess  h e a t  r a t e  t o  r a d i a t e  i n t o  space.  
Th i s  margin of  c a p a b i l i t y  is f u r t h e r  enhanced i f  it is r e a l i z e d  
t h a t  t h e  sun-shade pe r iods  s e l e c t e d  f o r  t h e  t e s t  were based on 
minimum sun and maximum shade va lues ,  I n  an a c t u a l  o r b i t a l  
miss ion ,  t h e r e  would be g e d e r a l l y  a h i g h e r  percentage  of  t h e  sun 
pe r iod .  

For f l u x  i n p u t  t h a t  was 9 5  pe rcen t  of t h e  f u l l  des ign  v a l u e ,  
t h e  maximum convolut ion tempera ture  was 1670' F, 
w e l l  w i t h i n  t h e  l i m i t a t i o n  o f  t h e  m a t e r i a l .  

Th i s  va lue  is 

If t h e  ques t ion  remains r ega rd ing  what f u r t h e r  s t e p s  can be  
taken  s o  t h a t  LiF remains w i t h i n  each compartment - one answer 
would be t o  ensu re  t h a t  t h e  LiF i n  t h e  neck of  each convolu t ion  
i s  always s o l i d  ( f rozen) .  I n  t h i s  way, each convolu t ion  would 
have i t s  o r i g i n a l  "al lotment"  of  LiF t o  which noth ing  would be 
added o r  s u b t r a c t e d .  If t h e  LiF is p rope r ly  d i s t r i b u t e d  i n -  
i t i a l l y ,  t h e  only way f o r  overexpansion t o  occur i s  i n  t h e  c a s e  
of  t h e  average convoluted t u b e  tempera ture  reaching  1750' F - 
t h e  maximum tempera ture  f o r  which it was designed.  One s t e p  
toward accomplishing t h i s  end i s  t o  i n s e r t  a columbium a l l o y  
c o l l a r  around t h e  neck of  each convolut ion t o  form a b a r r i e r  
t o  t h e  thermal  r a d i a t i o n .  
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TABLE I(a). - DIMENSIONS OF RECEIVER TUBE NO. 1 BEFORE "EST 
@ Dimension 

Orientation 
__ 

- 

Convolution no. 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21  
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

35 
36 
37 

I0-18Oo 

3.284 
3.296 
3 303 
3 rn 297 
3.291 

3.305 
3.272 
3.219 

3.139 

3.100 
3 064 
3.014 
2,975 
20938 

3,182 

2,888 
2 . 842 
2.817 

2.734 
2.767 

2 , 696 
2 645 
2,600 
2,571 
2.530 

2.489 

20413 
2.379 
2.329 

2,U6 

2 300 
2.248 

2.187 
2 219 

2 137 
2.085 
2,062 - . - - - 

270' 

0.98 
1.94 
2.93 
3,88 
LOSS 

5.87 
6.80 
7.77 
8.74 
9.73 

10.69 
U.64 
L2.61 

& e 5 5  

15 e52 
L6049 
17 e44 
L8,40 
19.38 

20 . 36 
21.30 
22.26 
'3 0 23 
24 . 18 

25,16 
26,12 

ZS005 

13057 

27 007 

29e03 

30 e02 
31 e 00 
31.98 
32.96 

33 096 
34 . 95 _- 

@ Dimensions are shown i n  Figure 7, A l l  measurements are i n  inches, 



TABLE I (b ) .  - DIMENSIONS OF RECEIVER TUBE NO, 2 BEFORE TEST 

Dimension @ ._ 
Orientat ion 

Convolution no. 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
11 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

35 
36 
37 

A 

?Oo-27Oc 

0 Dimensions are shown 

€3 

,O.lsoO 
C 

in Figure 7. A l l  measurements are i n  inches. 



Dimension @ 

Mentation 

Zonvolution no. 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
1 2  
13 
l4 
15 
16 
17 
18 
19 
20 

2 1  
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

35 
36 
37 

A 

?Oo-27O6 l0-l8O0 
B 

PO '-270' 3'-180' 

10332 
1.327 
1.332 
10331 
1.332 

1.333 
1,327 
1.333 
1. 329 
1 333 

10 332 
1.325 
1,327 
1.328 
1.327 

1.323 
1.327 
1.330 
1.328 
1 e 333 

1.331 

1.327 
1.324 
1.327 

1.328 
1 e 326 
1.328 
1.326 
1.328 

1.328 

1.320 
1 327 
1.328 
1 e 327 

1.333 
1.328 -- 

D 

@ Dimensions are shown i n  Figure 7 0  A l l  measurements are i n  inches, 



TABLE I1 (a) - CHANGES IN DIMENSIONS OF RECEIVER TUBE NOo 1 AFTER TEST 

@ Dimension 

3rientation 

Convolution 
no. 1 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
1 3  
Ilr 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

35 
36 
37 - 

A A 
30'-270' 

-0023 
-0019 
+e003 
+.008 
+.005 

+om5 
+eo05 
+om7 

-0003 

+.005 
+e004 
-0001 
-0001 
+om5 

-.004 
+.004 
+eo01 
+e002 
+om2 

+moo2 
+.002 
+ e 0 0 3  

0000 
+0001 

+ 0002 
+om2 
+eo01 

.OOO 
+ .002 

-.001 
0000 
,000 
+.001 

-0001 
.ooo 
0000 

+om3 

I0-18O0 

-0011 - .016 
0000 

+e009 
+.m6 

+ 0 004 
+a001 
+ow6 
+.006 
+ e 0 0 1  

-0003 
-0002 
-0003 

0 000 
-0001 

+e007 
+ e o 1 0  
+A01 

O O O O  

-0001 

-0004 

+ 0004 
9.004 
+om2 

+om2 
-0007 
+om5 
-.002 
+*002 

+ 0001 
o m  

+.002 - 0 001 

+.010 
+om2 
-e003 

-0003 

AB 
3O0-27OC 

-0005 
+om4 
+do6 
+om2 
+*003 

+eo01 
+0002 
+om4 
+e002 
+e003 

+oOO3 
+om2 
+0003 
+.001 
+0004 

+eo01 
+om2 
+*€a3 
+.001 
+0001 

+om2 
+e002 
+.002 
+om2 
+a003 

+om2 
+eo01 
+ 0 002 
+.001 
+ 0001 

+ 0001 
+e002 
+e002 
0000 

+om3 
0000 -- 

-0004 
0000 

+,002 
+.006 
+oO04 

+ 0001 
+e002 
+ e 0 3  
+ 0 005 
+0001 

-0002 
+.001 
-0002 
+0002 
-0004 

+0004 
+ .004 
+ 0004 
+om3 
+ .003 

+ 0001 
+om3 
+*002 
+.002 
+ a 0 0 1  

0000 
+ 0 001 
+om2 
+ e o 0 1  
+e002 

-0002 
+ o O o h  
-0002 
+ e 0 0 3  

+e002 
+om2 -- 

Ac 
90' - 
+ e o 1  

+ d o 1  
+001 
000 
0 0 0  

-,01 
0.02 
+001 
+eo1 - 002 

-002 
+.01 

0 0 0  
+ e 0 2  
-002 

0 0 0  
+ e o 1  

0 0 0  
0 0 0  
0 0 0  

-002 
0 0 0  
0 0 0  
0 00 

+.01 

0 00 
-a01 
+eo1 
+.01 
-002 

+,02 
0 0 0  
-*01 
+eo1 

+e02 
0 0 0  -- 
_I 

270' 

+001 
+ r01 
-001 
+e02 
-001 

-001 
+002 
-004 

0 0 0  
000 

-002 
+ e o 1  
-002 
+eo1 

000 

0.01 
0 0 0  

+ e o 1  
0 0 0  

-003 

-004 
+e03 
+e02 
-004 
+ .06 

-001 
.00 
.00 

+ e o 1  

-001 

+eo1 
0 0 0  

-002 
+ e o 1  

-002 
+e03 

-0 

AD 

9oo 

+.040 
+ 0075 
+*005 
+ 0001 
+*006 

+.012 
+eo10 
+ ,001 
+.001 
+*004 

+ 0010 
+ .018 
+.016 
+.005 

+om2 
+ 0004 
+.001 
0.007 
-0004 

+ O W 5  

-0003 
-0001 
-0007 

-0002 
+ 0001 
+ e 0 0 2  
+.009 
+0012 

+ow3 

+0004 

-- -- -- -- 
-- 
a- 

m- 

2?0° 

+e134 
+011!5 
+,006 
+.004 

+,008 

-0007 
.Ooo 

+ .007 

+eo10 
+om3 
+.028 
+ a 0 2 4  
+ow5 
+ 0003 

+ O O U  
+ 0009 
+.004 

+.005 
+ .010 
+ e 0 0 7  
+.016 
+.Ox) 

+om9 
+e021 
+ 0 010 
+0022 
+.01!5 

+ow3 

-0003 

+ o w 3  

-- -- ..- -- 
0- 

..Io 

-0 

*D 

63 Basic dimensions are shown i n  Figure 7. All measurements are i n  inches. 
A- Measurement after test - measurement before test, 
$t - Measurement after t e s t  - measurement averaged at  90' an 270' 

be P ore test. 

180' - 
+ e 1 7 7  
+e132 
+a012 
+0m2 
+0009 

t0019 
+*w5 
+0m1 
+0m4 
+ 0 0 0 6  

+0m2 
+ e 0 0 3  
+*034 
+.025 
-0004 

- 0 0 0 1  
+0w2 
+ 0010 
+.002 

e000 

.OOo 
+ e 0 1 3  
t.006 
+0w5 
**007 

+0m2 
+ .018 
+.004 
+.014 
+ 0006 

00 

-II -- 
H 

0- 

0- - 



T A B U  I1 (b) 0 - CHANGES IN DIMENSIONS OF RECEIVER TUBE NO. 2 AFTER TEST 

0 Dimension 

M e n  tation 

2 onvolu ti on 
no. 1 

2 
3 
4 
5 
6 
7 
,8 
9 

10 

11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 

2 1  
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

3s 
36 
37 

AA 

90°-270' 

-0009 
+.003 
-.Oil - 0 01.5 
-0017 

- 0 012 
-0012 
c.008 
-0005 
-0004 

O O O O  

-0007 - 0015 
-0009 
0000 

0000 - 006 
+.004 
-0001 
+.002 

+oOO9 
+ 004 
+.002 

+.006 

+.003 
+.004 
+.010 
+eo01 
+a003 

+ -005 
+om3 
+ 0 005 
.OOO 

+ .001 
+0004 
+.001 

I0-18O0 

-.Oltl 
0 000 

-0009 
-0015 
-0017 

- 016 - .016 
-.012 
-0007 

,Ooo 

-.006 

-0015 - 0 005 
-.006 

- 0005 
-0004 
+ .001 
+a002 
+.002 

+*002 
+.002 

.ooo - .001 
+ r o o 2  

-e 002 
+ 0 005 
+.003 
+ 0 002 
+e003 

-.004 - . 001 
+ .004 
-.002 

- .002 
+.001 - . 001 

-0007 

L 
90'-270' 

+A01 
+so01 
-0002 
-0001 
-e003 

- 006 
-.006 
-0002 - 006 - 0 001 

-0001 
-0003 
+OW1 
-.001 
0000 

+e002 
+ 0 001 - .002 - .002 
-0003 

+.002 
+ 0 001 
+.002 
+e002 
+e002 

- 003 
e o 0 0  

+.002 
-,002 
+.01 

+.001 
+ 0 001 
+eo01 
+.003 

+ 0002 
0000 -- 

3°-1t300 

- 0 004 
-0002 
-0003 - .OOB - 0004 

-0002 
-0002 - 0003 - 0005 
-,006 

- 0007 
-0003 - 0005 
-0009 - 006 

-0002 
-0003 
.OOO 

+.001 
+eo01 

+ 0001 
+ 0002 
+ -001 
+om2 
+e002 

+eo01 - .002 
0000 

+.003 
+ 0001 

+ 0002 
+ 0002 
+ 003 
+a002 

0000 
+ 0004 

.1(1 

Ac 
_I 

90' - - 
+ool 

0 00 
0 0 0  

-002 
0 0 0  

-.01 
0.01 
+ 002 
-001 

0 0 0  

-,01 
+.01 

0 0 0  
O W  

000 

0 0 0  
000 

+e02 
-004 
-001 

+e02 
-001 
-.01 

000 
+.02 

-.02 
+.02 
0.02 
+.01 

0 0 0  

+eo1 
- * O l  
-.02 
+a01 

-,01 
- * O l  -- 
IC_ 

- 
270' - 

+ e 0 3  
+eo1 
+a03 
-.OS 
+ 001 

000 
+ e o 1  

.oo 
000 

-.02 

-002 
+e02 
000 
0 0 0  

+e03 

0 0 0  
000 
.oo 

+ 001 
-.02 

-001 
0 0 0  

+ e 0 2  
0 0 0  
0 0 0  

+eo1 
+eo1 
+eo1 
+.01 
0.03 

+e02 
0.01 
+.Ob 
+ 001 

-001 
-002 -- 

1 

90' 

+ 104 
O O O O  

+e093 
+.081 
+.094 

+ 090 
+e093 
+.064 
+.OS8 
+ e o 5 1  

+.046 
+*Ob0 
+ 0057 
+.048 
+ ,040 

+.034 
+.020 
+e022 
+ ,012 
+ 006 

+.006 
+e012 
+A04 
+0010 
-0004 

+ .003 
-.008 
+om2 
-.008 - 0019 

-- 
e- -- -- 
e- 

LI - 

1 

270' 

+oO79 
+om5 
+.078 

+,087 

+ 0080 
+.OS8 
+ e 0 5 8  
+ 0047 

+ 090 

+.a073 

+.031 
+.036 
+,066 
+ 0054 
+004l 

+.026 
+.018 
+*OX)  - 0001 
+.OO8 

+.018 
-.006 
+ 0001 
+.008 
+.007 

+e003 
-.002 - .006 
+o003 
-.Oll 

-- 
-0 

-c -- 
-- -- 
0- 

*D 

0' 

+a043 
+ Q13 
+.038 
+.083 
+a093 

+ e 0 8 0  
+.087 
+ 0055 
+ 0 0 6 0  
+.on 
-0003 
-0001 
*.065 
+ o O 3 1  
+e029 

+.026 

+0015 
+ow8 
+e012 

+om3 
-0003 
+e013 
+om2 
+ 004 

-.001 
+e004 
-0008 
-000l 
-0021 

+oO31 

-- 
s- -- -- 
-- -- -- 

180° 

+.U6 
4..04& 
+e153 
t o 1 0 7  
to103 

- 

to093 
+ 0 110 
t 0090 
+.1U 
+ 0 110 

4.0 110 
+e092 
+.081 
to091 
+ e 0 9 4  

+ 065 
+ 063 
+ 0020 
+ .008 
+.005 

+om2 
-0005 
-.003 
-0004 
-0010 

+ .005 
-,016 
+ow3 
-0005 
-.Ol4 

-- -- 
..).- 

0- 

e- -. 
e- 

@ Basic dimensions are shown i n  Figure 7. All measurements are i n  inches. 

0 0 
A = Measurement af ter  t e s t  - measurement before test .  
9 - Measurement after t es t  - measurement averaged a t  90 and 270 before test. 



TABLE II(c) l - CHANGES I N  DImNSIONS OF RECEIVER TUBE NO. 3 AFTER TEST 

@I Dimension 

Orientation 

Convolution 
no. 1 

2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
3.4 
15 
16 
17 
18 
19 
20 

2 1  
22 
23 
24 
25 

26 
27 
28 
29 
30 

33. 
32 
33 
34 

35 
36 
37 

AA 
30 O-270" 

- 0018 
+0001 
+ e 0 0 4  
+om3 
+om5 

+ 0 005 

+ .006 
+om5 
+.008 

+.008 
+ 0 005 
+eo05 
+ 0 005 
+ow4 
+ 0003 
+ 004 
+.003 
+.008 
+om2 

+.006 
+ 0007 
+ .001 
+.003 
+e001 

+om4 
+ .003 
+.003 +. 004 . 000 

+.003 

+ 007 

+a003 
+ 0003 
+ .006 

+ .003 
+ .003 
-0003 

IO-1800 

-0011 
+OW1 
-0001 
+eo05 
+ .004 

+ o m  

+.006 
+ 006 
+om5 
+.m6 

+.m5 
+om4 
+om4 
+.004 
+.003 

+.003 
+.004 
+ .001 
+.oo4 
+ .003 

+ow3 
+om5 
+.m1 
+e002 
+e002 

+ .002 
0000 

+ .004 
+.002 
t. 002 

+. 002 
+.003 
+.001 
+ .002 

+.003 
+.002 
+.002 

AB 
10°-270a 

-0002 
+e001 
+ a 0 0 4  
+ e 0 0 4  
+0005 

+om4 
+ow4 

+om4 
+ 004 

+om2 
+om4 
+ 0005 
+ow3 
+om5 

+om3 
+ 0 001 
+e002 
+.003 
+moo2 

+.003 
+.w5 
+e002 
+om2 
+.003 

+.m2 
+ e 0 0 2  
+ .004 
+.004 
+.001 

+ .002 
+.002 
+ ,003 
+.ooJ 
+.002 . 000 

+ o 004 

0- 

)O-18o0 

+OW1 
+eo01 - 0001 

+OW1 

+OW1 
+e003 
+om2 
+ e 0 0 5  
+om3 

+om3 
+om3 

+.002 
+om3 

+OW1 
+ 0002 
+ow2 
+ .004 
+.00$ 

O O O O  
+.001 
+om2 
+.001 
+ .001 

+.002 
+.002 
+.002 
+om3 
+.002 

+. 002 - .001 
+ B O O 1  
+ 001 

-.W1 
0000 

+.005; 

+0m4 

-- 

Ac 
9oo - 

+e02 
0 0 0  

+ e o 1  - 004 
+ 002 

+ .01 
0 0 0  

+e02 
0.03 
+ e 0 2  

-002 
+ 003 
-001 
-001 - 002 

.OO 
e 00 

+.01 
000 

-001 

+.01 
0.01 

0 0 0  
+ e o 1  
+.01 

.oo 
-001 
-002 
+.02 
+ e 0 2  

+.01 
-.02 
-001 

a 0 0  

0.01 
+ 001 

0- 

- 
noo = 

000 
O W  

-001 
+.Q1 
+ 002 

000 
0 0 0  . 00 
0 0 0  
0 0 0  

-.01 
+.01 
to02 

0 0 0  
0 0 0  

.OO 
0 0 0  

-.01 
.00 
-.02 

+.01 
+ e o 1  

-.02 
.oo 

+ .01 

+e02 
.oo 

-.01 
.oo 
0 0 0  

0 0 0  
+ 001 

0 0 0  
ow 

+.01 
-e03 

0- - 

A 
9oo - 

+a123 
+ e 1 2 7  
+ 0 021 
+ e031 
+.015 

+.018 
+ O W 4  

+ e o 1 0  
+.001 
+moo4 
+.Oll 
+ .oos 
+.m4 
-0004 
+om3 

-0003 
-0004 
+ 0001 
-.005 
+OW1 

-.003 
0.002 - . 005 
+.001 
+ e 0 0 6  

-.009 
-.020 - . 007 - .016 
-.019 

-... 
-0 

-0 -- 
_- -- 
0- - 

I 

270° 

+,088 
+ 0004 
+ m o l l  
+ .Ol6 
+OW1 

+ 013 
+.a21 
+ 0009 
-0004 
+,006 

+ow4 
+om4 
+om3 
+e002 
+0001 

-0003 
-.001 
-0003 
-.002 
-.002 

-0001 - -009 - 0001 - 0004 
-0003 

+.m8 
+.OU - . o s  
-0004 
+0010 

- 

0- -- -- 
0.. 

0- 

0- - 

0. - 
+e027 
+ow3 
+ e 0 0 5  
+.018 
+.On 

+ 019 
+ b o 2 0  

+,008 
-0002 
+ 0003 

+ 0009 
+ o w  

+ow1 

-0002 

-0004 
-0007 
-.003 
+om2 
-.002 

+om3 
-0001 -. 005 
-0007 
-0003 

- 0 007 
+eo01 
-0010 
-.OO8 
- e o 0 3  

+ow3 

-- 
I- -- 
0- 

0- -- 

- 
180° - 
+.152 
+ O O G  
+ . O S  
+ e 0 3 4  
+ 0020 

+ .028 
+*OW 
+.016 
-.004 
+e004 

+0w5 
+.005 
+ e 0 0 3  
+0w2 
-0002 

+.a 
+0w1 - 0008 
-.012 
+.n03 

-0002 
-0008 
-0001 
+0m5 
+e011 

+ 0004 
+ o m  

-.OS - .007 
-.wp 

-- - 
-0 

0- 

-- 
(..e 

@ Basic dimensions are shown i n  Figure 7. All measurements are i n  inches. 
A =  Measurement after tes t  - measurement before test. 
st. - Measurement after tes t  - measurement averaged a t  90 and 270 before test.  
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F igu re  4. -Tes t  section open showing receiver tubes in  position. 

Figure 5. - Test section open showing tan ta lum heaters. 
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Figure 6t Schematic diagram of cross section through test section 
showing the relative positions of contents. 
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Figure 7: Dimensions as tabulated in Table I. 
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Figure 8: Schematic Magram of Receiver Tube Test Gas Loop. 
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Figure 9. - 3-Tube section i n  vacuum tank. 
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/ 
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Figure 10: Cross-section of columbium-l% %ircodm and 
stainless steel bi-metallic joint 
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Figure 13. - I ron  titanate coated tubes after short-term test. 

Figure 14. - Close-up of middle region of i r o n  titanate coated receiver tubes. 
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Figure 17. - Grit-blasted tubes in test section after 2002-hour test. 

Figure 18. - Radiograph of tubes in inlet region after 2002-hour test. 
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Figure 21, Cutaway of f i r s t  convolution showing ful lness of LiF. 

Figure 22. - Close-up radiograph of the  f i rst  four  convolutions from the  inlet. 

Figure 23. - Comparison of frozen LiF f rom convolution No. 4 (left) and convolution 
No. 18 (right). 
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Figure 32. - Flux distributions along gas tube length fo r  60-minute sun period, 36-minute shade period orbit. 
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