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Executive Summary 

High c o s t  has been a major obs t ac l e  t o  development of a Solar  Power 
S a t e l l i t e  (SF5) system. A major p a r t  of t h i s  c o s t  is the  expense of 
t r anspor t ing  ma te r i a l  from Ear th  t o  geosynchronous o r  b i t  (GEO) . 

energy requi red  t o  t r a n s p o r t  l una r  material t o  GEO is less than 8% of 
t f o r  Earth mater ia l .  I n  add i t i on ,  launch from t h e  Moon should be more 
l c i e n t  than launch from Earth  due t o  low l u n a r  g rav i ty  and t h e  e f f e c t i v e  
c of a luna r  atmosphere. Thus, t h e  c o s t  of de l ive r ing  m a t e r i a l s  from t h e  
a t o  GEO might be about o n e f i f t i e t h  of t h e  c o s t  t o  d e l i v e r  equiva len t  
?rials from Earth.(b) Th i s  sugges t s  t h a t  t h e  use of lunar  ma te r i a l s  
ld s i g n i f i c a n t l y  reduce t h e  c o s t  of bu i ld ing  an SPS system. 

r r a l  Dynamics Convair has  s tud ied  t h e  use  of lunar  resources  f o r  SPS 
s t ruc t ion . ( l )  The r u l e s  of t h a t  s tudy allowed only minor changes t o  an  
lier Boeing design(2)  vhich had assumed t h a t  a l l  m a t e r i a l s  came from 
th. Thus, t h e  r e s u l t i n g  design vas  not  optimized f o r  t h e  use of lunar  
grials. Even s o ,  i t  requi red  only 10% as much Earth  mass a s  t h e  Boeing 
Lgn.(l) 

3 document is t h e  f i n a l  r e p o r t  o f  Space Research Associates '  SPS design 
iy emphasizing minimal use  of  Earth-supplied mass t o  achieve low cos t .  
ground r u l e s  of t h e  s tudy a r e  l i s t e d  i n  Table 1-1. The s tudy ob jec t ive  
t o  provide a b a s i s  f o r  comparison of a l t e r n a t i v e  SPS concepts  and 

. 

systems i n  t h e  contex t  of  l u n a r  material u t i l i z a t i o n .  

6 Any reasonably abundant chemical element presen t  i n  l una r  
ma te r i a l  could be mined, r e f i n e d ,  and t ranspor ted  t o  t h e  SPS 
cons t ruc t ion  s i t e .  A l l  o t h e r  m a t e r i a l s  must be t ranspor ted  
from Earth. 

a The primary design requirement is minimal non-lunar mass. Low 
t o t a l  mass is only a minor concern. 

Q Scope of t h e  s tudy does not inc lude  design of t r a n s p o r t a t i o n  
s y s t e m ,  m a t e r i a l s  processing,  o r  assembly systems. 

o To enhance commercial f e a s i b i l i t l ,  undemonstrated technology is 
t o  be avoided i n  t h e  design wherever possible .  

0 microwave t ransmission of power is t o  be considered.  The 
peak i n t e n s i t y  a t  t h e  ground is no t  t o  exceed 300 W/ma2. 

ments abundant on t h e  Moon a r e  alumfnum, calcium, i r o n ,  magnesium, 
gen, s i l i c o n ,  and t i tanium. Less abundant (< 1%) but p o t e n t i a l l y  
i l a b l e  a r e  chromium, potassium, manganese, and sodium; though using them 
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E x e c u t i v e  Summnry 

does  n o t  seem u n r e a s o n a b l e ,  t h e r e  is assumed t o  be some t e c h n o l o g i c a l  o r  
economic r i s k  i n  p l a n n i n g  t o  u s e  t h e s e  materials. A s p e c i a l  c a s e  is n i c k e l ,  
which is a component of  some m i c r o m e t e o r i t e s ,  Though p r e s e n t  i n  o n l y  t i n y  
amounts  i n  l u n a r  s o i l ,  t h e s e  m i c r o m e t e o r i t e s  are h i g h  q u a l i t y  steel and I 
s h o u l d  be e a s y  t o  s e p a r a t e  m a g n e t i c a l l y  from t h e  s o i l . ( 7 )  Thus ,  u s i n g  
n i c k e l  s teel  is assumed t o  be  a r e a s o n a b l y  good r i s k .  I 

1.1 SUMMARY OF RESULTS 

T h i s  s e c t i o n  p r e s e n t s  the broad ,  s a t e l l i t e - l e v e l  r e s u l t s  of  t h e  s t u d y ,  
f o l l o w e d  by t e c h n i c a l  r e s u l t s  f o r  e a c h  major  s a t e l l i t e  system. 

It is found that an SPS c a n  b e  d e s i g n e d  which u s e s  less t h a n  one p e r c e n t  as 
much non-lunar  material a9 t h e  E a r t h  b a s e l i n e  SPS, a f a c t o r  o f  t e n  
improvement o v e r  t h e  r e s u l t s  of  t h e  G e n e r a l  Dynamics s t u d y .  The t o t a l  mass 
of  t h e  s y s t e m  is a b o u t  e i g h t  p e r c e n t  g r e a t e r  t h a n  t h a t  o f  one made from 
Ear th -de r ived  materials. The b e s t  d e s i g n  u s e s  s i l i c o n  p h o t o v o l t a i c  cel ls  
f o r  power c o n v e r s i o n .  Its s t r u c t u r e  is p r i a a r i l y  aluminum and u s e s  aluminum 
o x i d e  c o a t i n g s  f o r  t h e r m a l  c o n t r o l .  R a d i a t o r s  are more t h a n  99 p e r c e n t  
composed of l u n a r  m a t e r i a l .  A f l y w h e e l  s y s t e m  is used  f o r  ene rgy  s t o r a g e  
d u r i n g  e c l i p s e s ,  The d e s i g n  is s u i t a b l e  f o r  l a r g e l y  au tomated  c o n s t r u c t i o n .  

S GW TO EARTH 

I wna 

FIGURE 1.1-1, MTAL MASS TO NOH-LmAR MASS COMPARISON 
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Executive Summary 

Figure  1.1-1 compares t o t a l  mass and non-lunar mass of the Boeing SPS 
design,  t h e  General Dynamics SPS design,  and t h e  Space Research Associates 
SPS design. Figure  1.1-2 compares t h e  es t imated c o s t  per  SPS f o r  each 
design,  based on t h e  assumption t h a t  non-lunar ma te r i a l  is f i f t y  t imes more 
c o s t l y  than luna r  mater ia l .  The c o s t  u n i t s  a r e  equiva len t  t o  thousands of 
metric t o n s  of l una r  mater ia l .  Growth and contingency ana lyses  were ou t s ide  
the scope of t h i s  s tudy ,  s o  t h e  mass es t ima te  f o r  t h e  SRA design assumes the  
same growth f a c t o r ,  26.7%, a s  t h e  Boeing design. 

LOGISTICAL ADVANTAGE OF SPS 
FROM LUNAR MATERIALS 

dMRM DYNAnlCS SPACE RE5 ASS= 

SPS STUDY 

FIGURE 1.1-2, -TED SPS COST COMPARISON 

An d t e r n a t i v e  t o  s i l i c o n  cel ls  is t o  we gal l ium a r sen ide  cel ls  v i t h  s o l a r  
concentrators .  T h i s  roughly t r i p l e s  t o t a l  SFS mass, but non-lunar mass 
r u n s  less than two percent  of that f o r  t h e  Earth  basel ine.  Four o the r  
p o t s  conversion s y s t m  were inves t iga ted :  thennophotovoltaic (TPV), 
Srapton,  W n e ,  and S t i r l i n g .  These were found t o  use s i g n i f i c a n t l y  more 
non-lunar ma te r i a l  than e i t h e r  t h e  s i l i c o n  system o r  t h e  gal l ium a r sen ide  
system. 

It appears  t h a t  a l e n s  made of alumfnum mesh could economically increase  t h e  
e f f e c t i v e  a p e r t u r e  of t h e  SPS antenna. If this proves t o  be  c o r r e c t ,  t he  
l ove r  l i m f t  on SPS pover could be a s  low aa 200 MW per s a t e l l i t e .  This  is 
an area f o r  f u r t h e r  study. 
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Executive Summary - 

1.1.1 So la r  Power Conversion Systems 

Sola r  pover conversion systems inc lude  subsystems vhich c o l l e c t  and 
i n t e n s i f y  s o l a r  r a d i a t i o n  and those  vhich d i s s i p a t e  heat  from the  power 
conversion process.  Since design of t he se  subsystens  is l a r g e l y  independent 
of t h e  conversion systems they suppor t ,  they a r e  discussed s epa ra t e ly  a f t e r  
the pover conver te rs .  

Systems f o r  conver t ing s u n l i g h t  i n t o  electricity may be ca tegor ized  a s  those 
which r e q u i r e  a c t i v e  cool ing and those vhich do not .  Tvo systems vhich use 
pass ive  cool ing  were i nves t i ga t ed :  s i l i c o n  planar and gal l ium a r sen ide  
concent ra tor .  Four systems vhich r e q u i r e  a c t i v e  cool ing were inves t i ga t ed :  
thermophotovoltaic (TPV) convers ion,  Brayton cyc l e ,  Rankine cyc l e ,  and 

. S t i r l i n g  cyc le .  A t  l e a s t  one 5PS design was developed and evaluated using 
each system. As s t a t e d  above, t h e  pass ive ly  cooled s y s t e m  vere  found t o  
r e q u i r e  s i g n i f i c a n t l y  l e s s  non-lunar material. To ta l  s p e c i f i c  mass and non- 
l u n a r  s p e c i f i c  mass f o r  each pover conversion system a r e  compared i n  Figs. 
1.1-3 and 1.1-4. These f i g u r e s  do n o t  inc lude  masses of o the r  SPS 
subsystems. 

Stlrllng 

Rankine Potasdm 

Rmktne Steam 

Brayton 1100 
C m s i o n  System 

Braytan 1617 

T h m i  PhotmlLic 

C I A  Co~snhtor 

Sitkm Plarar 

Cornparlson of System Masses 

FIGURE 1.1-3, MTAL SPECIFIC MASS COHPllRfSON 

Page 4 



Executive Summary 

Compar t son of Non-Lunar 
System Masses 

Brayton 1 l o o  
Convuslofl System 

Mayton 1617 

fhsrmal Photovultalc 

6aAs CMcmlrator 

SI1Im Planar 
4 

0.0 0 2  0.4 0.6 0.8 1.0 12 1.4 1.6 

1.1.1.1 S i l i c o n  Planar  

I n  t h e  s i l i c o n  planar  conf igura t ion ,  non-concentrated s u n l i g h t  f a l l s  onto a 
planar  a r r a y  of s i l i c o n  c e l l s .  C e l l s  a r e  pass ive ly  cooled by r a d i a t i n g  from 
t h e i r  own sur faces .  They are p a r t l y  protected from harmful r a d i a t i o n  by 
t h i c k  s i l i c a  g l a s s  windows and subs t r a t e .  C e l l s  are pe r iod ica l ly  annealed 
t o  r e p a i r  damage from ene rge t i c  p a r t i c l e s .  

Previous s i l i c o n  planar  SPS des igns  have used p l a s t i c  t a p e  t o  connect s o l a r  
cell pane ls  i n  a f l a t  a r ray .  The design developed i n  this study uses  
aluminum vire t o  connect and support  t he  panels,  reducing non-lunar mass. 
The panels are angled t o  f a c e  t h e  sun more square ly ,  which improves 
e f f i c i e n c y .  

The s i l i c o n  planar  design uses  v i r t u a l l y  no non-lunar mater ia l s .  It is a l s o  
the least massive conversion system o v e r a l l ,  a s  shown i n  Figures 1.1-3 and 
1.1-4. The mass shown may be o p t i m i s t i c  by a f a c t o r  of two i f  r a d i a t i o n  
damage cannot b e  repea ted ly  annealed ou t  of s i l i c o n  cells,  but t h e  s i l i c o n  
p lanar  concept would still r e q u i r e  t h e  least non-lunar material. 
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Executive Summary 

1.1.1.2 Gallium Arsenide Concentrator 

h e  ga l l ium a r sen ide  (GaAs) concent ra tor  concept uses  GaAs c e l l s  t o  produce 
e l e c t r i c i t y  from concentra ted sun l igh t .  Nei ther  gal l ium nor a r s e n i c  is 
abundant on the Moon, bu t  GaAs c e l l s  can be used with  highly concentra ted 
sun l igh t .  Thus, t h e  mass of t h e  cel ls  - and hence t h e  mass of non-lunar 
m a t e r i a l  - need be only a smal l  f r a c t i o n  of t h e  SPS mass. G a A s  c e l l s  a r e  
more r e s i s t a n t  t o  r a d i a t i o n  damage than s i l i c o n ,  but s t i l l  r equ i r e  pe r iod i c  
anneal ing o r  t h i c k  cover g l a s s .  

The des ign  used here  has  a Cassegrain o p t i c a l  system with  a concent ra t ion  
ratio of  260. Aluminum primary and secondary mi r ro r s  focus  s u n l i g h t  on to  a 
smal l  GaAs cell  vhich is f ixed  t o  t h e  cen t e r  of t h e  primary mirror .  Excess 
h e a t  from t h e  ce l l  is rad i a t ed  from t h e  back s u r f a c e  of the  primary, which 
c o n s t r a i n s  t h e ' d e s i g n  t o  use many smal l  un i t s .  The c e l l  opera tes  a t  200 C,  
producing 4.04 watts per  un i t .  A s  shown i n  Figures  1.1-3 and 1.14, t h i s  
design is second only t o  s i l i c o n  p lanar  i n  minimizing non-lunar ma te r i a l s .  
Fur ther  op t imiza t ion  of t h e  design could probably reduce t h e  GaAs system's 
t o t a l  mass by a f a c t o r  o f  a t  l e a s t  two. 

1.1.1.3 Thermophotovoltaic (TPV) 

A VV conver te r  moves t h e  s p e c t r a l  peak of concentra ted s u n l i g h t  from the  
v i s i b l e  region t o  t h e  i n f r a r e d ,  vhich is  more e f f i c i e n t l y  converted t o  
electricity by photovol ta ic  cells. The c e l l s  r e q u i r e  a c t i v e  cool ing.  

A parametr ic  model of a TPV conver te r  us ing s i l i c o n  photovol ta ic  c e l l s  was 
developed. The r e s u l t  of opt imizing t h i s  model f o r  minimal non-lunar mass 
is shown i n  F igures  1.1-3 and 1.14. The high mass of t h e  TPV system is due 
t o  a c t i v e  cool ing  of t h e  s i l i c o n  cells. The cool ing  s y s t e m  a l s o  accounts  
f o r  more than 90% of the non-lunar mass. 

An advantage of TPV conversion over  o t h e r  photovol ta ic  systems is t h a t  t h e  
cells are enclosed wi th in  a s u b s t a n t i a l  s t r u c t u r e  vhich p r o t e c t s  them from 
harmful r a d i a t i o n ,  s o  no annea l ing  is required.  TPV technology is advancing 
r a p i d l y ,  s o  i t  should be considered i n  f u t u r e  SPS s tud i e s .  T P V  would be 
e s p e c i a l l y  appeal ing i f  a cool ing  system with very l i t t l e  non-lunar mass 
were developed. 

1,1,1,4 Brar toa  Cycle 

High temperatures  i n  t h e  Erayton des ign  y i e l d  high e f f i c i e n c y  and low t o t a l  
mass bu t  make luna r  m a t e r i a l  s u b s t i t u t i o n  d i f f i c u l t  due t o  t h e  need f o r  
advanced mater ia l s .  The degree of l una r  m a t e r i a l  s u b s t i t u t i o n  pos s ib l e  was 
conse rva t ive ly  es t imated  f o r  t vo  d i f f e r e n t  temperature cycles. The ho t  
c v c l e  has a t u r b i n e  in le t  temperature  of 1617 R; t h e  co id  cyc l e ,  1100 K. 
Both use  helium a s  the working f l u i d .  E s t a t e s  of t o t a l  s p e c i f i c  mass and 
non-lunar s p e c i f i c  mass f o r  t h e  two temperature ranges a r e  shown i n  Figures  
1.1-3 and 1.14. 

The low temperature  c y c l e  is found t o  use less non-lunar ma te r i a l ,  but t he  
i nc rea se  i n  t o t a l  mass is f o r t y  times l a r g e r  than t h e  decrease  i n  non-lunar 
mass. S ince  n e i t h e r  t h i s  f i g u r e  nor t h e  f i f t p t o - o n e  c o s t  advantage of 
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Executive Summary 

luna r  m a t e r i a l s  is very p rec i se ,  n e i t h e r  temperature cpc l e  has a c l e a r  c o s t  
advantage over  the o ther .  

1.1.1.5 Rankbe Cycle 

Two working f l u i d s ,  potassium and steam, were evaluated f o r  t h e  Rankine 
engine. Each f l u i d  was evaluated with  two temperature ranges. The more 
promising s p e c i f i c  mass estimates a r e  shorn i n  Figures  1.1-3 and 1.1-4. The 
high temperature  steam cyc le  vas found t o  r e q u i r e  least non-lunar ma te r i a l  
among t h e  W i n e  designs,  bu t  t h e  Rankine c y c l e  r e q u i r e s  much more non- 
l u n a r  m a t e r i a l  than any o t h e r  option.  

1.1.1.6 S t i r U n g  Cycle 

Performance of  t h e  S t i r l i n g  engine vas  es t imated us ing  the goa l s  of a 
c u r r e n t  NASA demonstration pro jec t .  A s  shorn in Figures  1.1-3 and 1.1-4, 
its s p e c i f i c  mass is r a t h e r  high. However, t h e  S t i r l i n g  r equ i r e s  l i t t l e  
non-lunar m a t e r i a l  because of its low opera t ing  temperatures.  The s t a t e  of 
S t i r l i n g  engine technology is advancing r a p i d l y ,  s o  i t  should no t  be ru led  
o u t  f o r  SPS app l i ca t ions .  

1.1.1.7 Concentrat ing Ref l e c t o r s  

Standard technology f o r  l a r g e  r e f l e c t o r s  i n  space is  vapor deposi ted 
aluminum on f a c e t s  of Kapton p l a s t i c .  A similar design which uses  vapor 
deposi ted aluminum on f a c e t s  of aluminum f o i l  was se l ec t ed .  This  r e q u i r e s  
v i r t u a l l y  no non-lunar mater ia l .  

Three r a d i a t o r  concepts  which mfght be used t o  d i s s i p a t e  hea t  from a c t i v e  
cool ing  systems are the  hea t  pipe r a d i a t o r  (HPR), t h e  l i q u i d  d r o p l e t  
r a d i a t o r  (LDR), and the  moving b e l t  r a d i a t o r  (MBR). The hea t  pipe r a d i a t o r  
vas  s e l e c t e d  f o r  a l l  a c t i v e  cool ing needs i n  t h i s  s tudy because it  
r e p r e s e n t s  least technologica l  r i s k  and r e q u i r e s  l i t t l e  non-lunar material. 
The moving b e l t  r a d i a t o r  may have even lower non-lunar ma te r i a l  
requirements,  but  was considered too r i s k y  t o  use i n  t h i s  study. 
Nonetheless,  t h e  MBR concept is promising and deserves  f u r t h e r  study. 

1. 

~Uuminum was found t o  be the bes t  s t r u c t u r a l  m a t e r i a l  f o r  this study bticauae 
it is w e l l  understood, r e q u i r e s  few non-lunar a l l oy ing  agen t s ,  has good 
3tructura.l  p rope r t i e s ,  and has r e l a t i v e l y  low mass per u n i t  s t rength .  
Paasive thermal c o n t r o l  systems should suffice t o  keep e c l i p s e r e l a t e d  
thermal expansion wi th in  acceptab le  bounds. 
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1.1.3 Power D i s t r i b u t i o n  

The Power D i s t r i b u t i o n  System (PDS) c o n t r o l s ,  cond i t i ons ,  and t r ansmi t s  
power from t h e  conversion system t o  t h e  microwave t ransmiss ion system. It 
a l s o  provides  energy s t o r a g e  f o r  e c l i p s e  per iods  and handles  f a u l t  de t ec t i on  
and i s o l a t i o n .  Major PDS subsystems a r e  d i scussed  below. 

1.1.3.1 Main Buses 

Four o p t i o n s  were considered f o r  t h e  main power buses: s h e e t  aluminum 
conductors ,  r e f r i g e r a t e d  buses,  superconducting buses,  o r  microwave 
transmission. The s h e e t  aluminum opt ion  r e q u i r e s  e s s e n t i a l l y  no non-lunar 
material, and r e s i s t a n c e  l o s s e s  can  be made a r b i t r a r i l y  small by inc reas ing  
the width o r  t h i cknes s  of t h e  bus. It is a l s o  t h e  s imples t  t o  manufacture. 
Thus, t h e  s h e e t  aluminum op t ion  was s e l e c t e d .  

1 .1 J . 2  M=-M= Converters  

Previous  s t u d i e s ( l , 2 , 5 )  have used an o s c i l l a t o r - t r a n s f o r m e r - r e c t i f i e r  system 
f o r  DC t o  DC convers ion a t  t h e  microwave antenna. Transformers a r e  about 
98% e f f i c i e n t ,  making t h e  o v e r a l l  conversion process  about  96% e f f i c i e n t .  
Transformers r e q u i r e  a c t i v e  cool ing ,  s o  non-lunar m a t e r i a l  is needed f o r  
pumps and coolan t .  Modern power e l e c t r o n i c s  provide DC-DC conversion a t  
over 98% e f f i c i e n c y  without us ing transformers.  ( 6 )  T h i s  increased  
e f f i c i e n c y  reduces  non-lunar mass needed f o r  coo l ing  and reduces t h e  mass of 
the power conversion system, s o  t h i s  conversion technology was s e l ec t ed .  

S torage  

S tored  energy is requi red  dur ing e c l i p s e s  t o  maintain  e s s e n t i a l  systems and 
t o  keep RF a m p l i f i e r  cathodes  hot.  Three energy s t o r a g e  technologies  were 
considered: nickel-hydrosen, sodium c h l o r i d e ,  and counte r - ro ta t ing  flywheels 
wrapped with g l a s s  f i b e r .  The f l p h e e l  system requ i r e s  much less non-lunar 
m a t e r i a l  per s t o r e d  kilowatt-hour than t h e  o t h e r  systems. The energy 
d e n s i t y  of a glass-wrapped flywheel was conserva t ive ly  es t imated from the 
bes t  demonstrated performance of a steel f lyvhee l .  

1.1.3.4 Electrical S l i p r i n g  

A l l  major SPS s t u d i e s  t o  d a t e  have used a slipring-end-brush assembly a s  t he  
electrical r o t a r y  j o h t .  Typica l ly  t he se  des igns  have used s i l v e r  
molybdenum s u l f i d e  brushes on co in  s i l v e r  t o  minimize abras ion ,  drag,  and 
electrical lo s se s .  However, this calls f o r  a l a r g e  mass of non-lunar 
ma te r i a l s .  The s i l v e r  i n  t h e  s l i p r i n g s  (10.6 metric tons  f o r  a 5 Gd S X )  
could cause supply problems on Earth. 

To dec rease  the mass of non-lunar material i n  t h e  electrical s l i p r i n g ,  a 
t h f n , p l a t i n g  of co in  s i l v e r  on an aluminum s l i p r i n g  was se l ec t ed .  Th i s  
design reduces t h e  requirement f o r  a 5 GW SPS from 11.8 metric tons  of coin  
s i l v e r  t o  1.2 metric t o n s  and g ives  equiva len t  electrical performance with 
less mass. It a l s o  reduces  t h e  t o t a l  s l i p r i n g  mass. 
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1.1.4 Microvave Tranamit tsr  

The microwave t r a n s m i t t e r  i nc ludes  RF ampl i f i e r s ,  waveguides, power 
d i s t r i b u t i o n  systems, phase con t ro l  systems, thermal con t ro l  systems, and 
s t r u c t u r e .  It may a l s o  inc lude  microwave o p t i c s  such a s  a l e n s  o r  
r e f l e c t o r .  Major components of  t h e  microwave t r a n s m i t t e r  a r e  described 
below. 

%o RF a m p l i f i e r s ,  a k lys t ron  and a magnetron, were redesigned f o r  minimal 
use  of non-lunar mater ia l .  The magnetron was found t o  conta in  more non- 
lunar ma te r i a l ,  but  its higher  e f f i c i e n c y  reduces t h e  size of t h e  power 
conversion system. Thus t h e  mgne t ron  is p re fe r r ed  i f  t h e  power conversion 
system con ta ins  much non-lunar ma te r i a l ,  and t h e  k lys t ron  is prefer red  i f  
t h e  power conversion system con ta ins  l i t t l e  non-lunar mater ia l .  Using t h i s  
c r i t e r i o n ,  the k l y s t r o n  is appropr i a t e  f o r  t h e  s i l i c o n  planar  and gal l ium 
a r s e n i d e  concent ra tor  systems; t h e  magnetron is p re fe r r ed  f o r  a l l  o thers .  

A t h i r d  RF ampl i f i e r  concept,  t h e  gyrocon, was dropped from cons idera t ion  
due t o  its low state of development. 

1.1.4.2 Waveguides 

The waveguide designed by General Dynamfcs(3), which has a conductive 
coat5ng of aluminum i n  a foamed g l a s s  waveguide, was se lec ted .  It uses  no 
non-lunar mgterials and remains v i t h i n  t h e  c l o s e  l eng th  to l e r ance  over a 
wide temperature range. The a l t e r n a t i v e ,  an a l l - a l d n u m  waveguide, could 
no t  mgintain t h e  requi red  length  i n  the severe  thermal environment of t h e  
microwave t r ansmi t t e r .  

1.1.4.3 Microwave Lena 

A microwave l e n s  design vas developed s o  t h a t  SPS systems s d l e r  than 2 GW 
could be economical. The l e n s  is a F re sne l  l e n s  made of l a y e r s  of aluminum 
wire mesh, and r equ i r e s  very l i t t l e  non-lunar mater ia l .  Assuming t h a t  a 
reasonable  design l i m i t  is t h a t  the l e n s  c o n s t i t u t e s  no more than 50% of the 
SPS mass, then a power l e v e l  a s  low as 200 MU can be achieved. Further  
study is requi red  t o  v e r i f y  t h e  e f f e c t i v e n e s s  of the l e n s  design. 
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2, SOLAR PQWE3t CONVERSION SYSTBS 

Solar  power conversion systems inc lude  t ransducers  which convert  sun l igh t  t o  
electrical energy, cool ing systems t o  d i s s i p a t e  waste hea t  from the  conver- 
s i o n  process ,  and o p t i c a l  systems which f i l t e r  o r  concent ra te  sun l igh t .  

.Seve ra l  power conversion concepts considered i n  t h i s  s tudy r e q u i r e  l a r g e  
concent ra t ing  r e f l e c t o r s  and l a r g e  a c t i v e  cool ing systems. These subsystems 
are discussed i n  s e c t i o n s  2.7 and 2.8. Primary s t r u c t u r e  is discussed i n  
chapter  3; i t  is not  included i n  t h e  mass estimates f o r  any of t h e  conver- 
s i o n  systems. 

Most of t h e  power conversion des igns  discussed i n  t h i s  chapter  a r e  s i zed  t o  
produce 9 GW of e l e c t r i c i t y  a t  t h e  SPS bus. This  is assumed t o  correspond 
t o  5 GW of usab le  e l e c t r i c i t y  on t h e  ground, i.e., o v e r a l l  electrical e f f i -  
c iency is assumed t o  be  55.63. Th i s  assumption is q u i t e  conserva t ive ,  s i n c e  
earlier s t u d i e s  have achieved higher  e f f i c i ency .  

Two c a t e g o r i e s  of s o l a r  power conve r t e r s  were considered i n  t h i s  study: 
photovol ta ic  (PV) systems and hea t  engines. A t h i r d  category,  thermionic 
conversion,  was not  considered because of its low e f f i c i e n c y ,  high mass, and 
l a r g e  non-lunar material requirements. 

Photovol ta ic  systems convert  l i g h t  energy d i r e c t l y  t o  e l e c t r i c a l  energy. I n  
a l l  photovol taic systems considered i n  t h i s  s tudy,  e l e c t r i c i t y  is produced 
when photons of l i g h t  form electron-hole p a i r s  i n  a semiconductor ma te r i a l .  
The photovol ta ic  systems considered h e r e  are s i l i c o n  p lanar ,  gal l ium 
a r sen ide  concent ra tor ,  and thermophotovoltaic ( T P V ) .  S i l i c o n  p lanar  was 
found t o  r e q u i r e  l e a s t  non-lunar ma te r i a l  of a l l  conversion systems 
considered,  a s  shovn i n  Table 2-1. 

System Max. Temp. 3 Ef  f . Tota l  kg/kW 

S i  P lanar  N/A 
GaAs Conc. N/A 
TPV N/A 
Brayton 1617 K 
Bray ton  1100 K 
Rankine, steam 1644 K 
Rankine, potass.  1600 K 
S t i r l i n g  720 K 

Photovol ta ic  systems r e q u i r e  less non-lunar ma te r i a l  than hea t  engine 
spate& and are simple t o  design and build.  The semfconductor c e l l s  must be 
pro tec ted  from r a d i a t i o n  o r  pe r iod ica l ly  annealed t o  r e p a i r  r a d i a t i o n  
damage. The s tudy team assumed t h a t  repeated anneal ing is e f f e c t i v e ,  but 
was unable t o  determine whether t h i s  is t h e  case.  This matter is discussed 
f u r t h e r  In  s e c t i o n s  2.1 and 2.2. 
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Heat e n g i n e s  c o n v e r t  t h e r m a l  ene rgy  i n t o  mechanica l  ene rgy  which c a n  be 
c o n v e r t e d  t o  e l e c t r i c i t y  by a g e n e r a t o r ,  S o l a r  power sys t ems  based on  h e a t  
e n g i n e s  u s e  c o n c e n t r a t e d  s o l a r  r a d i a t i o n  t o  h e a t  a working f l u i d .  Some o f  
t h e  e n e r g y  of  t h e  working f l u i d  is e x t r a c t e d  by a mechanica l  d e v i c e  s u c h  as 
a t u r b i n e  and  t h e  remainder  is r e j e c t e d  by a r a d i a t o r .  Use o f  t h e s e  s p s t e m s  
i n  s p a c e  c a n  o f f e r  good e f f i c i e n c i e s  b u t  can  a l s o  p r e s e n t  problems w i t h  ' 

complex machinery ,  t e m p e r a t u r e  l i m i t a t i o n s ,  and  main tenance .  

T h r e e  t y p e s  o f  h e a t  e n g i n e s  were e v a l u a t e d  i n  t h i s  s tudy :  Brayton  c p c l e ,  
Rankine c y c l e ,  and  S t i r l i n g  c p c l e .  A f o u r t h  t y p e  o f  h e a t  e n g i n e ,  t h e  
magnetohydrodynamic (MHD) g e n e r a t o r  c o n c e p t ,  appea red  a t t r a c t i v e  due t o  
mechanical s i m p l i c i t y  and h i g h  t h e o r e t i c a l  e f f i c i e n c y .  T h i s  c o n c e p t  was n o t  
t h o r o u g h l y  i n v e s t i g a t e d ,  as  i t  was f e l t  t h a t  t h e  h i g h  t e m p e r a t u r e  r e q u i r e d  
i n  t h e  working f l u i d  would make c o n s t r u c t i n g  s u c h  a h  e n g i n e  from l u n a r  
m a t e r i a l s  i m p r a c t i c a l .  A v a r i a t i o n  on  t h e  MHD concep t ,  t h e  l i q u i d  metal IWD 
g e n e r a t o r ,  may p r o v e  s u i t a b l e  f o r  c o n s t s u c t i o n  from l u n a r  m a t e r i a l s  a f t e r  
f u r t h e r  development .  

The Bray ton  c y c l e  was e v a l u a t e d  a t  two r a n g e s  o f  t e m p e r a t u r e s .  The lower 
t e m p e r a t u r e  r ange  had lower  non-lunar  mass d e s p i t e  lower  e f f i c i e n c y  and  
h i g h e r  t o t a l  mass. The h i g h  t e m p e r a t u r e  c y c l e  r e q u i r e d  many non-lunar  
materials i n  h o t  a n d / o r  f a s t  moving p a r t s  o f  t h e  eng ine .  N e i t h e r  h a s  a 
clear c o s t  a d v a n t a g e ,  assuming a c o s t  r a t i o  o f  f i f t y  t o  o n e  f o r  non-lunar 
vs.  l u n a r  m a t e r i a l s .  Many e s t i m a t e s  o f  l u n a r  material s u b s t i t u t i o n  f o r  t h e  
Bray ton  sys t em were based  on  i n t u i t i v e  a s s u m p t i o n s ,  s i n c e  d e t a i l e d  
i n f o r m a t i o n  on  complex h igh - t empera tu re  machinery o f t e n  c o u l d  n o t  be found.  

The Rankine c y c l e  was s t u d i e d  u s i n g  two d i f f e r e n t  working f l u i d s :  po ta s s ium 
and vater. The ste'am c y c l e s  gave b e t t e r  e f f i c i e n c i e s  bu t  r e q u i r e d  more 
mass. The least non-lunar mass f o r  t h e  Rankine  was a c h i e v e d  w i t h  t h e  h i g h  
t e m p e r a t u r e  s t eam c y c l e .  Fo r  both  working  f l u i d s ,  t h e  low t e m p e r a t u r e  
c y c l e s  r e q u i r e d  more non-lunar  mass and  more t o t a l  mass. A s  f o r  t h e  Brayton  
sys tem,  many estimates of l u n a r  m a t e r i a l  s u b s t i t u t i o n  i n  t h e  Rankine were 
based  on  judgement r a t h e r  t h a n  d a t a .  

The S t i r l i n g  e n g i n e  h a s  o n l y  r e c e n t l y  been s e r i o u s l y  c o n s i d e r e d  f o r  s p a c e  
power sys tems.  It  is p o t e n t i a l l y  easier t o  c o n s t r u c t  f rom l u n a r  m a t e r i a l s  
t h a n  e i t h e r  Brayton  o r  Rankine ,  b u t  i s  more mass ive  o v e r a l l  t h a n  e i t h e r .  
Because r e l a t i v e l y  l i t t l e  h a s  been done w i t h  t h e  S t i r l i n g  as a. s p a c e  power 
sys tem,  this s t u d y  c o n s i d e r s  o n l y  o n e  t e m p e r a t u r e  c y c l e  o f  t h e  S t i r l i n g  
e n g i n e .  

Page 12 



S i l i c o n  Planar 

SILICON 

In t roduc t ion  

The s i l i c o n  planar  concept uses  a l a r g e ,  modular a r r a y  of s i l i c o n  s o l a r  
cells fac ing  t h e  sun. The s u n l i g h t  is not  concentrated nor  is any attempt 
made t o  alter the spectrum. The cells are cooled by r a d i a t i o n  from both 
sur faces .  The cel ls  a r e  protected from harmful p a r t i c l e  r a d i a t i o n  by a 
t h i c k  window i n  f r o n t  and a th i ck  s u b s t r a t e  behind. A modular box-frame 
s t r u c t u r e  maintains  t h e  shape of t h e  s o l a r  a r r ay .  

Because t h e  s i l i c o n  planar  concept does no t  r e q u i r e  concentrated sun1 i g h t  , 
it has an  advantage over a l l  o t h e r  power conversion systems i n  t h a t  t he  SPS 
does no t  have t o  be p rec i se ly  o r i en t ed  t o  f a c e  t h e  sun. Rather than being 
o r i en t ed  perpendicular  t o  t h e  e c l i p t i c  plane,  t h e  SPS can be o r i en t ed  
perpendicular  t o  the plane of its o r b i t .  Th i s  r e s u l t s  fn reduced s t i f f n e s s  
and c o n t r o l  requirements,  so  t h e  s t r u c t u r e  and a t t i t u d e  c o n t r o l  systems a r e  
less massive than f o r  o t h e r  conversion systems. 

Severa l  o t h e r  s t u d i e s  have ex tens ive ly  reviewed t h e  s i l i c o n  planar  opt ion(1 - 4 Most d e t a l l s  presented here  are based on the  b e i n g  re fe rence  
des ign( l ,2 ) .  Lunar m a t e r i a l  s u b s t i t u t i o n s  f o r  t h e  ce l l  covers ,  s u b s t r a t e ,  
and cell  in t e r connec t s  a r e  based on t h e  s t u d i e s  by General Dynamics(3) and 
MIT(4,p3.5). C e l l  pane ls  and t h e  panel support  system have been redesigned 
f o r  b e t t e r  e f f i c i e n c y  and reduced non-lunar mass. 

S i l i c o n  s o l a r  cells have been used f o r  power production on satellites f o r  
many years. A 1984 Space S h u t t l e  f l i g h t  demonstrated a l a r g e  s o l a r  a r r ay  
which is similar t o  t h e  proposed SPS array. The v a s t  amount of research  
that has been a s soc i a t ed  with  s i l i c o n  cells in space h a s  r e su l t ed  i n  a 
comparatively low technologica l  r i s k  f o r  the s i l i c o n  planar  opt ion.  
However, the u s e f u l  l i f e t i m e  of  s i l i c o n  cel ls  i n  t h e  GEO environment is 
ques t ionable  because repeated e f f e c t i v e  anneal ing s i l i c o n  cel ls  has not been 
demonstrated. Eligh temperature s i l i c o n  cel ls  being developed now may so lve  
this problem. (11) 

If repea ted  anneal ing cannot be e f f e c t i v e ,  some redesign of t h e  s i l i c o n  SPS 
wi l l  be needed. Two poss ib l e  changes are t o  use  t h i cke r  cover g l a s s  and 
s u b s t r a t e s ,  o r  t o  use a l a r g e r  a r r a y  a rea ,  Using a l a r g e r  array is 
p re fe r r ed ,  s i n c e  doubling array s i z e  g ives  t h e  sane end of  l i f e  (EOL) 
performance as increas ing  cover g l a s s  th ickness  by a f a c t o r  of  ten.(l2) 

Descr ip t ion  

The i n d i v i d u a l  s o l a r  ce l ls  a r e  50 micron wafers of s i n g l e  c r y s t a l  s i l i c o n  
f i t t e d  uith aluminum contac ts .  These ce l ls  are connected i n t o  an 18 x 14 
cell  a r r a y  which is placed between t w o  p l a t e s  of s i l i c o n  d ioxide  g l a s s  t o  
form a pane l  (Fig. 2.1-2). The g l a s s  s e r v e s  t o  protec,t t h e  ce l l  from 
r a d i a t i o n  damage as well a s  provide s t r u c t u r a l  support .  The 75 micron f r o n t  
p l a t e  is t h e  o p t i c a l  cover and t h e  50 micron back p l a t e  is t h e  cel l  
s u b s t r a t e  (Fig. 2.1-1). The o p t i c a l  cover is grooved t o  r e f r a c t  l i g h t  
around t h e  g r i d  f i n g e r s ,  increas ing  the e f f e c t i v e  e f f i c i e n c y  by 
approximately lOX(2, p56). 
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GROOVES AEf UACT LIGHT AROUND 
GRlO f INGERS 

CELL-TOCELL 
lNT ERCONNECTOA 

G U S  COVERlNG ON BACX OF CELLS. 50 pm THICX. 
ELECTROSTATICALLY BONDED 

SlLlCON SOLAR C E L L  5 CM BY 10 CM, SO p M  WICK, T EXTUREb TO 
PRODUCE o w a u E  LIGHTPATH, 2 ntln FOR HIGH EFFICIENCY. 
W AN0 P CONNECT IONS ON BACK - CELL COVER Of 75 @ BOROSttlCATE G W ,  EtEf fROSTATICALLY 84NOEO IN  HIOW-VOLUME 

EQUIPMENT. CERIUM POPE0 TO GIVE ULTRAVIOLET STABILITY 

FICITRE 2.1-1, P m  aOSS SECRONAL VIEW 

7 A e m  
ELECTRICAL 

INTERCONNECT 

FIGURE 2.1-2, P m  DfMWSIONS, TOP ARD SIDE 
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S i l i c o n  P l a n a r  

I n  earlier s t u d i e s ,  t h e  p a n e l s  were connected and suppor ted  by Kapton t ape .  
S u b s t i t u t i o n  o f  aluminum t a p e . f o r  Kapton was c o n s i d e r e d ,  b u t  t h e  t a p e  
a d h e s i v e  still r e q u i r e d  a l a r g e  non-lunar mass. It was decided t o  u s e  a 
g r i d  o f  aluminum w i r e s  t o  s u p p o r t  t h e  panels .  Pane l s  a r e  mounted i n  f r o n t  
o f  the g r i d .  Unl ike  earlier s t u d i e s ,  t h i s  d e s i g n  p u t s  no t e n s i l e  stress on 
the panels .  

C e l l  s u b s t r a t e  p l a t e s  are 2 cm wider  t h a n  cover  p l a t e s ,  w i t h  h o l e s  d r i l l e d  
n e a r  the two s i d e s .  Suppor t  r o d s  from the g r i d  wires a r e  connected t o  t h e  
p a n e l s  a t  t h e s e  ho les .  The p a n e l s  are c a n t e d  a t  12 d e g r e e s  t o  t h e  SPS's 
l o n g i t u d i n a l  a x i s  (Fig. 2 . 1 4 )  t o  r educe  s o l s t i c e  c o s i n e  l o s s e s .  The cel ls  
never  f a c e  more t h a n  12 d e g r e e s  avay from t h e  sun  because  t h e  SPS is r o t a t e d  
180 d e g r e e s  a t  each equinox. A t  edges  o f  the g r i d  the s u p p o r t  wires are 
connected  t o  c a t e n a r y  - c a b l e s  which a t t a c h  t o  t h e  primary bay s t r u c t u r e  (Fig .  
2.1-3). 

PI= 2.1-3, PAHEL ARRAY AND m Y  BAY STRU- 
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S i l i c o n  Planar  

SUPPORT 

ALUMINUM WlRE G R \ D  

FIGURE 2 - 1 4 ,  PANEL DETAIL 

It is assumed t h a t  t h e  s i l v e r  g r i d  f i n g e r s  of t h e  o r i g i n a l  design can be 
replaced with  aluminum, based on Wang 's r e s u l t s ( 5 ,  pp580-583). Vang found 
that s i l v e r  c o n t a c t s  could be replaced by copper i f  a l a y e r  of aluminum vere  
used t o  prevent copper from d i f f u s i n g  i n t o  t h e  s i l i c o n .  I n  t h i s  design,  t h e  
aluminum l a y e r  is t h i c k e r  s o  no copper is needed. 

The base e f f i c i e n c y  f o r  t he se  c e l l s  is assumed t o  be 15.75% a t  AM0 (Air Mass 
0 ,  r e f e r s  t o  the s o l a r  spectrum una l t e r ed  by atmosphere, such a s  vould be 
found a t  geo-synchronous o r b i t )  and 25C, a s  i n  t h e  Boeing s tudy(2,p57) .  
Allowing f o r  increased  e f f i c i e n c y  due t o  t h e  grooved cover p l a t e  and l o s s e s  
due t o  mismatch, r a d i a t i o n  degrada t ion ,  etc. (see 2.1.4.1) t h e  minimum 
e f f i c i e n c y  is taken t o  be 14.34X. 

2.1.3 Design Sunnuary 

Table 2.1-1 p re sen t s  a design summary f o r  an SPS which d e l i v e r s  9 GV t o  t h e  
spacec ra f t  bus. The design is based on s tandard panels  from t h e  Boeing 
re fe rence  design which have been modifieu t o  inc lude  var ious  ma te r i a l  
s u b s t i t u t i o n s .  The panel design is d e t a i l e d  i n  t h e  t e c h n i c a l  d i scuss ion  
t h a t  fol lows.  Note t h a t  t h e  mass summary inc ludes  t h e  ca tenary  tens ion ing  
s y s t e a  but t h a t  no a t tempt  has  been made here  t o  e s t ima te  the  mass of t h e  
suppor t ing  s t r u c t u r e .  
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S i l i c o n  Planar 

TABU 2.1-1 MASS ANALYSIS OF 9 GW SILICON PWNAR S P S m  

TOTAL MASS NON-LUNAR 
(kg) COMPOSITION MASS (kg) 

C e l l  Covers 7 .93E4 Fused S i l i c a  0 
So la r  Ce l l  s 5. 50E+6 Sf l i c o n  <I 
S u b s t r a t e  5 . 4 2 W  Fused S i l i c a  0 
C e l l  In te rconnec ts  5,50E+5 Aluminum 0 
Support Wires 3.45E+5 Aluminum 0 
Connectors 3.24E+4 Aluminum 0 
Tensioning System 1.20Et5 Aluminum 0 

TOTAL MASS 1.99Et7 <1 

Non-lunar s p e c i f i c  mass : 1.E-7 kg/kW 
To ta l  s p e c i f i c  mass: 2.2 kg/kW 

2,l .  4 S i l i c o n  Planar  Technical  Discussion 

2.1.4,l Gel1 Ef f ic iency  Modif icrs 

The s i l i c o n  cells used i n  t h i s  r e p o r t  are assumed t o  ope ra t e  with t h e  same 
base e f f i c i e n c y  a s  those  used i n  the b e i n g  study(2,p57). The l o s s  f a c t o r s  
are a l s o  assumed t o  be t h e  same, except  f o r  t h e  summer s o l s t i c e  cos ine  l o s s .  
The e f f i c i e n c y  va lues  and l o s s e s  used a r e  shown i n  Table 2.1-2. 

The f i g u r e  f o r  non-annealable r a d i a t i o n  degradat ion is gross ly  uncer ta in .  
The va lue  from t h e  b e i n g  study vas  assumed f o r  comparison purposes. 

TABLE 2.1-2 SILICON PLANAR EFFICIENCY MODIFIERS 

MODIFIER EFFICIENCY FACTOR 

Grooved Cover P l a t e  1.10 

Blanket Fac tors  
( S t r i n g  I2R, UV Losses, & Mismatch) 

Summer S o l s t i c e  Cosine Loss (12 degrees) 0.9781 

Aphelion I n t e n s i t y  Fac tor  0.9675 

Temperature Losses 
(36.5 C @ Summer S o l s t i c e )  

I 

30 Year Non-Annealable Radiat ion Degradation 0.970 

T o t a l  Modifier 0.9106 

Basic C d 1  Ef f ic iency  @ AMO, 25 C 
E f f e c t i v e  Gel1 Ef f ic iency  
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S i l i c o n  P lanar  

2.1.4.2 S i l i c o n  S o l a r  C e l l s  

The Boeing r e f e r e n c e  des ign ( 1 , 2 )  assumed t h a t  50 micron t h i c k  s i l i c o n  s o l a r  
cells  wi th  a n  e f f i c i e n c y  of 15.75% would be a v a i l a b l e  by 1985(2,p52). Th i s  
h a s  proved t o  be somewhat o p t i m i s t i c  and such a c e l l  has  been p r o j e c t e d  f o r  
1990 i n  t h i s  s tudy.  

The state o f  t h e  a r t  i n  h igh  e f f i c i e n c y  s i l i c o n  s o l a r  cells i s  changing s o  
r a p i d l y  t h a t  any a t t e m p t  t o  p r e d i c t  f u t u r e  achievements i s  r i s k y  a t  b e s t .  
I n  any e v e n t  i t  seems u n l i k e l y  t h a t  s t a n d a r d  s i l i c o n  c e l l  technology w i l l  
produce e f f i c i e n c i e s  i n  e x c e s s  of 20% f o r  t h i s  a p p l i c a t i o n .  T h i s  would 
impfy t h a t  t h e  r e f e r e n c e  ce l l  used i n  t h i s  s t u d y  is c o n s e r v a t i v e  by a f a c t o r  
of  no more than 30% (this assumes, of  c o u r s e ,  t h a t  the p r o j e c t e d  v a l u e s  f o r  
t h e  r e f e r e n c e  ce l l  are i n  f a c t  ach ieved) .  I n  t h e  s i l i c o n  p lanar  o p t i o n ,  t h e  
solar convers ion system c o n s t i t u t e s  a m a j o r i t y  o f  t h e  o v e r a l l  system mass. 
Any s i g n i f i c a n t  improvement i n  t h e  e f f i c i e n c y  o f  s i l i c o n  c e l l s  would, 
t h e r e f o r e ,  be of g r e a t  va lue .  The non-lunar mass would no t  be g r e a t l y  
a f f e c t e d ,  however, as t h e  convers ion  system a c c o u n t s  f o r  on ly  a smal l  
pe rcen tage  of t h e  SF5 t o t a l  of  non-lunar material. 

Of p o t e n t i a l  s i g n i f i c a n c e  is t h e  maturing of some a l t e r n a t e  s i l i c o n  c e l l  
approaches  such as multi-gap and amorphous cells. Amorphous c e l l s ,  t o  d a t e ,  
have achieved o n l y  r e l a t i v e l y  l o v  e f f i c i e n c i e s  b u t  are much less massive 
than  s t a n d a r d  c e l l s ( 9 , p 6 7 ) .  Multi-gap c e l l s  o f f e r  h i g h e r  e f f i c i e n c y  but  a t  
the c o s t  of  h i g h e r  mass(9,ppl00-103). I n  e i t h e r  case it  is t h e  mass 
e f f i c i e n c y  t h a t  w i l l  f i n a l l y  determine t h e i r  r e l a t i v e  merit. While n e i t h e r  
of  t h e s e  t v o  t e c h n o l o g i e s  a r e  c o m p e t i t i v e  nov, i t  seems l i k e l y  t h a t  one o r  
both  v f l l  become s o  i n  t h e  f u t u r e .  

A good example o f  c u r r e n t  l a b o r a t o r y  achievements i n  s i l i c o n  c e l l  technology 
a p p e a r s  i n  a paper by S. b t s u d a  e t  a l  (6 ) .  The Na t iona l  Space Development 
Agency o f  Japan  and t h e  Sharp  Corporat ion c o l l a b o r a t e d  t o  produce BSFR (Back 
S u r f a c e  F i e l d ,  Back S u r f a c e  R e f l e c t o r )  s i l i c o n  c e l l s  approximate ly  50 
mlcrons t h i c k  t h a t  o p e r a t e  a t  13.23% e f f i c i e n c y  ( a t  AM0 and 28 C ) .  In  
a d d i t i o n  t h e s e  c e l l s  were exposed t o  a 1 Mev e l e c t r o n  f l u e n c e  of  1E+15 e/cm2 
a f t e r  which they  were annealed a t  60 C f o r  24 hours  the reby  r e s t o r i n g  them 
t o  82Z of  BOL (Beginning of L i f e  power). 
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S i l i c o n  Planar  

2.1.4.3 S f l i c o n  Planar  Dimensions and Masses f o r  a 5 GW SPS 

This  s e c t i o n  p re sen t s  t h e  numerical d e t a i l s  of t h e  s i l i c o n  planar  design and 
t h e  re fe rences  from which they are taken. 

Solar  C e l l  s ( 4 ,  p3.5) 

Material = Sing le  Crys ta l  S i l i c o n  
Thickness - 50 microns 
Length = 7.7 cm 
Width = 6.4 an 

Cover P l a t e (4 ,  pS. 73) 

Material = Fused S i l i c a  
Thickness = 75 microns 
Length - 1.17 meters 
Width = 1.10 meters 

Mate r i a l  = Fused S i l i c a  
Thickness = 50 microns 
Length = 1.17 meters 
Width = 1.12 meters 

Panel t o  Wire Connectors 

Material - Aluminum 
Radius = .28 rn 
Length - 1.3 meters per panel 

Support Grid Wires 

The r a d i u s  of t hese  wires vas  chosen t o  y i e l d  t h e  same t o t a l  mass a s  t h e  
a ludnum t a p e  considered earlier. Th i s  r a d i u s  is q u i t e  conserva t ive ;  each 
wire bears  a t ens ion  of less than 6 newtons. 

Mater ia l  = Aluminum 
RadiQs - .688 nnn 
Length = 2.30 meters per  panel (average) 

C e l l  In te rconnec ts (4 ,  p5.73-5 .81) 

Material = Aluminum 
Mass Estimate - 1.47E-2 kg/pmel  
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S i l i c o n  P l a n a r  

Tensioning System(4,p3.4) 

M a t e r i a l  - Aluminum 
Hass Estimate = 3.21E-3 kg/panel  

2.1.6.5 System Performance 

C e l l s  p e r  Pane l  = 252 
C e l l  Area p e r  Panel  = 1.24 s q u a r e  meters 
E f f i c i e n c y  = 14.34% 
S o l a r  Constant  = 1353 W/mA2 
Panel  Output = 240.6 W 
Power Required t o  Bus = 9.0 GW 
P a n e l s  per  SPS = 37.4 m i l l i o n  
Pane l  Area = 49.23 s q u a r e  k i l o m e t e r s  

2.1.6.6 Mass Analys i s  

D e n s i t i e s  (kg/m3) 

Aluminum: 2.7E+3 
Fused S i l i c a :  2.2E+3 
S i l i c o n :  2.36E+3 

I tem 
Pane l  
b s s (  kg) 

P h o t o v o l t a i c  C e l l s  1.47E-1 
Cover P l a t e  2. i2E-1 
S u b s t r a t e  1.45E-1 
I n t e r c o n n e c t s  1.47E-2 
Suppor t  Wires 9.23E-3 
Pane l  t o  Wire Connectors 8.65E-4 
Tensioning System 3.21E-3 
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Gallium Arsenide Concentrator 

2.2.1 In t roduc t ion  

The gallfum arsenfde (GaAs) concent ra tor  op t ion  is based on rep lac ing  t h e  
bulk of t h e  s o l a r  cel ls  used i n  a planar  conf igura t ion  v i t h  an aluminum 
concent ra tor .  Such a system vould t y p i c a l l y  have a concent ra t ion  r a t i o  i n  
t he  100 - 1000 range and is t h e r e f o r e  s u i t a b l e  t o  a s t r a t e g y  of minimizing 
t h e  use of non-lunar mater ia l s .  Although GaAs is not  a v a i l a b l e  on t h e  Moon, 
its a b i l i t y  t o  ope ra t e  e f f i c i e n t l y  a t  high concentrat ion r a t i o s  and high 
temperatures a l lows  a system t o  be designed which employs minimal amounts of 
non-lunar mass ( l e s s  than one percent) .  

Like s i l i c o n ,  GaAs c e l l s  must be protected from r a d i a t i o n  o r  must be 
p e r i o d i c a l l y  annealed. GaAs is more l i k e l y  t o  be annealable  than s i l i c o n ,  
but  ques t ions  remain a s  t o  whether t h e  process i s  vorkable. (18) An 
advantage of t h e  GaAs concent ra tor  concept i s  t h a t  i ts mass is not  g r e a t l y  
a f f e c t e d  by vhether  GaAs cel ls  can be repea ted ly  annealed. Tvo f a c t o r s  
account f o r  t h i s :  t he  high r a d i a t i o n  r e s i s t a n c e  of G a A s  (roughly t h r e e  t i n e s  
t h a t  of  s i l i c o n )  and t h e  r e l a t i v e l y  smal l  s i z e  of t h e  cells.  Thus, very 
t h i c k  cover g l a s s  could be added without s i g n i f i c a n t l y  a f f e c t i n g  t h e  mass 
( t o t a l  o r  non-lunar) of t h e  SPS. It was assumed here  t h a t  GaAs could be 
annealed. 

Three major areas were considered i n  t h i s  ana lys i s :  t h e  concent ra tor ,  the  
cool ing system and t h e  op t imiza t ion  of  concent ra tor  dimensions. These a r e a s  
are addressed i n  t h e  t echn ica l  d i scuss ion  ( s e c t i o n  2.2.4), along v i t h  
support ing c o m e n t s  on t h e  ce l l  i t s e l f ,  t h e  s t r u c t u r e  and manufacturing. 

2.2.2 Douign Descr ipt ion 

The concent ra tor  system used i n  t h i s  s tudy c o n s i s t s  of a parabol ic  d i sh  f o r  
t h e  primary r e f l e c t o r  and a hyperbol ic  mirror  f o r  t h e  secondary r e f l e c t o r .  
This  makes up a t y p i c a l  Cassegrainian concent ra tor .  In  add i t i on  a smal l  
Compound Parabol ic  Concentrator (CF'C) has been added around t h e  photovol ta ic  
ce l l  as a t e r t i a r y  r e f l e c t o r .  This ,  along v i t h  an overs ized secondary 
r e f l e c t o r ,  i s  designed t o  compensate f o r  imperfect ions  i n  t h e . m i r r o r s  vhich 
cause dis'persion i n  t h e  r e f l e c t e d  l i g h t .  (See Fig. 2.2-1) 

The secondary r e f l e c t o r  is loca t ed  a t  a point  where t h e  r a d i u s  of t h e  image 
s t r i k i n g  i t  is t h e  same a s  t h a t  of t he  photovol ta ic  cell .  This  po in t  is 
very near t h e  f o c a l  po in t  of t h e  primary r e f l e c t o r .  The two r e f l e c t o r s  a r e  
connected by four  aluminum l egs .  

The G s 4 s  photovol ta ic  ce l l  is a t t ached  d i r e c t l y  t o  the  primary r e f l e c t o r  
which se rves  a s  a r a d i a t o r .  Thd'Design Summary a l lows  f o r  a t h i n  l a y e r  of 
poss ib ly  non-lunar m a t e r i a l  between t h e  c e l l  and t h e  primary r e f l e c t o r  t o  
s e r v e  as an i n s u l a t o r  and/or adhesive.  

A l l  t h r e e  r e f l e c t o r s  a r e  made of  aluminum and have a coa t ing  of vapor 
deposi ted aluminum t o  enhance r e f l e c t i v i t y .  I n  add i t i on  t h e  back su r f ace  of 
t h e  primary r e f l e c t o r  has been anodized t o  i nc rease  t h e  emiss iv i ty .  This  
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Gallium Arsenide Concentrator 

l a y e r  of aluminum oxide g r e a t l y  i n c r e a s e s  t h e  capac i ty  of t h e  r a d i a t o r  and 
is a s i g n i f i c a n t  f r a c t i o n  of  t h e  concent ra tor  mass (see 2.2 .4 .3 .1) .  

The concent ra tors  are supported by a wire g r i d  with t h e  same mass per u n i t  
area a s  t h a t  of t h e  s i l i c o n  p lanar  conf igura t ion .  

Secondary 
Concentra 

GaAs C concent ra tor  

S ide  view diagram - n o t  t o  scale. 

Table  2.2-1 summarizes the results from the t e c h n i c a l  d i scuss ion  t ha t  
fo l lovs .  The o v e r a l l  e f f i c i ency  is 9.5%. Some o the r  key values  a r e  0.84 
r e f l e c t i v i t y  f o r  t h e  mi r ro r s ,  0.8 d s s i v i t y  f o r  t h e  r a d l a t o r  and 15 percent  
efficient? of G a A s  cells ope ra t ing  a t  200 C and with a concentrat ion r a t i o  . 
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of 260. The mass c a l c u l a t i o n s  a r e  based on 2.228 b i l l i o n  c e l l s  each 
supplying 4.04 wa t t s  t o  t he  power d i s t r i b u t i o n  system f o r  a t o t a l  of  9.00 
gigawat ts .  

TABLE 2.2-1 M S  ANALYSIS OF 9 CW G U J J M  ARSENIDE CONCWITATOR S Y S m  

TOTAL MASS NON-LUNAR 
(kg) COMPOSITION iUSS(k8) 

P r h a r y  Ref lec tor  4.72E+7 Aluminum 0 
Secondary Ref lec tor  1.88E+6 Aluminum 0 
Secondary Supports  2.29E+6 Aluminum 0 
T e r t i a r y  Ref l e c t o r  ' 3.01E+6 Aluminum 0 
High R e f l e c t i v i t y  Coating 2.36E+5 Aluminum 0 
B i  gh Emissivi ty  Coating 6.95E+6 Aluminum Oxide 0 
Glass Cover P l a t e  1.18E+5 Fused S i l i c a  0 
GaAs Photovol ta ic  C e l l  7.15E+4 GaAs 7.15E+4 
I n s u l a t o r  /Adhesive 2.23E+4 Unspecified 2,23E+4 
Support Wires 5.23E+5 Aluminum 0 
Tensioning System 1.04E+5 Aluminum 0 

TOTAL MASS 6.24E+7 9.38€+4 

Non-lunar s p e c i f i c  mass: 1.04E-2 kg/kW 
To ta l  s p e c i f i c  mass: ' 6.93 kg/KW 

2.2.4 Gallium Arsenide Technical  Discuaaion 

So la r  Constant 1 .353 kW/m2 
Co l l ec to r  Area 3.142E-2 m2 
Col l ec to r  Ef f ic iency  9.5% 
C e l l  Output 4.04 W 
Power Required t o  Bus 9.00 GW 
Col l ec to r s  per SPS 2.228 b i l l i o n  
T o t a l  Co l l ec to r  Area 70.0 square  ki lometers  

2.2.4.2 Concentrator  Deaign 

Many types  of  concent ra tors  were considered,  however, t h e  Cassegrainian 
appears  t o  be f a r  supe r io r  i n  l i g h t  of the design limits. Lenses were ru led  
ou t  because they tend t o  be massive and may r e q u i r e  l a r g e  amounts of n o w  
luna r  mater ia l .  A simple parabol ic  d i s h  r e f l e c t o r  o f f e r s  some advantage 
over t h e  Cassegraini  an ,  however, it would add cons iderab le  d i f f i c u l t i e s  t o  
t h e  design of t he  cool ing system because the r a d i a t o r  would be fac ing  the 
sun and vould be s e p a r a t e  from t h e  primary r e f l e c t o r .  The Compound 
Parabol ic  Concentrator (CPC) a l s o  has  advantages over t he  Cassegrainian,  i n  
p a r t i c u l a r  its to l e rance  t o  point ing e r r o r  and i ts  one p iece  construct ion.  
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These b e n e f i t s ,  hovever, a r e  f a r  outweighed by its disadvantages .  The CPC, 
p a r t i c u l a r l y  a t  high concent ra t ion  r a t i o s ,  is a long and t h e r e f o r e  massive 
device.  I n  a d d i t i o n  its shape does no t  lend i t s e l f  t o  e f f e c t i v e  r a d i a t i o n  
of h e a t  and a secondary r a d i a t o r  vould be needed. A s  a r e s u l t ,  un l e s s  
po in t ing  accuracy o r  p r ec i s ion  cons t ruc t ion  prove t o  be insurmountable 
problems f o r  t h e  Cassegrainian,  t h e  CPC is d i s q u a l i f i e d  on grounds of  
weight. 

2,2.4,3 Radiator  Design 

Approximately 80 percent  of t h e  l i g h t  absorbed by t h e  s o l a r  cel l  must be 
disposed of as  waste heat .  Tvo methods of achieving t h i s  have been 
considered i n  d e t a f l .  The f i r s t ,  a d i s k  r a d i a t o r ,  has  t h e  advantage of a l l  
aluminum cons t ruc t ion  and s i m p l i c i t y  of des ign  but  l i m i t s  t h e  system t o  
small .cell sizes and/or r e l a t i v e 1  y 1 ow concen t r a t i on  r a t i o s .  The second 
op t ion ,  h e a t  p ipes ,  a l l o v  the use  of l a r g e r  cells and h igher  concent ra t ion  
r a t i o s  but they r e q u i r e  s i g n i f i c a n t  amounts of non-lunar m a t e r i a l  and have a 
cons ide rab l e  t echnologica l  r i s k  a s soc i a t ed  with  them. 

Both r a d i a t o r  systems are compat ible  wi th  a s imple  anneal ing scheme. A 
s h e e t  of r e f l e c t i v e  m a t e r i a l  is pos i t ioned  behind cells t o  be  annealed. 
This  r e f l e c t s  h e a t  back t o  t h e  r a d i a t o r ,  r a i s i n g  t h e  temperature of t h e  
cell. This anneal ing system has no t  been designed i n  d e t a i l ,  but  should 
r e q u i r e  v i r t u a l l y  no non-lunar mater ia l .  

2,2,4,3,1 Disk Radia tor  

The major advantage of t h e  d i s k  r a d i a t o r  is t h a t  i t  is a l r eady  presen t  i n  
t h e  form of the primary r e f l e c t o r .  By making t h e  primary r e f l e c t o r  perform 
double du ty  as both r e f l e c t o r  and r a d i a t o r  i t  is poss ib l e  t o  coo l  t h e  s o l a r  
cell  without  any a d d i t i o n a l  s t r u c t u r e s .  

\ 

A s  aluminum a lone  is not  a n  e f f i c i e n t  r a d i a t o r  ( 1 5 . ~ ~ 2 - 7 ) ,  it is necessary 
t o  c o a t  t h e  back s u r f a c e  of t h e  primary r e f l e c t o r  wi th  a high e a i s s i v i t y  
ma te r i a l .  Aluminum oxide  was chosen f o r  this purpose because ,it has  a 
reasonably high emis s iv i t y ,  c o n s i s t s  t o t a l l y  of l u n a r  m a t e r i a l s  and is 
e a s i l y  a p p l i e d  by anodizat ion.  The thermal and mechanical p r o p e r t i e s  of 
A1203 are, hovever, cons iderab ly  d i f f e r e n t  from those  of aluminum. It v a s  
necessary ,  t he re fo re ,  t o  r e q u i r e  t h a t  t h e  r a d i a t o r  be t h i c k  with r e spec t  t o  
the Al203 coa t ing .  I t  is est imated t h a t  25 microns of A1203 w i l l  be 
requi red  t o  g ive  the des i r ed  e m i s s i v i t y  of .8 (14.pp1198-1201), hovever t h i s  
emi s s iv i t y  va lue  is heavi ly  dependent on the method of anodizat ion.  A 
p r e c i s e  knovledge of  t h i s  va lue  vould be e s s e n t i a l  f o r  a more a c c u r a t e  
determinat ion of t h e  mass e f f i c i e n c y  02 t h e  concent ra tor .  

Two d i f f e r e n t  con f igu ra t i ons  v e r e  considered f o r  the a p p l i c a t i o n  of h e a t  
pipes.  The f i r s t  involved p lac ing  s e v e r a l  hea t  p ipes  a s  r i b s  i n  the primary 
r e f l e c t o r .  Th i s  had a l l  t h e  advantages of using the primary r e f l e c t o r  as 
t h e  r a d i a t o r ,  most notably l i t t l e  o r  no r e r a d i a t i o n  betveen u n i t  cells.  
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U n f o r t u n a t e l y  t h e r e  were a l s o  s e v e r a l  problems w i t h  t h i s  d e s i g n ,  The very 
complex t empera tu re  g r a d i e n t  i n  t h e  r a d i a t o r  was f e l t  t o  p r e s e n t  s e v e r e  
problems t o  t h e  des ign  of t h e  primary r e f l e c t o r .  The r e s u l t i n g  complex 
the rmal  expansion p a t t e r n  and f a t1  gue r e s u l t i n g  from the rmal  c y c l i n g  seem 
l i k e l y  t o  degrade  t h e  o p t i c s .  I n  a d d i t i o n ,  as t h e  r a d i a t o r  d e s i g n  ( r a d i a l  
h e a t  p i p e s  on a one  s i d e d  d i s k )  is i n e f f i c i e n t ,  i t  was n e c e s s a r y  t o  make t h e  
d i s h  r e l a t i v e l y  t h i c k  (and t h e r e f o r e  mass ive)  t o  minimize t h e  t empera tu re  
drop,  F i n a l l y ,  i t  appeared  t h a t  mass e f f i c i e n c y  i n c r e a s e d  s i g n i f i c a n t l y  a s  
the number o f  h e a t  p i p e s  i n c r e a s e d  and as c o n c e n t r a t o r  s ize dec reased .  
Opt imiz ing i n  t h i s  way a l l e v i a t e d  t h e  f irst  two problems t o  some d e g r e e  bu t  
a l s o  d e c r e a s e d  t h e  minimum h e a t  p i p e  r a d i u s .  For a u n i t  cel l  r a d i u s  of  10 - 
100 UP t h e  h e a t  p i p e  dimensions became so small as t o  be i m p r a c t i c a l .  
b r g e r  h e a t  p i p e s  cou ld  be used b u t  t h a t  would i n c u r  a s e v e r e  mass p e n a l t y ,  
For  t h e s e  r e a s o n s  f o c u s  was p laced  on the second o p t i o n ,  a s i n g l e  f inned  

' h e a t  p i p e  p r o j e c t i n g  a x i a l l y  back from t h e  primary r e f l e c t o r .  The major 
b e n e f i t s  of t h i s  approach a r e  s i m p l i c i t y  and economy of s c a l e  ( u s i n g  a 
l a r g e r  h e a t  p ipe ) .  A t  t h e  same time, however, a n a l y s i s  o f  t h e  r e r a d i a t i o n  
became d i f f i c u l t .  R e r a d i a t i o n  between f i n s  ( t a k e n  h e r e  t o  be c o a x i a l  d i s k s )  
on a s i n g l e  p i p e  was e a s i l y  e v a l u a t e d  (6,p635) b u t  f o r  r a d i a t i o n  between 
c o n c e n t r a t o r s  no s i m p l e  approximat ion  was found. A s  a s t a n d a r d  of  
comparison it was e s t i m a t e d  t h a t  25 p e r c e n t  of  t h e  h e a t  e m i t t e d  from a h e a t  
p i p e / f i n  assembly would be reabsorbed by o t h e r  u n i t s .  Using t h i s  assumption 
and f o r e g o i n g  t h e  r equ i rement  t h a t  t h e  f i n s  be t h i c k  r e l a t i v e  t o  any  h igh 
e m i s s i v i t y  c o a t i n g  gave mass e f f i c i e n c y  r e s u l t s  t h a t  were approximate ly  
e q u i v a l e n t  t o  t h a t  of  t h e  d i s k  r a d i a t o r .  

I n  a d d i t i o n  t o  t h e  problems mentioned above there were some d i f f i c u l t i e s  
encountered  t h a t  were common t o  bo th  a p p l i c a t i o n s  o f  h e a t  p ipes .  The f i r s t  
was t r a n s f e r r a l  o f  h e a t  from t h e  compara t ive ly  l a r g e  s o l a r  cell t o  t h e  much 
s m a l l e r  r a d i u s  h e a t  p ipe .  The most promis ing method seemed t o  be m a p p i n g  
t h e  e v a p o r a t o r  p o r t i o n  o f  t h e  p i p e  h t o  a s p i r a l  d i s k  which would cover  t h e  
back o f  t h e  s o l a r  cell .  There  is n o t  much i n f o r m a t i o n ,  however, on complex 
geomet r i e s  f o r  h e a t  p i p e s  and t h i s  a p p l i c a t i o n  remains  t o  be proven 
a c c e p t a b l e .  A second problem l ies  i n  t h e  c h o i c e  o f  a proper  s t r u c t u r a l  
material / working f l u i d  combination f o r  this tempera tu re  (assumed t o  be 
approx imate ly  470 K), Water seems t o  be t h e  most l i k e l y  c a n d i d a t e  f o r  a 
working f l u i d ,  p a r t i c u l a r l y  when s t r i v i n g  f o r  a low non-lunar mass. 
U n f o r t u n a t e l y ,  few l u n a r  materials a r e  compa t ib le  v i t h  water a t  t empera tu res  
above 100 C (l,pp103-106) because g e n e r a t i o n  of  even s m a l l  amounts of  o x i d e s  
o r  non-condensable g a s  can  s e r i o u s l y  impa i r  t h e  performance o f  a h e a t  
p ipe ( l ,p103) .  There  is e v i d e n c e  t o  s u g g e s t  that some s t e e l s  are workable 
b u t  t h i s  is n o t  y e t  s u f f i c i e n t l y  documented(l,ppll0-111). T h i s  l e a d s  t o  a 
f i n a l  problem: t h e  l i f e t i m e  o f  t h e  h e a t  p ipe .  C u r r e n t l y  most s p a c e  
a p p l i c a t i o n s  r e q u i r e  lifetimes of 5 to  10 y e a r s  and even that h a s  proved t o  
be a real c h a l l e n g e  f o r  h e a t  p i p e  design(l,pp108-110). The 30 year  l i f e t i m e  
r e q u i r e d  by t h e  SPS wi l l  p l a c e  a much g r e a t e r  s t r a i n  on t h e  h e a t  p i p e s  a s  
w e l l  as on t h e  v e r i f i c - t i o n  p rocess .  

2,2,4;4 C o n a t r u c t i  on 

For a n a l y s i s ,  t h e  primary r e f l e c t o r  is approximated a s  a c i r c u l a r  d i s h .  I n  
p r a c t i c e ,  however, it is more l i k e l y  t o  be c o n s t r u c t e d  as a s q u a r e  o r  
hexagonal  s e c t i o n  o f  a p a n e l . t o  facilitate assembly. A s  t h e s e  p a n e l s  wi l l  
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s e r v e  as r a d i a t o r s  they w i l l  have a r e l a t i v e l y  high opera t ing  temperature 
and w i l l  t h e r e f o r e  be s u b j e c t  t o  a f a i r  amount of thermal expansion. I n  
add i t i on ,  due t o  t h e  occas iona l  e c l i p s i n g  of t h e  SPS, t he re  w i l l  be thermal 
cyc l ing .  This  combination w i l l  r e s u l t  i n  stress on t h e  secondary r e f l e c t o r  
as well as t h e  SPS s t r u c t u r e .  This  is expected t o  be one of t h e  more severe  
problems t o  be d e a l t  wi th  i n  the mechanical design of the system. 

The design used h e r e  assumes that the primary r e f l e c t o r  has  cons tan t  
th ickness  f o r  ea se  of  manufacturing. A tapered d i s k  would be more e f f i c i e n t  
as a r a d i a t o r ,  reducing t o t a l  mass by over h a l f .  Members of t h e  Advisory 
Committee be l i eve  t h a t  an  e f f e c t i v e  means of manufacturing tapered primary 
r e f l e c t o r s  could be found. Thus, t h e  t o t a l  mass es t imsted  he re  is probably 
conserva t ive  by a f a c t o r  of two. 

2.2.4.5 Optimization 

The th i ckness  of t h e  parabol ic  d i s h  w a s  t h e  l l d t i n g  parameter f o r  
op t imiza t ion  of t h e  concent ra tor  size. System mass appeared t o  i nc rease  
a lmost  l i n e a r l y  with th ickness ,  suggest ing that th ickness  should be a s  small 
as p r a c t i c a l .  It was also necessary,  however, t o  make t h e  th ickness  l a r g e  
compared t o  t h a t  of t h e  high emis s iv i ty  coat ing.  A s  a r e s u l t  t h e  th ickness  
was set a t  0.25 m (10 t imes that of t h e  coat ing) .  

With th i ckness  f i x e d ,  t h e  maximum concent ra t ion  r a t i o  (CR) a t  which t h e  c e l l  
can be e f f e c t i v e l y . c o o l e d  is a func t ion  of  d i s k  radius .  The maximum CR was 
found t o  i n c r e a s e  as d i s k  r a d i u s  decreased. High concent ra t ion  r a t i o  
corresponds t o  low non-lunar mass, so a small d i s k  size is preferred.  

Scanty d a t a  made i t  i n f e a s i b l e  t o  opt imize the solar cell e f f i c i e n c y  with 
r e s p e c t  t o  concentrat fon r a t i o  and opera t ing  temperature. It was assumed 
t h a t  reasonable  progress  i n  technology could produce a GaAs ce l l  50 microns 
thick that would have an  ope ra t ing  e f f i c i e n c y  of 15 percent a f t e r  a l l  l o s s e s  
(see Table  2.1-2) a t  470 K and with a concent ra t ion  r a t i o  i n  t h e  100 - 500 
range. Rot s p o t s  wi th in  t h e  solar cell  were not  considered i n  d e t a i l  s o  an 
in t e rmed ia t e  value was thought t o  be b e s t  f o r  t h e  concent ra t ion  r a t i o .  A CR 
of 260 was chosen as i t  was i n  the middle of t h e  range and proved t o  be 
convenient f o r  ca l cu l a t ions .  I f  t h e  des i r ed  e f f i c i e n c y  can not  be achieved 
with  t h i s  value a sub-optimum concent ra t ion  r a t i o  could be used. The mass 
of t h e  s o l a r  cel l  is a very smal l  f r a c t i o n  of  t h e  concent ra tor  mass and i f  
t h e  concent ra t ion  r a t i o  was decreased by a f a c t o r  of two o r  three the non- 
l u n a r  mass would still be very good. Furthermore it would probably s t i l l  be 
wi th in  t h e  e r r o r  ba r s  of the values  shorn. 
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2.2.4.6 Gall ium Arsenide  Concen t ra to r  Pa ramete r s  

P r i m r y  Ref l e c t o r / R a d i a t o r  

Design - P a r a b o l i c  Dish 
Material - Aluminum 
Radius  - 10 cm 
Thickness  = 0.25 mm 
Foca l  Length - 40 cm 

Secondary R e f l e c t o r  

Design = Hyperbo l i c  Dish 
Material = Aluminum 
Radius  a 3.15 cm 
Thickness  = 0.10 mm 
D i s t a n c e  from Primary = 38.2 up 

S u p p o r t s  f o r  Secondary 

Number = 4 
Length - 38.8 up 
Radius = .28 m 

T e r t i a r y  R e f l e c t o r  

Design = CPC 
Material - Aluminum 
Maximum Radius = 3.15 cm 
Minimum Radius = 0.62 up 

Height  = 3.0 cm 
Thickness  = 0.10 mm 

High R e f l e c t i v i t y  Coat ing  

Loca t ion  - A l l  H i r r o r  S u r f a c e s  
Haterial = Vapor Deposited Aluminum 
Thickness  = 1 micrometer 
R e f l e c t i v i t y  = 0.84 

* Righ E n i s s i v i t y  Coat ing  

Loca t ion  = R a d i a t o r  Face 
Material = Aluminum Oxide 
Th ickness  = 25 micrometers  
b i s s i v i t y  = 0.8 

Glass Cover P l a t e  

M a t e r i a l . =  Fused S i l i c a  
Radius = 6.2 m 
Thickness  = 0.2 m 
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Pho tovo l t a i c  Cells 

Material - Gallium Arsenide 
Radius = 6.2 m 
Thickness = 50 micrometers 

Locat ion = Back Sur face  of  Photovol ta ic  Cell 
Ma te r i a l  = Unspecified non-lunar 
Radius = 6.2 aun 
Thickness = 25 micrometers 

2.2.4.7 Mass Analysis  f o r  a S ing l e  GaAs Concentra tor  Unit  

The d e n s i t i e s  shown below were assumed t o  compute t h e  component masses shown 
i n  Table  2.2-2. 

Aluminum: 2.7E+3 
Aluminum Oxide: 3.97E+3 
G a A s  : 5.32E+3 (2,  ~305)  
Fused S i l i c a  : 2.2E+3 (17,p68) 

TABLE 2.2-2 MASS ANALYSIS OF A SINmE GALLIUM ARSENIDE CONCENTRATOR 

ITEM 

Primary Re f l ec to r  
Secondary Re f l ec to r  
Secondary Supports  
T e r t i a r y  Re f l ec to r  * 
High R e f l e c t i v i t y  Coating 
High Emiss ivi ty  Coating 
Glass Cover P l a t e  
GaAs Pho tovo l t a i c  Cell 
Insula tor /Adhesive  * 
Unit  Lunar Mass 
Uni t  Non-lunar Mass 
T o t a l  Uni t  Mass 

Non-lunar F r a c t i o n  

MASS 
(kg) 

2.12E-2 
8. UE-4  
1 . 0 3 6 3  
1.35E-3 
l.06E-4 
3.12E-3 
5.3165 
3.21E-5 
1 , 0 0 6 5  

2.7fE-2 
4 . 2 1 6 5  
2.77E-2 

,0015 

COMPOSITION kg/kW 

Aluminum 5.25E+0 
Aluminum 2.08E- I 
Aluminum 2.55E-1 
Aluminum 3.34E-1 
Aluminum 2.62E-2 
Aluminum Oxide 7.72E-1 
Fused S i l i c a  1.31E-2 
GaAs 7 95E-3 
Unspecif ied 2.48E-3 

* Approximated by a t runca ted  cone 
* Mass is approximate. 
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2.2.4.8 Energy Conversion Process 

Incoming Light  

I n t e n s i t y  = 1.353 kW/d 
Blocked by Secondary Reflector :  10% (4,  ~ 1 0 9 )  
Absorbed by Primary Reflector :  16% (16,p1593) 

Light  t o  Secondary Ref lec tor  

Blocked by T e r t i a r y  Reflector :  -0 
Absorbed by Secondary Reflector :  16% (16 .~1593)  

Light  t o  Photovol ta ic  Cell 

Absorbed by T e r t i a r y  Ref l e c t o r  : -0 
Reflected from Cell Face: 25% (3,p1616) 
Converted t o  E l e c t r i c i t y :  15% (3,p1616) 
Rejected as Waste Heat: 60% 

Thus t h e  s u n l i g h t  p ro j ec t ing  onto t h e  concent ra tor  is converted t o  
e l e c t r i c i t y  v i t h  an o v e r a l l  e f f i c i e n c y  of: 

The 15% e f f i c i e n c y  of t he  G d s  c e l l  assumes the  l o s s e s  l i s t e d  i n  Table 
2.1-2. 

2.2.4.9 High R e f l e c t i v i t y  Coating 

This  s tudy  assumes a va lue  of .84 f o r  t h e  r e f l e c t i v i t y  of vapor deposited 
a luminw.  Th i s  is based on t h e  value presented i n  a r e p o r t  by TRW 
(16,  ~ 1 5 9 3 )  f o r  'advanced aluminum' technology. The re fe rence  does no t  
d e f i n e  the  term. 'advanced aluminum' s o  t h e  r e l a t i o n s h i p  between TRWt s 
approach and vapor deposi ted aluminum is not  clear. Due t o  similarity i n  
t h e  a p p l i c a t i o n s ,  however, and a genera l  l ack  of informat ion on t h i s  
s u b j e c t ,  t h i s  number was assumed. Other r e f e rences ( l1  ,p267) and members of 
the Advisory Committee have suggested t h a t  a higher  r e f l e c t i v i t y ,  perhaps as 
U g h  a s  .92, is probable f o r  aluminum, Since t h e  assumed coa t ing  absorbs  
( o r  t r ansmi t s )  near ly  30 percent  of t h e  incoming l i g h t ,  i t  is recommended 
t h a t  e f f o r t s  t o  design a concent ra tor  5ased S m  should inc lude  e f f o r t s  t o  
i d e n t i f y  t h e  maximum achievable  r e f l e c t i v i t y .  
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Photovol ta ic  cells do not e f f i c i e n t l y  use  t h e  s o l a r  spectrum, which 
resembles t h e  spectrum of a 6000K blackbody. Thermo-photovoltaic energy 
conversion r e f e r s  t o  an energy conversion system which uses concentra ted 
s u n l i g h t  t o  maintain a r a d i a t o r  a t  about 2200K. S i l i c o n  s o l a r  cel ls  can 
conver t  t h e  lower temperature spectrum t o  e l e c t r i c i t y  a t  a t h e o r e t i c a l  
e f f i c i e n c y  of up t o  75%. Experimental e f f i c i e n c i e s  of 40% have been 
achieved.(4) A schematic diagram of t h e  T P V  process  is shown i n  Fig. 2.3-1. 

'x IBLE 
IL1CON 
CELLS 

SOLAR 2266 K 
SPECTRUM BLACK B O D Y  

Diagram - not  t o  scale 

FIGURE 2.3-1, TBERMOPHOTOVOLTAIC C O ~ I O N  PROCESS 

2.3.1 TPV Design Summary 

Table 2.3-1 sumarises a design f o r  a 5 G" SPS which r equ i r e s  9 GW a t  the 
s p a c e c r a f t  bus. The design was developed usi-g a computer model vhose 
pa raae t e r s  were optimized f o r  minimal non-lunar mass. S t r u c t u r a l  mass f o r  
t h e  r a d i a t o r  c a v i t y  is not  included,  but is assumed t o  be smal l  compared t o  
t h e  concent ra tor  mass. The maximum r a d i a t o r  temperature is l imi t ed  t o  2300K 
by t h e  evaporat ion r a t e  o f  tungsten.(5)  The minimum non-lunar mass occurs 
a t  a c e l l  temperature of 405 K, f o r  an o v e r a l l  conversion e f f i c i e n c y  of 
20.5% from in t e r cep t ed  s u n l i g h t  t o  e l e c t r i c a l  power. 
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TAEU 2.2-1 -MASS ANUYSIS OF 9 GW TPV SYSTE4 

ITEM MASS (kg) COMF'OSITION NON-LUNAR MASS (kg) 

Cooling 113,000 ,000 Aluminum, s t e e l ,  water 676,000 
Concentrator 3,520,000 Aluminum 0 
Radiator  30,600 Tungsten 30,600 
So la r  a r r a y  52,400 S i l i c o n ,  Aluminum <I 
Cell backing 14,500 1 4 1  Kapton 14,500 

Non-lunar s p e c i f i c  mass: 8.01E-2 kg/kW 
T o t a l  s p e c i f i c  mass: 12.96 kg/kW 

A parametr ic  model of t h e  thennophotovoltaic conversion system has been 
developed ( s e c t i o n  2.3.3). The model i nc ludes  t h e  s o l a r  concent ra tor  and 
t h e  cool ing system. Output i nc ludes  t h e  t o t a l  mass and t h e  e a r t h  mass f o r  
each major subsystem and f o r  t h e  t o t a l  TPV converter .  Assumptions used i n  
t h e  model a r e  descr ibed below. 

2.3.2 TPV Ikrign Descr ip t ion  

The most massive subsystem is t h e  cool ing system. Heat p ipe  r a d i a t o r s  and 
l i q u i d  d r o p l e t  r a d i a t o r s  v e r e  considered.  For LDR, t h e  hea t  r e j e c t i o n  
temperature ( l e s s  than 400 K) would r e q u i r e  s i l i c o n e  o i l  a s  t he  working 
f l u i d ,  so t h e  non-lunar mass of  t h e  LDR was unacceptably high. Heat pipe 
r a d i a t o r s  a t  t h i s  temperature can use water i n  t h e  main coolan t  loop and a s  
hea t  p ipe  working f l u i d .  Heat pipe r a d i a t o r s  v e r e  s e l e c t e d  f o r  t h e  TPV 
design because of t h e i r  more advanced development and lower non-lunar mass 
requirement. 

The second most massive system is the concent ra tor .  An all-aluminum 
concent ra tor  l i k e  t h a t  descr ibed i n  s e c t i o n  2.7 was se l ec t ed ,  so no non- 
l una r  materials are required.  The TPV model assumes t h e  concen t r a to r ' s  
s p e c i f i c  maas does n o t  change f o r  d i f f e r e n t  concent ra t ion  r a t i o s  (CXs). 
Th i s  assumption is ove r ly  simplistic, but  should no t  cause s i g n i f i c a n t  
e r r o r s  i n  t h i s  a p p l i c a t i o n  (CX < 400). 

s i l i c o n  s o l a r  ce l ls  ve re  assumed because they  can be nea r ly  100% lunar i n  
composition and they can be -ufactured in l a r g e  q u a n t i t i e s .  Conventional 
cells a r e  n o t  optfmum f o r  TPV converters .  TPV-aptimized cells should be 
h igh ly  t r anspa ren t  t o  long-wavelength r a d i a t i o n  and should have d i f f e r e n t  
s p e c t r a l  response than"conventions1 cells. TPV cells should be t h i n  f o r  
b e t t e r  cool ing and f o r  b e t t e r  long-wave r e f l e c t i o n .  They should be designed 
t o  ope ra t e  a t  high r a d i a n t  i n t e n s i t y .  The design assumes cel ls  which a r e  
designed f o r  TPY conversion,  but  which a r e  n o t  c l o s e  t o  t h e  achievable  
limit. Note t h a t  cel ls  used i n  a TPV conver te r  do not  r e q u i r e  per iod ic  
anneal ing because t h e  body of the converter  completely surrounds t h e  c e l l s ,  
p ro t ec t ing  them from harmful r a d i a t i o n ,  
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So la r  ce l l  in te rconnec t ions  a r e  assumed t o  be aluminum. Detai led design of 
t h e  in te rconnec t ion  p a t t e r n  is beyond t h e  scope of t h i s  r epo r t .  

The ce l l  backing provides thermal con tac t  and e l e c t r i c a l  i n s u l a t i o n  between 
t h e  ce l ls  and t h e  cool ing system. 1-mil Kapton was used by Horne( l ) ,  but 
l una r  m a t e r i a l s  such a s  g l a s s  might be used in s t ead .  

The r a d i a t o r  is a t h i n  s h e e t  of f a b r i c  woven from tungsten wire. 
Evaporation limits t h e  maximum ope ra t i ng  temperature t o  less than 2300 K.(5) 

An e a r l y  vers ion  of  t he  TPV design included a t h i ck  r a d i a t o r  with enough 
hea t  capac i ty  t o  provide power dur ing e c l i p s e s .  Th i s  was r e j e c t e d  because 
i t  g ives  a mass pena l ty  t o  t he  TPV concept and would make i t  d i f f i c u l t  t o  
d i r e c t l y  compare t h e  TPV concept with o t h e r  power conversion systems. 
However, t h i s  op t ion  could make TPV more a t t r a c t i v e  i f  power dur ing e c l i p s e s  
becomes a high p r i o r i t y .  

The major problem with  TPV conversion i n  space is cool ing  t h e  cells. There 
are two f a c e t s  t o  t h i s  problem: massive cool ing  systems, and s o l a r  c e l l s  
which a r e  too opaque a t  long wavelengths. High s p e c i f i c  mass i n  cool ing 
systems is a common problem in spacec ra f t .  The poor t ransparency of cel ls  
a t  long wavelengths produces hea t  i n  t h e  ce l ls  without producing power ( s e e  
TPV Technical  Discussion,  s e c t i o n  2.3.3). s o  t h e  cool ing  load is increased.  

Three s o l u t i o n s  are poss ib le :  f i n d  a cool ing  system which has  a low 
s p e c i f i c  non-lunar mass, develop a cel l  which is more t r anspa ren t  a t  long 
wavelengths, o r  develop a ce l l  which is  more t o l e r a n t  of h igh  temperatures.  
A l l  three op t ions  a r e  being inves t i ga t ed  i n  Indus t ry  and academe, s o  t h e  
s t a t u s  of TPV should improve. 

2.3.3 TPV Technical  Discussion 

The primary c h a r a c t e r i s t i c  of a photovol ta ic  (PV) ce l l  is t h e  band-gap 
energy,  E j y  of  t h e  semiconductor ma te r i a l  i n  t h e  c e l l .  For example, s i l i c o n  
has  a band-gap of 1.13 eV. A photon 's  energy, E g ,  may have any value.  For 
a p a r t i c u l a r  photon s t r i k i n g  t h e  cell ,  i f  E g  > E d ,  then t h e  photon w i l l  
probably be converted t o  an electron-hole p a i r .  From each electron-hole  
p a i r  produced, a t  most E l  energy can be converted t o  e l e c t r i c i t y ;  t h e  
remainder of t h e  photon's  energy w i l l  appear  as hea t  i n  t h e  c e l l .  I n f r a r ed  
photons v f t h  E g  < E j  w f l l  u sua l ly  .pass through t h e  c e l l  wi thout  
i n t e r a c t i o n ,  though some v f l l  be absorbed a s  hea t  energy i n  t h e  cel l .  

Typica l ly  PV cells are used i n  nonnal s u n l i g h t ,  which is s i m i l a r  t o  t h e  
spectrum of a blackbody a t  about  6000 Xelvin. Most of t h e  power of s u n l i g h t  
is c a r r i e d  by photons of  about  2.7 eV. Thus, , s i n c e  only E _ g / E j  o f  a 
photon's energy can be converted t o  e l e c t r i c i t y ,  most of t he  power of 
s u n l i g h t  is vas ted  by t y p i c a l  PV cells. 

I n  a . ' lW conve r t e r ,  s u n l i g h t  is used t o  h e a t  a r a d i a t o r  which i l l umina t e s  PV 
cells. The r a d i a t o r ' s  temperature is much lower than 6000 K, s o  much of its 
r a d i a t e d  power is c a r r i e d  by photons whose ene rg i e s  a r e  on ly  s l i g h t l y  above 
t h e  c e l l s '  band-gap. Thus, more of t h e  power can  be converted t o  
electricity. 
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The e f f i c i e n c y  of a TW conver te r  is dependent on many parameters. A 
spreadshee t  model of  a TPV converter  has been developed t o  study t h e  e f f e c t s  
of these  parameters,  and t o  e s t ima te  whether a TPV converter  would be 
p r a c t i c a l  with reasonable  parameter values.  

The model was b u i l t  with two Multiplan(8) spreadsheets .  The f i r s t ,  
S P m U M ,  computes va lues  which are dependent on t h e  s o l a r  ce l l  material 
(e,g., S i )  and on t h e  temperature of the  r ad i a to r .  The second, TPVMODEL, 
uses  t h e  va lues  from SPECEtIIM t o  compute masses and e f f i c i e n c i e s  of t h e  
whole conver te r  system, 

Table  2.3-2 is an  example of p a r t  of SPECTI(UM, using s i l i c o n  cells and a 
2300 K r a d i a t o r .  

USABILITY OF 2300 K SPECTRUM FOR SILICON CELLS 

E d :  band gap .of cells 
T-rad: Radiator temp 
nt: Ej/(kq'rad), bandgap over average photon energy 

Id: I n t e n s i t y  above band gap 
I-u: Usable i n t e n s i t y  above band gap 
I-rad: T o t a l  i n t e n s i t y  a t  r a d i a t o r  
f j  : Frac t ion  of power. above E j  
f-u: Frac t ion  of power above E d  which is usable  
f-t: Frac t ion  of t o t a l  power which is usable  

SPECTRUM uses  a numerical c a l c u l a t i o n  of a blackbody s p e c t r a l  power 
d i s t r i b u t i o n ,  Th i s  d i s t r i b u t i o n  is i n t e g r a t e d  from t h e  cell ma te r i a l  ' s 
band-gap energy t o  i n f i n i t y  t o  g ive  an estimate of 12, the  s p e c t r a l  
i n t e n s i t y  which could be converted t o  electron-hole p a i r s  i f  t h e  cells '  
quantum e f f i c i e n c y  were uni ty .  Another s e c t i o n  i n t e g r a t e s  t h e  s p e c t r a l  
i n t e n s i t y  times t h e  r a t i o  of t h e  band-gap energy t o  photon energy t o  g ive  an 
e s t i m a t e  of  I-u, t h e  p o t e n t i a l  e lectron-hole  i n t e n s i t y  t h a t  could be  
converted t o  e l e c t r i c i t y ,  These two va lues  a r e  divided by t h e  t o t a l  r ad i an t  
i n t e n s i t y  of t h e  r a d i a t o r  t o  y i e l d  f j ,  t h e  f r a c t i o n  of t h e  t o t a l  power 
which can i d e a l l y  be absorbed as electron-hole p a i r s ,  and f-u, t h e  f r a c t i o n  
of e lectron-hole  p a i r  energy which can i d e a l l y  be converted t o  e l e c t r i c i t y .  

Table 2.3-3 is an example of TPVMODEL, using t h e  SPECTRUM model i n  Table 
2.3-2, 
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TABU 2.3-3 TPY MASS AND PERFORMANCE MODEL 

9.20E-O I 
FALSE 

5.00E-02 Kg/MA2 

1.35Ec03 W/M-2 
5.OOE+02 Suns 
4.05Ec02 K 
2.3OEc03 K 
1.59Ec06 W/mA2 
1,43Ec06 W/MA 2 
9.00E-01 
I.OOE-01 
8 . , P W I  

P-out: Power Output 
P l h :  Power Input  through window 
P rad: Radiator Power 
~ I r a d :  Radiator Area 
M-rad: Radiator Mass 
~ l r ad -e :  Radiator k r t h  Mass 
P-cool: Power t o  Cooling 
M-cool: Cooling Mass 
M-cool e: Cooling Earth  Mass 
M concy Concentrator Mass 
~ ~ c o n c - e :  Concentrator Ear th  Mass 
A-cells: C e l l  Area 
M cells: Cell 'Array Mass 
 cells e: C e l l  Array + Backing Earth  Mass 
TTtal  Gss 
T o t a l  Ear th  Mass 

f_g: Frac t ion  of pover which is above E_g 
f-u: Frac t ion  of pover above EJ vhich is usable  
f e: Frac t ion  of f-u which becomes e l e c t r i c  power 
p? Avg. view angle  f r a c t i o n  of cells from r a d i a t o r  
emf rad: Radiator Ear th  Mass Frac t ion  
emfIconc: Concentrator Earth Mass Frac t ion  
emf cool: Cooling Earth  Uss Frac t ion  
emfIcells:  C e l l  k r t h  Mass Frac t ion  
A 1  : P-rad / P-out 
A3: P - c o o l / P ~ ~ u t  
A4: Cooling Spec, Mass (@60 C. ) 
A5: P-in / P-out 
A6: Concentrator Spec. Mass 
A7: C e l l  e f f i c i e n c y  above band gap 
A8:  C e l l  Array S p e c i f i c  Mass 
A10: Cooling Power / Power t o  Cooling 
A12: Concentrator e f f i c i e n c y  
A13: Using thermal s t o r a g e  f o r  e c l i p s e  power? 
AI4: Cell Backing S p e c i f i c  Mass ( I 4 1  Kapton) 

S: So la r  Constant 
I c: C e l l  I n t e n s i t y ,  max 500 suns 
~ ~ c e l l s :  C e l l  temperature 
TIrad: Radiator Temperature 
I bb: I n t e n s i t y  a t  i d e a l  blackbody s u r f a c e  
1-rad : I n t e n s i t y  a t  a c t u a l  r a d i a t o r  s u r f  ace 
e? Radiator Emissivi ty  
R c: C e l l  f r o n t  s u r f a c e  r e f l e c t i v i t y  
R ~ W :  Average r e f l e c t i v i  t y  of non-cell sky,  

i n c l .  window 
t - r: long-vave r e f l e c t a n c e  through cei ls  ( twice)  
a: ( I - r ) ;  f r a c t i o n  of r a d i a t o r  energy no t  recycled 
CR: required concent ra t ion  r a t i o  
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TPVMODEL uses  cell p r o p e r t i e s  and t h e i r  temperature dependence t o  e s t a t e  
the f r a c t i o n  (f-e) o f  the p o t e n t i a l l y  conve r t ib l e  power which a c t u a l l y  
becomes e l e c t r i c i t y  a t  a given ce l l  temperature. The remainder of t h e  power 
above t h e  cells' band-gap energy is p a r t  of t h e  cool ing  load. 

Other parameters used i n  TPVMODEL are t h e  f ron t - sur face  r e f l e c t i v i t y  of t he  
cells,  t h e . e m i s s i v i t y  of t h e  r a d i a t o r ,  and t h e  o p t i c a l  con f igu ra t ion  of t h e  
r a d i a t o r  cav i ty .  A c r u c i a l  parameter is t h e  f r a c t i o n  of i n f r a r e d  power 
(from photons with  ene rg i e s  below t h e  band-gap) which passes  through t h e  
cells and is r e f l e c t e d  back t o  t h e  r a d i a t o r ;  absorbed i n f r a r e d  photons add 
t o  t h e  cool ing  load  but add nothing to the electrical output .  

The p r i n c i p a l  ou tpu t s  of TPVMODEL are the t o t a l  mass and t h e  t o t a l  Ear th  
mess of t h e  TPV conver te r ,  toge ther  with t h e  s o l a r  concent ra tor  and t h e  
cool ing  system. Parameters used t o  suppor t  t he se  ou tpu t s  a r e  t h e  s p e c i f i c  
masses of var ious  components and the es t imated  non-lunar mass f r a c t i o n  of 
each . 
TPVMODEL has provis ions  f o r  using thermal energy s t o r e d  i n  t h e  r a d i a t o r  t o  
provide power during t h e  ec l ip sed  por t ion  of the SPS o r b i t .  Parameter A13, 
set t o  FALSE in  t h i s  example, c o n t r o l s  whether thermal s t o r a g e  w i l l  be 
considered.  
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2.4 BRAYTON CYCLE 

2.4.1 In t roduc t ion  

The r e s u l t s  repor ted  here  a r e  based on a design a s  similar a s  pos s ib l e  t o  
that o f  a NASA MSFC r e p o r t . ( l )  Conservative e s t ima te s  were made f o r  
p o t e n t i a l  s u b s t i t u t i o n  of l una r  ma te r i a l s .  

The major i ty  o f  t h e  weight f o r  t h e  system is i n  t h e  s o l a r  c o l l e c t i o n  and 
h e a t  r e j e c t i o n  systems. It is s t ra igh t forward  t o  determine where l una r  
m a t e r i a l s  could be s u b s t i t u t e d  i n  t he se  systems. 

It is  more d i f f i c u l t  t o  e s t ima te  t h e  percentage of  l una r  materials f o r  t h e  
Brayton engine because t h e  c o n t r a c t  r e p o r t ( 1 )  inc ludes  no d e t a i l s  on t h e  
a l l o y s  app rop r i a t e  f o r  t h e  engine components and t h e  weights f o r  s p e c i f i c  
components. The NASA r e p o r t  informat ion was used t o  c a l c u l a t e  engine 
e f f i c i e n c y  f o r  two ope ra t i ng  temperatures  and then conserva t ive  estimates 
were made f o r  p o t e n t i a l  use  of l una r  m a t e r i a l s  a t  each temperature.  

2.4.2 Design Descr ip t ion  

A s imple  schematic o f  t h e  Brayton c y c l e  is given i n  Fig. 2.4-1. This  s i n g l e  
r egene ra t i ve  Brayton c y c l e  uses  a s o l a r  concent ra tor  t o  c o l l e c t  t h e  s o l a r  
energy and r e f l e c t  i t  i n t o  a c a v i t y  hea t  absorber.  The hea t  is absorbed by 
t h e  gas  through t h e  h e a t  exchanger tubing l i n e d  on t h e  hea t  abso rbe r ' s  
i n s u l a t e d  s h e l l .  Th i s  hea t  t r a n s f e r  a l s o  he lp s  reduce t h e  temperature of 
t h e  h e a t  absorber  i t s e l f .  The h o t  gas  then goes through t h e  t u rb ine ,  which 
conve r t s  some of  t h e  thermal energy t o  mechanical work by tu rn ing  t h e  
compressor and t h e  generator .  The recupera tor  e x t r a c t s  more hea t  from t h e  
gas coming ou t  of t h e  t u r b i n e  and t r a n s f e r s  i t  t o  the cold s i d e  of t h e  
cycle.  The waste h e a t  is r e j e c t e d  by the r a d i a t o r .  

Helium was chosen as the working f l u i d  t o  make use  of t h e  mass s ta tements  of 
t h e  c y c l e  i n v e s t i g a t e d  by NASA. According t o  one r e f e r ence  (2) ,  a 60% Xe / 
tOX He mixture wi th  a molecular weight of 80 was a l s o  considered.  This  
mixture  r e q u i r e s  fewer s t a g e s  f o r  t h e  turbomachinery, but  would r e q u i r e  a 
much l a r g e r  hea t  exchanger due t o  reduced thermal  conduc t iv i ty .  The s ize  of 
the turbomachinery would a l s o  have t o  be increased  (2) which is a l r eady  a 
problem, even with helium. Thus, pure  helium was s e l e c t e d  a s  t h e  working 
f l u i d *  

The s e l e c t e d  r a d i a t o r  system is a l i q u i d  metal r a d i a t o r  (LW), i.e., a h e a t  
p ipe  r a d i a t o r  which u s e s  sodium-potassium (NaK)  as t h e  coolan t  and water a s  
t h e  working f l u i d  i n  t h e  hea t  pipes. It is poss ib l e  t h a t  an LDR system 
using l u n a r  HaK as the working f l u i d  would be s u i t a b l e  a t  some temperatures,  
but such a system was not s e l e c t e d  due t o  its high  t e c h n i c a l  r i s k .  
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Two different s e t s  of cycle points were studied to show the effect  of 
temperature on the mass statement. The f i r s t  s e t  was picked to emphasize 
higher efficiency and lover to ta l  mass, It uses the same cycle s t a t e  p o i n t s  
as ( I ) .  This cycle has a  very h i g h  turbine i n l e t  temperature (1617 K) which 
lb i ts  the use of lunar materials for components such as  the turbine blades 
or the heat absorber. 

The second s e t  of temperatures has a  more moderate turbine i n l e t  temperature 
of 1100 K, vhich is seen i n  existing engines. This allovs better 
u t i l iza t ion  of the lunar alloys (Ni alloys, s t ee l ,  C r  alloys) and metals 
l ike  A 1  and Ti. 

The efficiency of the cycles vas calculated assuming: 

Compressor efficiency = 0.875 
Turbine efficiency = 0.920 
Bearing loss  & turbine d i s k  cooling efficiency factors = 0.98 

The compression and turbine efficiencies used here are  from (1) and are 
vieved as  possible bat non-conservative values. 
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Table 2.4-1 shows the state poin ts  and t h e  e f f i c i e n c i e s  of each temperature 
set. The mass s ta tement  of each c y c l e  is shown i n  Table 2.4-2. 

TABLE 2.491 S- CYCLE STATE POINTS FOR BRAYTON CYCLE 

High Temp. 

(Wall Temp) 1650 
(Min. Gas Temp) 404 
(Comp. Out le t  Temp) 603 
(Absorber I n l e t  Temp) 1108 
(Turbine I n l e t  Temp) 1617 
(Turbine Ou t l e t  Temp) 1190 
(Cooler I n l e t  Temp) 685 
(Minimum NaK Temp) 377 
(Maximum NaK Temp) 644 
(Recuperator Eff e c t i  veness) 0.86 

C y d e  e f f i c i e n c y  
Cycle pressure  r a t i o  

Low Temp. 

TABLE 2,492 MASS ANALYSES FOR 9 GW BUYTON SYSTPiS 

High Temperature Cycl e (Ef f ic iency  43%) : 
TOTAL MASS NON-LUNAR M S  

COMPONENT (kg) (kg) 

Radiator  system 1 . 6 4 W 7  
Heat absorber  4. M E 4 6  
Recuperator /cooler  2.57Et06 
Concentrator  2.32Et06 
Turbomachines 1.03E46 

TOTAL: 2,71Et07 3.85Et06 

Non-1 unar s p e c i f i c  mass : 0.43 kg/kW 
T o t a l  s p e c i f i c  mass: 3.01 kg/k!d 

Low Temperature Cycle (Ef f ic iency  35X): 
TOTAL MASS NON-LUNAR MASS 

COMPOHWT (kg) (kg) 

Radiator  system 7.43E47 
Heat absorber  5.88Et06 
Recuperator/cool er 1.29EM7 
Coacentrator  2.76Et06 
Turbomachines 1 ,O3E+O6 

Non-f unar s p e c i f i c  mass : 0.234 kg/kW 
T o t a l  s p e c i f i c  mass: 10.77 kg/kW 
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Tab le  2.4-2 was developed u s i n g  t h e  mass s t a t e m e n t  of t h e  NASA r e p o r t  ( I )  a s  
t h e  primary r e f e r ence .  Tha t  r e p o r t  p r e sen t ed  a s o l a r  Brayton c y c l e  w i t h  17 
GW of o u t p u t  power t o  two t r a n s m i t t e r s .  The e f f i c i e n c y  of t h i s  c y c l e  i s  
43.9%. F i g u r e  2.4-2 shows t h e  o v e r a l l  c o n f i g u r a t i o n  of t h i s  SPS. The 
masses o f  t h e  components o f  t h e  NASA paper were c o r r e c t e d  f o r  m a t e r i a l  
s u b s t i t u t i o n s ,  de s ign  changes ,  and tempera ture  r anges  cons ide red  i n  t h i s  
s t udy .  These ad jus tmen t s  were done wi th  c o n s e r v a t i v e  assumptions .  More 
a c c u r a t e  estimates of t h e  masses o f  t h e s e  components should  be made i f  t h e  
Bray toa  c y c l e  is cons ide red  f u r t h e r  as a n  o p t i o n  f o r  t h e  SPS energy 
conve r s ion  system. 

As shown i n  Table  2.4-2, t h e  lower t empera tu re  c p c l e  g i v e s  t h e  lower 
s p e c i f i c  non-lunar mass. However, t h e  d e c r e a s e  i n  non-lunar mass is o f f s e t  
by a f o r t y  times g r e a t e r  i n c r e a s e  i n  t o t a l  mass. S i n c e  t h e  c o s t  r a t i o  o f  
non-lunar t o  l u n a r  m a t e r i a l s  is  e s t i m a t e d  t o  be no b e t t e r  than  f i f t y ,  t h e r e  
are no grounds f o r  p r e f e r r i n g  one t empera tu re  cycle over  anoather .  

FIGURE 2.4-2, BRAPTON SPS CONFIGURATION 
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2.4.3 Bray ton  Cycle Technical  Diacusaion 

2,4,3,1 Radiator  

I n  t h e  high temperature Brayton cyc le ,  12,2 GW of waste heat  must be re jec -  
t e d  i n t o  space t o  produce 9 GW of e l e c t r i c i t y .  The i n l e t  and o u t l e t  tempe- 
r a t u r e s  a r e  644 K and 377 K respec t ive ly .  The low temperature c y c l e  must 
reject 16.9 GW of hea t ,  wlth high and low temperatures of 550 K and 322 K. 

One of t h e  16 nodules of t h e  10 GW Brayton SPS conf igura t ion  is shown i n  
Figure 2.4-3. The c a v i t y  absorber  with t h e  engines is i n  t h e  cen te r .  The 
concent ra tor  is below wtth its concentrated s u n l i g h t  en te r ing  t h e  aper tu re .  
Radia tor  pane l s  surround t h e  absorber ,  

The b a s i c  element of  the r a d i a t o r  panels  is t h e  hea t  pipe. For t h e  range of 
temperatures used he re ,  a water h e a t  p ipe  is  a reasonable choice. Thls  heat  
pipe can be made with t h i n  s t a i n l e s s  s t e e l  and an  i n t e r n a l  s t a i n l e s s  s t e e l  
Id&. 

Figures  2 . 4 4  and 2.4-5 show more d e t a i l s  of  t h e  HPR conf igura t ion  and i ts 
panels. S t a i n l e s s  steel is the  primary material used i n  t h i s  r a d i a t o r  
system, Water is used as t h e  working f l u i d ,  which is est imated t o  have 
about 0,2X of t h e  t o t a l  panel  mass. Hydrogen i n  the water and carbon i n  t h e  
steel (0.3%) are assumed t o  be the only  non-lunar materials. 

The mass breakdown f o r  t h i s  r a d i a t o r  f o r  the 9 GW high temperature Brayton 
c y c l e  is shown i n  Table 2.4-3. 

TABLE 2.4-3 RADIATOR MASS FOR 9 Gt BRAYTON CYCLE 

T o t a l  Radiator  Mass = 16.4E+06 kg 
Mass of panels  wlth water - 1 . 0 W 7  kg 
Mass of water - .002 x 1+02E+07 = 2,04E+04 kg 
Non-lunar Mass =(.I x .020 + (16.4 -.020)~.003)xlE+06 = 5.11E44 kg 

2,4,3,2 Concentrator  

An a l l - lunar  aluminum concent ra tor  l i k e  t h a t  described i n  s e c t i o n  2.7 is 
assumed. The mass of t h e  concent ra tor  f o r  both temperature c y c l e s  is shown 
in Table. 2."". 

TABU 2 , 4 4  C O N ~ T O R  MASS FOR 9 GW BRAPMN 

High Temperature Braytoa Cycle: 
T o t a l  Concentrator Mass = 2 . 3 W 6  kg 
Non-Lunar Mass - 0 

Lov Temperature Brayton Cycle: 
To ta l  Concentrator  Mass = 2.76E46 kg 
N o n - L w  Mass = 0 



FIGURE 2.4-3, TROUGR TYPE MODULE 
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2.4.3.3 H e a t  Absorber 

The system u s e s  a c a v i t y  h e a t  abso rbe r  which c o l l e c t s  h e a t  from t h e  
c o n c e n t r a t o r  and t r a n s f e r s  i t  t o  t h e  helium f lowing through t h e  p i p e s  on i ts  , 

panels .  A t y p i c a l  abso rbe r  panel  is shovn i n  f i g u r e  2.4-6. 

The h e a t a b s o r b e r  tub ing  l o o p s  a r e  mounted on t h e  c a v i t y  i n t e r i o r  s i d e .  The 
s k i n  o f  t h e  pane l  is mul t i - layer  h igh  tempera ture  i n s u l a t i o n ,  s t a b i l i z e d  by 
a c r i s s c r o s s  Are p a t t e r n .  F igure  2.4-7 shows one c a v i t y  which provides  1.1 
GW t o  t h e  SPS bus. The dashed o u t l i n e  i n  F igure  2.4-8 r e p r e s e n t s  t h e  c a v i t y  
absorber .  The manifolds  which conduct  t h e  ho t  and co ld  helium through t h e  
engine  are shown here .  By us ing  i n s u l a t e d  duc t s ,  a c o o l e r  and thereby 
s t r o n g e r  o u t e r  s h e l l  is  achieved.  

Page 46 



Page 47 



INSULATED 
CAVITY 

ENGINE 

R m  2.4-8, PRlMARY ELAT KXCXANGER LAYOUT (SPIPLIFIED) 

Page 48 



The high temperatures c rea ted  on t h e  absorber panels  preclude use  of 
aluminum o r  even s t a i n l e s s  s t e e l .  There are some high temperature a l l o y s  
which can be made of lunar  materials and which can be used f o r  cons t ruc t ion  
of t h e  panel s k i n s  and even t h e  pipes. Croloy (2.25% C r  - 1% Mo) can be 
used up t o  about 830 K and o the r  hea t  r e s i s t a n t  s t e e l  a l l o y s  (25% C r  - 12% 
N i  o r  25% C r  - 20% Ni) have been exposed up t o  1810 K. Nickel a l l o y s  such 
as Rene 41 (10% Co, 10% Mo, .OO5% B, p lus  H i ,  A l ,  T i ,  and Fe) are mostly 
made of  l u n a r  materials and are used i n  high temperature devices such a s  
a i r c r a f t  engines and re -en t ry  vehic les .  

It was assumed that 50% of t h e  high temperature absorber  and 10% of t h e  low 
temperature absorber  would r e q u i r e  non-lunar mater ia ls .  The absorber  mass 
estimates are shown i n  Table 2.4-5. 

TARLE 2 . 4 4  HEAT ABSORBER 

High Temperature 
T o t a l  Absorber 
Non-Lunar Mass 

MASS FOR 9 GW BRAYTON CYCLE 

Brayton Cycle: 
Mass = 4.80E46 kg 
= 2.38E46 kg 

Low Temperature Brayton Cycle: 
T o t a l  Absorber Mass = 5.88E+06 kg 
Non-Lunar Mass = 5.82Ei.05 kg 

The high temperature of helium going through t h e  tu rb ine  is tough t o  
accommodate, This  Brayton c y c l e  a l s o  r e q u i r e s  l a r g e  diameter tube d i scs .  
Experiments with h igh  temperature super  a l l o y s  such as Astroloy o r  INCO 608 
and r e f r a c t o r y  a l l o y s  such as molybdenum TZM have been conducted t o  overcome 
such problems. Refractory materials such a s  s i l i c o n  ca rb ide  have a l s o  been 
suggested f o r  d i n g  t u r b i n e  b lades  fac ing  high temperatures.  The 
compressor, however, f a c e s  lower temperatures and doesnt t r e q u i r e  high 
temperature m a t e r i a l s  l i k e  t h e  turbine .  A good por t ion  of t h e  p ipes  a l s o  do 
not  f a c e  t h e  h ighes t  temperature of t h e  c y c l e  s i n c e  t h e  working f l u i d  
reaches  t h e  peak temperature when e n t e r i n g  t h e  turbine .  

Overa l l  a good por t ion  of t h e  turbomachinery can be made of lunar  m a t e r i a l s  
with good s t r e n g t h  and resistance t o  h igher  temperatures (such a s  Croloy, 
stainless steel, o r  N i  a l l o y s ) .  It is est imated that 75% of t h e  high 
temperature turbomachinery and 10% of t h e  low temperature turbomachinery 
w i l l  r e q u i r e  non-lunar materials. The turbomachinery mass estimate f o r  each 
c y c l e  is shown in Table 2 .44 .  

FOR 9 GW CYCLE -- 
High Temperature Brayton Cycle: 

T o t a l  Turbomachinery Mass = 1 .O3E+O6 kg 
Non-Lunar Mass = 0.773E+06 kg 

Low Temperature Brayton Cycle: 
T o t a l  Turbomachinery Mass = 1.03E46 kg 
Non-Lunar Mass = 1.06E45 kg 
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The r e c u p e r a t o r  f a c e s  relatively h igh  tempera tures  from t h e  working f l u i d  
coming o u t  of t h e  t u r b i n e .  It h e l p s  save some of t h e  energy o f  t h e  h o t  gas  
by t r a n s f e r r i n g  t h e  h e a t  t o  t h e  c o l d  gas  coming o u t  of  t h e  compressor. 
The re fo re  it needs t o  be made of m a t e r i a l s  wi th  good thermal  c o n d u c t i v i t y  
and r e s i s t a n t  to  tempera tures  of up t o  1200 R ( f o r  t h e  h igh  tempera ture  
c y c l e ) .  Some p a r t s  of t h i s  dev ice ,  such a s  t h e  o u t e r  s h e l l  and some of  t h e  
p ipes ,  can  be made o f  l u n a r  a l l o y s  l i k e  c r o l o y ,  s t a i n l e s s  steel, o r  o t h e r  
s t e e l s .  

The h igh  tempera ture  c y c l e  c o o l e r  o p e r a t e s  a t  moderate tempera tures .  It 
u s e s  N a K  as  the working f l u i d  (vh ich  is  assumed t o  be l u n a r )  and i t  can be 
made most ly  o u t  o f  l u n a r  metals such a s  aluminum o r  n i c k e l .  The l o v  
tempera ture  c y c l e  c o o l e r  o p e r a t e s  a t  lower tempera tures  and is  more massive. 
It h a s  a s m a l l e r  percentage  o f  non-lunar m a t e r i a l s  bu t  a h i g h e r  non-lunar 
mass . 
It is  es t ima ted  t h a t  2% of  t h e  h igh  tempera ture  r ecupe ra to r / coo le r  system 
and 10% of t h e  l o v  tempera ture  system w i l l  r e q u i r e  non-lunar m a t e r i a l s .  The 
mass estimate f o r  each c y c l e  is shown i n  Tab le  2.4-7. 

TABU 2.4-7 RXWERATOR/COOLER MASS FOR 9 CTW BRAYTON CYCLE 

High, Temperature Brayton Cycle: 
T o t a l  Recuperator/Cooler Mass = 2.57E+06 kg 
Non-Lunar Mass - 0.646EF06 kg 

Low Temperature Brayton Cycle: 
T o t a l  Recuperator/Cooler Mass = 1. kg 
Non-Lunar Mass = Im29E+06 kg 

2.4.3.6 Primary S t r u c t u r e  

The mass of  t h e  primary s t r u c t u r e  is n o t  i nc luded  i n  s p e c i f i c  mass estimates 
f o r  power convers ion systems. T h i s  i n fo rma t ion  on t h e  Brayton SPS primary 
s t r u c t u r e  mass ( a l s o  used i n  t h e  TPV, Rankine, and S t i r l i n g )  is provided f o r  
comparison v i t h  t h e  s i l i c o n  p l ana r  s t r u c t u r e  d i scussed  i n  chap te r  3. 

The primary s t r u c t u r e  h o l d s  t h e  modules t o g e t h e r .  It r e c e i v e s  d i r e c t  
s u n l i g h t .  Aluminum can be  used, though p a s s i v e  thermal  c o n t r o l  measures 
l i k e  t h o s e  d i s c u s s e d  i n  t h e  thermal  c o n t r o l  s e c t i o n  of  c h a p t e r  3 may be 
needed. The e s t ima ted  mass is shown i n  Table  2 . 4 4 .  

TABLE 2 - 4 4  PRMllRY STRUCTURE MASS FOR 9 GW BRAYTON CYCLE 

High Temperature Brayton Cycle: 
T o t a l  S t r u c t u r a l  Mass = 3.34E46 kg 
Non-Lunar Mass 0 

Low Temperature Brayton Cycle:  
T o t a l  Mass = 4. 0 5 E 4 6  kg 
Non-Lunar Mass - 0 
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1966. p . 95-145. (NASA-SP-131) . 
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2.5.1 I n t r o d u c t i o n  

A s imp le  Rankine c y c l e  is shown i n  F igure  2.5-1. I n  t h i s  c y c l e ,  t h e  working 
f l u i d  is pumped i n t o  t h e  h e a t e r ,  The f l u i d  then  undergoes cons tan t -pressure  
h e a t i n g  i n  t h e  h e a t e r .  The t u r b i n e  e x t r a c t s  t h e  energy from t h e  f l u i d  and 
t h e  waste h e a t  is r e j e c t e d  by t h e  r a d i a t o r .  The pump is run by a gene ra to r  
which is ope ra t ed  by t h e  t u r b i n e .  

W A S T I  
H U T  

Rankine c y c l e  is  t h e  i d e a l  c y c l e  f o r  a s imple  steam power p l a n t  but  use  of 
such a c y c l e  r e q u i r e s  massive components f o r  h ighe r  e f f i c i e n c i e s .  Por:ssium 
was a l s o  cons idered  as a working f l u i d  f o r  t h e  Rankine cyc le .  Potassium 
Rankine c y c l e  has  lower e f f i c i e n c i e s  but  h ighe r  power per  u n i t  mass than  t h e  
steam cyc le .  

The e f f i c i e n c y  o f  t h e  Rankine c y c l e  depends on t h e  average  tempera ture  a t  
vhich h e a t  is s u p p l i e d  and t h e  average  tempera ture  a t  which h e a t  i s  
r e j e c t e d .  This e f f i c i e n c y  can be  improved us ing  o p t i o n s  such a s  lowering 
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t h e  exhaust pressure ,  superheat ing  , o r  using higher  maximum pressure.  
However, these methods r e q u i r e  compromises i n  t u r b i n e  e f f i c i ency  and may 
s i g n i f i c a n t l y  Inc rease  blade erosion.  Concepts such as rehea t  cyc le  and 
regenera t ion  c y c l e  o f f e r  e f f i c i e n c y  improvements without t h e  compromises 
t h e  turbines .  These concepts ,  however, may r e q u i r e  more massive cycles .  
Overa l l  design of a s u i t a b l e  Rankine c y c l e  depends on t h e  s p e c i f i c  
requirements  of t h e  power system concerning the e f f i c i e n c y ,  mass, and 
a v a i l a b i l i t y  of  the mater ia ls .  

The des igns  presented i n  this s e c t i o n  a r e  based on a NASA MSFC repor t .  (1) 
T h i s  document provided t h e  mass s ta tements  of Rankine c y c l e s  designed f o r  an 
ou tpu t  power of 17  GW. The primary requirement of t h e  NASA study was t h e  
e f f i c i e n c y  of t h e  cycle ,  with low t o t a l  mass as the o t h e r  important 
requirement,  The da ta  provided i n  the NASA r e p o r t  was used t o  e s t ima te  t h e  
component masses of the Rankine cyc les  presented the re ,  S u b s t i t u t i o n s  f o r  
t h e  non-lunar m a t e r i a l s  were made where ever  poss ib le ,  

The Rankine c y c l e  s t u d i e d  by NASA uses  potassium a s  t h e  working f l u i d .  
S o l a r  energy is concentrated on the c a v i t y  h e a t  absorber ,  where the  working 
f l u i d  is heated. The r a d i a t o r  is a heat  p ipe  r a d i a t o r  which u t i l i z e s  the 
working f l u i d  of t h e  cycle ,  e l l ruinat ing t h e  need f o r  a cooler .  The 
genera tor  conver t s  t h e  mechanical energy of  t h e  t u r b i n e  t o  e l e c t r i c a l  
output ,  The pump i s  run by power from-the generator .  The use  of a . 
recupera to r  i n  this c y d e  is not p o s s i b l e  s i n c e  the necessary temperature 
p o t e n t i a l  between the- compressor output  and the t u r b i n e  output  does not  
exist i n  t h i s  cycle, 

Four R8nkine c y c l e s  were i n v e s t i g a t e d  i n  t h i s  s tudy.  Two c y c l e s  use  
potassium, one wi th  a t u r b i n e  i n l e t  temperature of 1600 K and t h e  o ther  with 
1422 K. The o t h e r  two c y c l e s  use steam a s  working f l u i d  with t u r b i n e  i n l e t  
temperatures of 1644 K and 811 K. The thermodynamic v a r i a b l e s  of these  
c y c l e s  were s e l e c t e d  t o  g ive  the h ighes t  c y c l e  e f f i c i e n c y  without 
u n r e a l i s t i c  s a c r i f i c e s  i n  masses of t h e  components. The c y c l e  
c h a r a c t e r i s t i c s  of these  c y c l e s  a r e  shown i n  Table 2.5-1. 

Turb. Turb. Turb. Comp. Camp. Cycle 
Cycle I n l e t  Inlet Press.  I n l e t  I n l e t  Eff ic iency 

T a p .  Press.  Rat io Temp. Ress. % 
(K) ( p s i )  (n ( p s i )  

- -. - - - - . - -- 

Pot,  Rankine 1600 410 171 867 2.4 31 

- Pot. Rankine 1422 201 a4 867 2.4 27 

Steam Rankine 1644 250 22 367 11.5 42 

Steam Rankine 811 3000 261 367 11.5 34 
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Potassium Rankine cycles show lower efficiencies than the steam cycles. 
Higher efficiencies for potassium cycles vould have required untractable 
dimensions for the low pressure stages of the turbines. Steam Rankine 
cycles show better efficiencies for the corresponding ranges of turbine 
in le t  temperature, b u t  these cycles are much more massive. The high 
temperature s t e m  cycle has the lowest non-lunar mass, b u t  the non-lunar 
masses of the cycles do not differ  greatly. (Table 2.5-2). 

2.5.3 Design S-y 

h e  specific mass statements of the four cycles are presented i n  Table 2.5-2. 

TABLE 2.5-2: SPECIFIC MASS STATINEWE FOR RANKIMI CYCLES 

Potassium Rankine, High Temperature Cycle: 
Component Total Specific Non-Lunar 

Mass (Kg/KW) Mass (Kg/KW) 

Radiator System 0.354 0.002 
Heat Absorber 0.59 0.29 
Concentrator 0.36 0 . 
Turbomachinery 1 .44 1.18 

Total 2.74 1.47 

Potassium Rankine, Low Temperature Cycle: 
Component Total Specific Non-Lunar 

Mass (Kg/KW) ,Mass (Kg/KW) 

Radiator System 0.50 0.003 
Heat Absorber 0.12 0.06 
Concentrator 0.41 0. 
Turbo. 2.08 1.70 

Total 3.11 1.76 

Steam Rankine, High Temperature Cycle: 
Component Total Specific Non-Lunar 

Hsss (Kg/KW) Mass (Kg/KW) 

Radiator System 4.93 0.03 
Heat Absorber 0.18 0.09 
Recuperator 0.11 0.03 
Concentrator 0.26 0 . 
Turbo . 1.32 1 .00 

Total 6.80 1 .23 



TABLE 2 , 4 2  (continued) : 

Steam Rankine, Low Temperature Cycle: 
Component T o t a l  S p e c i f i c  Non-Lunar 

Mass (Kg/KW) Mass (Kg/KW) 

Radia tor  System 9.06 0.05 
Heat Absorber 1 , 12 0.56 
Concentrator  0.33 0. 
Turbo. 1.59 1.30 

T o t a l  12.10 1.91 

The high temperature steam c y c l e  r e q u i r e s  t h e  least non-lunar mass (1.23 
kg/kW) and has  t h e  lowest c o s t ,  a s s d n g  a 50:l c o s t  r a t i o  favoring lunar  
materials. This  cyc le  a l s o  has t h e  h ighes t  e f f i c i e n c y  among t h e  Rankine 
cycles .  A mass a n a l y s i s  f o r  t h i s  c y c l e  is  shown i n  Table 2.5-3. 

TABLE 2.5-3 MASS ANALYSIS FOR 9 GW HIGH TEHPERATtfRE STEAEf RAHgINE CYCLE 

NON-LUNAR MASS 
(kg) 

Radiator  System 4 . 4 4 W 7  
Heat Absorber 1.62E+O6 
Recuperator 9.9OE+O5 
Concen t r a  t o r  2, 38EM6 
Turbomachinery 1 .19E+O7 

T o t a l  6.13E+O7 l . 1 lE+07 

I n  genera l  t h e  potassium c y c l e s  proved t o  be less e f f i c i e n t  than steam 
cyc les .  The e f f i c i e n c y  of t h e  potassium c y c l e  was s a c r i f i c e d  t o  avoid t h e  
low pressure  s t a g e s  of t h e  t u r b i n e  from growing t o  u n r e a l i s t i c  dimensions, 
which would have a l s o  increased t h e  amount of non-lunar mass required.  The . 
higher  hea t  r e j e c t i o n  temperatures of these c y c l e s  reduce t h e  mass of t h e  
r a d i a t o r s  g rea t ly .  But the l a r g e  mass of t h e  turbomachinery o f f s e t s  t h e  
mass reduc t ion  of t h e  r a d i a t o r s .  Most of  t h e  non-lunar m a t e r i a l s  used i n  
the potassium c y c l e s  are f o r  c o n s t r u c t i o a  of the turbomachinery. Of the 
potassium c y c l e s ,  the high temperature c y c l e  shows b e t t e r  e f f i c i e n c y ,  lower 
t o t a l  mass and lower non-lunar mass. 

The steam c y c l e s  are much more mass ive  than t h e  potassium cyc les  i n  s p i t e  of 
their higher  e f f i c - m c y  f o r  both high and low temperature ranges. The l a r g e  
mass o f . t h e s e  cyc les  is mainly due t o  low h e a t  r e j e c t i o n  temperatures,  which 
r e q u i r e  l a r g e  rad ia to r s .  However, t h e  r e l a t i v e l y  small turbomachinery of 
t h e  steam c y c l e s  r e s u l t s  i n  less non-lunar mass. 

The potassium Rankine c y c l e s  and t h e  low temperature steam cyc le  were 
designed with t h e  t u r b i n e  expansion process terminat ing i n  the two-phase 
region. Therefore,  t h e r e  is no temperature p o t e n t i a l  f o r  regenera t ion  i n  
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these cycles. A recuperator vas used i n  the high temperature steam cycle. 
Coolers a re  not needed i n  any of the cycles because the cycle working f l u i d  
can b e  u t i l i zed  as  t he  radiator f lu id .  

2.5.4 EhnWae Cycle Technical Discuesion 

The Rankine cycle SPS design (1) has t h e  same general configuration a s  the 
Brayton cycle SPS. The i n p u t  pover necessary for  the Rankine cycle engines 
depends on the efficiency of each cycle. The mass of each major component 
of the Rankine cycle a f t e r  subst i tut ion of lunar materials is  given belov. 
The suggested lunar materials for  use i n  these components a re  also l i s t e d  
below. These materials were chosen based on the available information about 
the temperature, s t r e s s ,  and conduction requirements. 

2.5.4.1 Radiator 

The radia tors  f o r  the steam cycles a re  much more massive than those of the 
potassium cycles. This is  due to  the low reject ion temperatures selected 
fo r  the steam cycles t o  achieve good eff ic iencies .  

The heat p i p e  radiator  fo r  the Rankine cycles uses the working f lu id  of the 
cycle a s  coolant, eliminating the need fo r  a heat exchanger i n  the cycle. 

The radiat ing sheets vere assumed t o  be aludnum. Sta in less  s t e e l  was used 
f o r  the heat p i p e  she l l s  and the wicks. Water was used a s  the heat pipe 
working f luid.  

Potassium Rankine High Temperature Cycle: 
Total Radi a to r  Mass-3.19xlOE6 Kg 
Non-Lunar Mass-O.0196xlOE6 Kg 

Potassium Rankine Lov Temperature Cycle: 
Total Radiator Mass-4.50xlOE6 Kg 
Non-Lunar Mass-0.0265xlOE6 Kg 

Steam Ranklne FIigh Temperature Cycle: 
To t a l  Radi a t or Mass-44.4xlOE6 Kg 
Non-Lunar bss-O.270xlOE6 Kg 

Steam Rankine Low Temperature Cycle: 
Total Radiator Mass-81.5xlOE6 Kg 
Non-Lunar Mass-O.45OxlOE6 Kg 
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2,5.4,2 Concentrator 

This system is 'identical to that. for the Brayton cycle. 

Potassium Rankine High Temperature Cycle: 
Total Mass=3.22xlOE6 Kg 
Non-Lunar Mass-0. 

Potassium Rankine Low Temperature Cycle: 
Total Mass-3.70xlOE6 Kg 
Non-Lunar Mass-0. 

Steam Rankine U g h  Temperature Cycle: 
Total Mass-2.38xlOE6 Kg 
Non-Lunar M a s d .  

Steam Rankine Law Temperature Cycle: 
Total Mass-2.93x10E6 Kg 
Non-Lunar M a s d .  

2,5,4,3 seat Absorber 

It was assumed that 50% of this component would require non-lunar materials. 
Some possible materials for high temperature parts of this component are 
Croloy(2.25X Cr- 1% Uo), steel alloys such as (25% Cr - 12% Ni) or (25% Cr - 
20% Ni), or nickel alloys such as Rene 41 (10% Co, 10% Uo, .005X B plus Ni. 
Al, Ti, Fe). 

Potassium Rankine High Temperature Cycle: 
Total Mass- 5.31xlOE6 Kg 
Non-Lunar 1Yas812.61xlOE6 Kg 

Potassium Rankine Low Temperature Cycle: 
Total Mass=l.O8xlOE6 Kg 
Non-Lunar Mass-0.54xlOE6 Kg 

Steam Rankine High Temperature Cycle.: 
Total Mass-1.62xlOE6 Kg 
Non-Lunar Massl0.8lxlOE6 Kg 

Steam Rankine Low Temperature Cycle: 
Total Mass=lO.O8xlOE6 Kg 
Non-Lunar Mass-5.04xlOE6 Kg 
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It vas assumed that 18% of this component could be made uith lunar 
materials. Materials containing little non-lunar mass which might be 
suitable for colder and less stressed components are Croloy, stainless 
steel, and nickel alloys. 

Potassium Rankine High Temperature Cycle: 
Total Mass-12.96x10E6 Kg 
Non-Lunar Mass-10.62xlOE6 Kg 

Potassium Rankine Low Temperature Cycle: 
Total Mass-18.72x10E6 i(g 
Hon-Lunar Mass=l5.3xlOE6 Kg 

Steam Rankine High Temperature 
Total Mass=11.88xlOE6 Kg 
Non-Lunar Mass=9.72xlOE6 Kg 

Cycle: 

Steam Rankine Low Temperature Cycle: 
Total Mass=l4.31xlOE6 Kg 
Non-Lunar bss=1 1.7~ lOE6 Kg 

As mentioned earlier, none of the cycles need coolers. The use of 
recuperators for all of the Rankine cycles except the high temperature steam 
cycle is not possible since the necessary temperature potential does not 
exist in these cycles. It was assumed that 25% of the high temperature 
steam recuperator is non-lunar material. 

Steam Rankine High Temperature Cycle: 
Total Mass&.99xlOE6 Kg 
Hon-Lunar Mass&. 25xlOE6 Kg 
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This s t r u c t u r e  is Iden t i ca l  t o  t h a t  f o r  the  Brayton SPS. Aluminum was 
assumed f o r  t h i s  component. 

Potassium Rankine High Temperature Cycle: 
Tota l  Masd.5xlOE6 Kg 
Non-Lunar Mass4 

Potassium Rankine Low Temperature Cycle :  
To ta l  ks15.13xlOE6 Kg 
Non-Luna r Mass4 

Steam Rankine High Temperature Cycle: 
Total  Mass=3+33xlOE6 Kg 
Non-Lunar ~iass4 

S t e m  Rankine Low Temperature Cycle:  
Total  Masd.14xlOE6 Kg 
Non-Lrm~r Mass4 

2.5,4 RanWne Cycle References 

1, "Space Based Power Conversion and Relay Systems: Preliminary Analysis of 
Al ternat ive  Systems", 26 May, 1976, NASA MSFC Contract NAS8-31682, 
h e h g  Aerospace Co., NASA-CR-150171. 
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2.6.1 I n t r o d u c t i o n  

A S t i r l i n g  engine  c o n s i s t s  of two c y l i n d e r s  connected by a  gas  passage.  One 
c y l i n d e r  c o n t a i n s  a  d i s p l a c e r ;  t h e  o t h e r  c o n t a i n s  a  power p i s ton .  Th i s  is 
shown i n  F igu re  2.6-1. 

E'IGURE 2.6-1, SOUR SIRLING ENGINE DIAGRAM 

The c y c l e  s t a r t s  w i th  t h e  d i s p l a c e r  i n  t h e  h o t  end of  t h e  c y l i n d e r .  Host of 
t h e  g a s  is i n  t h e  c o l d  end and i n  t h e  power c y l i n d e r .  The p re s su re  is low, 
t h e  g a s  is c o l d ,  and t h e  power p i s t o n  is nea r  t h e  t o p  of i ts c y l i n d e r .  The 
d i s p l a c e r  moves t o  t h e  c o l d  end of  t h e  heated c y l i n d e r .  The d i sp l aced  gas  
f lows  around t h e  d i s p l a c e r ,  o r  through a  r e c u p e r a t o r ,  t o  t h e  h o t  end of t h e  
c y l i n d e r .  The tempera ture  o f  t h e  g a s  i n c r e a s e s ,  i n c r e a s i n g  t h e  pressure .  
The i n c r e a s e d  p r e s s u r e  pushes the power p i s t o n  downward i n  its c y l i n d e r .  
Connecting r o d s  ( o r  gas  s p r i n g s ,  i n  t h e  case of  t h e  Free  P i s t o n  S t i r l i n g )  
then  r e t u r n  t h e  d i s p l a c e r  and t h e  p i s t o n  t o  the s t a r t i n g  p o s i t i o n s .  

The S t i r l i n g  engine  has y e t  t o  make a s i g n i f i c a n t  showing i n  t h e  
marketplace,  having f a i l e d  t o  compete economical ly  w i t h  e i t h e r  t h e  p i s t o n  
engine  o r  t h e  s t anda rd  thermal  cyc l e s .  However, t h e  space  environment and 
t h e  d e s i r e  t o  avoid non-lunar materials may make t h e  S t i r l i n g  engine  
c o a p e t i t i v e  f o r  t h i s  a p p l i c a t i o n .  h e  S t i r l i n g  engine  has t h e  p o t e n t i a l  t o  
a c h i e v e  e f f i c i e n c i e s  compe t i t i ve  w i th  o t h e r  thermal  engines  a t  lower 
temperatures .  T h i s  is a s i g n i f i c a n t  advantage as h igh  tempera ture  a l l o y s  
can n o t  be e a s i l y  formed wi th  l u n a r  m a t e r i a l s .  
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The Free Piston S t i r l i n g  Engine (FPSE) is cur ren t ly  being evaluated f o r  
space appl icat ions .  The Space Power Demonstration Engine by Mechanical 
Technology Inc, (MTI) is s l a t e d  t o  test the  major technology i s sues  i n  mid- 
1985. The demonstration engine cont rac t  was awarded t o  MTI by NASA Lewis 
f o r  design, fabr ica t ion ,  and t e s t i ng  of an FPSE. The FPSE is st i l l  i n  the  
ear ly  s t a g e  of development but may prove t o  be r e l i a b l e ,  e f f i c i e n t ,  and 
s u i t a b l e  f o r  manufacture with l i t t l e  non-lunar material .  The FPSE has only 
two moving p a r t s  (displacer  and power pis ton) ,  hydrosta t ic  gas bearings and 
noncontacting seals t o  avoid lubr ica t ion  and wear of moving pa r t s ,  and the  
po ten t i a l  f o r  a hermetically sealed power module. 

The planned f i n a l  maximum operating temperature w i l l  be between 950 K and 
1300 K. The demonstration engine goals (3,4) are: 

T(hot) = 630 K 
T(cold) = 315 K 
25 kw output 
25% ef f ic iency  (heat t o  e l e c t r i c i t y )  
8 k g / k  
less than 0.008 em vibrat ion amplitude along any axis .  

Because the S t i r l i n g  can operate  e f f i c i e n t l y  a t  low temperatures, i t  has 
promise a s  a power source on deep space probes which must generate power 
f ron  waste heat.  

2.6.2 Design Description 

The S t i r l i n g  SPS design configuration is similar t o  the modular design of 
the Brayton or Rankine SPS. In  each module, a l a r g e  concentrator provides 
thermal energy f o r  thousands of double cyl inder  engines, which reject waste 
heat  i n t o  a s i n g l e  l a rge  rad ia tor .  Integrated i n t o  each engine is a l i n e a r  
a l t e r n a t o r ;  thus no motional feedthroughs or  ro ta ry  j o i n t s  a r e  required. 

Each engine/generator produces 25 kW of electrical power a t  25% eff ic iency.  
The hot  s i d e  temperature of the  engines is assumed t o  be 720 K, and the  cold 
s i d e  temperature is 360 K. Helium is used as the  working f lu id ,  The 
engines are mostly made of s t e e l ,  with pa r t  of t he  engine using a high 
temperature nickel  steel. 

It is assumed t h a t  absorber/concentrator modules l i k e  those of the  Brayton 
design a r e  used, I n  the Brayton and Rankine designs, each module produces 
up t o  1.1 GW. For the S t i r l i n g  design, power per module is reduced t o  1.0 
GW, so 40,000 S t i r l i n g  engines a r e  required i n  each module. 

The mass statement f o r  a S t i r l i n g  system design which produces 9 G'd a t  the 
SPS bus is shown i n  Table 2.6-1. 
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TABU 2.6-1 MASS ANALYSIS OF 9 GW STIRLING ENGIHE SYSTEM 

TOTAL (kg) COMWSITION NON-LUNAR (kg) 

Engines 7.2 E+7 High-temp S t e e l  3.3 E+6 
Concentrators  4.0 Ecrd Aluminum 0 
Radia tors  2.16E4 Aluminum,Steel ,Water 1.3 E+6 
Absorbers 1. 372+7 High-temp S t e e l  1.37E+6 

TOTAL 3 .06E+8 

Non-lunar s p e c i f i c  mass : 0.66 kg/kW 
T o t a l  s p e c i f i c  mass: 34.0 kg/kW 

2.6.4 S t f r l i n g  Technical  Diacuaeion 

The theory  and t h e  technology of  S t i r l i n g  engines is advancing rap id ly .  
Thus, p red ic t ing  f u t u r e  performance is s p e c u l a t i v e  a t  bes t .  

The fol lowing is based c l o s e l y  on t h e  performance o b j e c t i v e s  of  t h e  
in te rmedia te  demonstration engine. The design l i f e  of t h i s  system is of t h e  
o rde r  of 100,000 hours,  and t h e  SPS goal  is a l i f e t i m e  of 262,000 hours (30 
years) ;  by using conservat ive  stress levels, such a s  i n  t h e  ASXE b o i l e r  - 
code, this may be possible .  It is assumed t h a t  a l a r g e  number of 252 
e f f i c i e n t ,  25 kWT double c y l i n d e r  genera to r s  comprise t h e  power genera t ion  
component o f  an FPSE SPS.(3,5) The hot s i d e  temperature of 720 K is a 
conservat ive  value. 

It is d i f f i c u l t  t o  scale a s i n g l e  S t i r l i n g  engine up t o  high power l e v e l s ,  
as is done v i t h  o t h e r  thermal cycles .  The wal ls  of t h e  d i s p l a c e r  cyl inder  
t r a n s p o r t  hea t  between t h e  vorking f l u i d  and the ou t s ide .  A s  t h e  engine 
g e t s  l a r g e r ,  t h e  gas volume i n c r e a s e s  more r a p i d l y  than t h e  wal l  a r e a ,  so  
hea t ing  of t h e  gas is slowed. The need f o r  th icker  v a l l s  v i t h  l a r g e r  s i z e  
compounds this e f f e c t .  External  h e a t  exchangers fmprove t h e  r a t e  of thermal 
t r a n s p o r t  but  add mass and i n c r e a s e  t h e  dead gas  volume, which decreases 
power. 

The primary m a t e r i a l s  used i n  t h e  engine a r e  i r o n  and Inconel  718.(6) Of 
t h e  m a t e r i a l s  i n  the engine, only the working gas  (helium) and some a l l o y i n g  
elements i n  t h e  Inconel  718 a r e  non-lunar. 
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The composition of Inconel 718 (6) is as follows: 

Lunar 
Nickel 
Chromium 
Iron 
Manganese 
Silicon 
Aluminum 
Titanium 
Cobalt 

50 - 55% 
17 - 21% 
balance 
0.35% mix 
0.35% max 
0.2 - 0.8% 
0.65 - 1.15% 
1.00% max 

Non-Lunar 
Carbon 0.08% max 
Sulfllr - 0.015% max 
Copper 0.30% max 
Columbi um + Tantalum 4.75 - 5.50% 
Molybdenum 2.8 -3.30% 
Phosphorus 0.015% max 
Boron , 0.006% max 

Those i n  the l a t t e r  group total  about 9.1%. Assuming no more than 50% of 
the mass of the engines needs to be high strength superalloys, 4.55% of the 
mass will be non-lunar. Perhaps the percentage of Inconel can be reduced, 
but th i s  vould require detailed analysis of the structures, particularly 
with respect t o  creep failure. If the high nickel o r  chromium content of 
Inconel proves to  be uneconomical with lunar materials, then the Inconel 
might b e  replaced with a less  exotic alloy (perhaps requiring lower 
operating temperatures). 

Themdynamic, mechanical, and alternator efficiencies are assumed to be 
31.2%, 85.22, and 92,4%, respectively . (3) Thus, t o  achieve a net 25% 
efficiency requires a theoretical Carnot efficiency of 50%. To achieve this 
Carnot efficiency vith a hot side temperature of 720 K requires a maximum 
cold side temperature of 360 K. 

The l i m i t i n g  fa i lure  mode of the engine w i l l  probably be from creep, 1.e. 
the metal comprising the hot side slowly stretches. Thick walls Increase 
resistance t o  creep bu t  decrease the St i r l ing 's  thermal efficiency. An 
estimate of the wall thfcknesses that can be used with various materials can 
e a s i l y  be made. Based on the allowable stresses tabulated in the 1980 ASME 
boiler code (5) and using MTI's pressures and dimensions, the wall 
thicknesses ( in  em) shown in  Table 2.6-2 would be required. 
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TABLE 2.6-2 STIRLING ENGINE MINIMUM WALL THICXNESSES I N  CENTMETERS FOR 
VARIOUS HOT END TEMPERATURES AND MATERIALS 

1088 K 811 K 728 K 589 K - ----- - __I_-------- 

301 S t a i n l e s s  S t e e l  12.7 1.3 1.2 
316 S t a i n l e s s  S t e e l  -- .9 .8 
410 S t a i n l e s s  S t e e l  - - 1 
SE-348 Ti tan ium 

NON BOILER CODE MATERIALS 

I n c o n e l  ( 6 )  . .ll . l l  
Tungsten - 25% ,Rhenium ( 8 )  .16 (6.2E+ 8 Pa y i e l d  a t  1590 K) 
M u l l i t e  ( 9 )  1.7 ( low c r e e p  ceramic a t  t h e s e  
t empera tu re s )  

C u r r e n t  developments a r e  u s ing  I n c o n e l s  o r  o t h e r  n i c k e l ,  c o b a l t  based super  
a l l o y s .  For h ighe r  t empera tu re s ,  t u n g s t e n  - 25% rhenium o r  some o t h e r  ' 

t u n g s t e n  based s u p e r  a l l o y  a r e  r e a s o n a b l e  c h o i c e s  f o r  small level 
p roduc t ion ,  bu t  may exceed t h e  p r o d u c t i v e  c a p a b i l i t i e s  o f  t h e  Ea r th  f o r  t h e  
q u a n t i t i e s  r e q u i r e d  by an SPS program. 

Ceramic may be u s e f u l  a s  a n  o u t e r  j a c k e t  f o r  t h e  eng ine ,  p rov id ing  h igh  
tempera ture  s t r e n g t h  t o  ho ld  a  t h i n  me ta l  c y l i n d e r  t o g e t h e r .  T h i s  ha s  
p o t e n t i a l  t o  a l l o w  ve ry  h igh  p r e s s u r e s  and t empera tu re s ,  wi th  e f f i c i e n c i e s  
approaching  50%. ( 1 )  M u l l i t e ,  a ceramic  of  t h e  composi t ion (A1203)3 ( S i 0 2 ) 2 ,  
may be u s e f u l  f o r  t h i s  a p p l i c a t i o n  because it is s t r o n g  a t  tempera tures  o f  
i n t e r e s t  and i t  is n o t  i n t o  its c r e e p  range  a t  t h o s e  tempera tures .  Ceramic 
m a t e r i a l s  can  be machined t o  f i n e  t o l e r a n c e s  and should  be s t r a i g h t f o r w a r d  
t o  make from l u n a r  m a t e r i a l .  It is p o s s i b l e  t h a t  many i n t e r n a l  components 
o f  t h e  e n g i n e  cou ld  be f a b r i c a t e d  from what is e s s e n t i a l l y  ho t  p r e s sed  l u n a r  
d u s t .  

The abso rbe r  is assumed t o  be s i m i l a r  t o  t h a t  used i n  t h e  Brayton and 
Rankine systems. However, i t  is assumed t o  r e q u i r e  on ly  10% non-lunar 
materials because of  t h e  lower maximum tempera ture  of t h e  S t i r l i n g  engine.  
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S e v e r a l  of  t h e  convers ion  systems i n v e s t i g a t e d  use  concen t r a t ed  s u n l i g h t  
wi th  a u n i t  s i z e  of s e v e r a l  k i l o w a t t s  o r  more. These sys tems  r e q u i r e  
c o n c e n t r a t i n g  r e f l e c t o r s  of  s e v e r a l  s q u a r e  meters o r  l a r g e r .  T h i s  s e c t i o n  
d e s c r i b e s  t h e  des ign  of c o n c e n t r a t i n g  r e f l e c t o r s  u s ing  l u n a r  materials. The 
des ign  is n o t  h i g h l y  d e t a i l e d ,  s i n c e  t h e  d e t a i l s  w i l l  depend on t h e  
convers ion  system. 

2.7.1 Design Desc r ip t ion  

S tandard  technology f o r  l a r g e  r e f l e c t o r s  i n  space  is vapor depos i t ed  
aluminum on f a c e t s  made o f  Kapton p l a s t i c  f i lm .  The Kapton is supported by 
some open s t r u c t u r e ,  t y p i c a l l y  made of  a g r a p h i t e  epoxy composite. The 
f a c e t s  a r e  i n d i v i d u a l l y  s t e e r e d .  

A similar des ign  which p rov ides  t h e  same o p t i c a l  performance wi th  a lmos t  no 
non-lunar m a t e r i a l  was developed. T h i s  d e s i g n  u s e s  vapor depos i t ed  aluminum 
on 25 micron aluminum f o i l ,  w i th  a n  aluminum suppor t ing  s t r u c t u r e .  The 
r e f l e c t o r  always p o i n t s  a t  t h e  sun,  s o  t h e  s t r u c t u r e  and t h e  r e f l e c t i n g  
s u r f a c e  w i l l  be i n  a n e a r 1  y c o n s t a n t  thermal  environment. There  may be 
t r a n s i e n t  thermal  warping a t  t h e  beginning and end of e c l i p s e s ,  but  t h e  SPS 
does n o t  produce power du r ing  t h o s e  pe r iods  s o  warping a t  those  times w i l l  
have no e f f e c t  on performance. 

Achievable s p e c i f i c  mass o f  l a r g e  r e f l e c t o r s  is  less than  0.05 kg/ma2 us ing  
Kapton f a c e t s  and g r a p h i t e  epoxy s t ruc ture . ( l ,pp100-102)  Conversion from 
g r a p h i t e  epoxy t o  aluminum i n c r e a s e s  mass by a f a c t o r  of  3.02, s o  t h e  
s p e c i f i c  mass of t h e  reflector technology used i n  t h i s  s tudy  is assumed t o  
be 0.15 kg/ma2, v i t h  no non-lunar mass. 

The f a c e t  s t e e r i n g  d e v i c e s  were ignored  i n  t h i s  mass estimate because of 
their s m a l l  mass. Each s t e e r i n g  d e v i c e  is only  r e q u i r e d  t o  move a very 
l i g h t w e i g h t  f a c e t  w i th  no a tmospher ic  d rag  and i n s i g n i f i c a n t  g r a v i t y .  Thus, 
each s t e e r i n g  d e v i c e  should  have mass of  less than  a ki logram. 
Concent ra t ion  r a t i o s  used i n  t h i s  s tudy  would n o t  r e q u i r e  more than 7000 
f a c e t s ,  s o  t h e  t o t a l  mass o f  t h e  s t e e r i n g  d e v i c e s  would n o t  exceed 7 metric 
tons .  

2.7'2 Concent ra t ing  R e f l e c t o r  Reference 

1. S o l a r  Power S a t e l l i t e :  System D e f i n i t i o n  Study,  P a r t s  1&2, Vol. 11, 
Techn ica l  Summary, D180-22876-2, Boeing Aerospace Company, S e a t t l e ,  
1977. 
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SYSTEMS 

The conversion systems which r equ i r e  l a r g e  concentra t ing  r e f l e c t o r s  a l s o  
r equ i r e  a c t i v e  cool ing systems t o  d i s s i p a t e  waste heat.  Two r ad i a to r  
concepts  which were considered f o r  t h i s  app l i c a t i on  are t h e  heat  pipe 
r a d i a t o r  (EPR) and t h e  l i q u i d  d rop l e t  r ad i a to r  (LDR). A t h i r d  concept,  t he  
moving b e l t  r ad i a to r  (MBR), was found t o  be promising but  too  poorly 
developed t o  be considered. 

The heat  p ipe  r a d i a t o r  was found p re fe rab le  f o r  a l l  a c t i v e  cool ing needs i n  
this study because it is a low tecfinological r i s k  and it would r equ i r e  l e s s  
non-lunar material than t h e  LDR. 

2.8.1 H e a t  Plpe Radiator  (BPR) 

In t h e  hea t  p ipe  r ad i a to r ,  coolant  is pumped through a long tube. Heat 
pipes  c a r r y  hea t  from t h e  tube t o  r ad i a t i ng  s h e e t s  of aluminum. A major 
mass component of this r ad i a to r  is the  coolant  tube, which must be armored 
t o  prevent  micrometeoroid punctures. Spec i f i c  mass of t h e  hea t  p ipe  
r a d i a t o r  is assumed t o  be 8 kg/kW a t  a coolant  temperature of 333 K. (1 ,3)  
Typical ly  about 98% of t h e  r a d i a t o r ' s  mass wi l l  inc lude  pipes o r  f i n s  which 
can be manufactured from mostly l una r  mater ia l .  

The coolant  pumped from t h e  heat  source  through t h e  duc t s  might be l a rge ly  
lunar .  I f  coolant  temperature is hlgh, and i f  sodium and potassium can be 
ex t r ac t ed  cos t - e f f ec t i ve ly  from lunar  r e g o l i t h ,  then use  of  N a K  coolant  
could r e s u l t  i n  over 99% luna r  material i n  t he  hea t  p ipe  rad ia to r .  
Likewise, i f  t h e  coolant  temperature is appropr ia te  f o r  water, then lunar  
oxygen could be used f o r  89% of the coolant  mass. Lunar oxygen could a l s o  
be used t o  make heat  p ipe  working f l u i d ,  such as water o r  methanol. 

There are p o t e n t i a l  problems with EPRs. Aluminum cannot be used f o r  the 
r ad i a t i ng  s h e e t s  if t h e  coolant  temperature is near t he 'me l t i ng  po in t  of 
aluminum, 934 K. Corrosion and oxidat ion  may limit the  use fu l  l i f e t i m e  of 
hea t  p ipes  t o  less than the assumed 30 year l i f e  of  t h e  SPS. 

2.8.2 Liquid Droplet Radiator (LDR) 

In t h e  LDR concept, coolant  is sprayed through space as a t h i n  shee t  of 
small d rop l e t s  which r a d i a t e  hea t  t o  space, The d rop l e t s  a r e  captured f o r  
r e u s e .  Micrometeoroids pose no danger t o  t h e  d rop l e t  shee t ,  s o  extens ive  
armor is not  needed. Spec i f i c  mass of the LDR has been estfmated t o  be 
p o t e n t i a u y  one t h i r d  that of HPR a t  hlgh temperatures where l i q u i d  metals 
would be used as t h e  working f l u i d ,  and one s i x t h  t h a t  of EPR a t  low 
temperatures where s i l i c o n e  o i l s  would be used.(2,3) About 30% of t he  mass 
of t he  LDR would be coolant ,  whicb would probably not  be lunar .  It is 
poss ib le  that l una r  NaK could be used i f  t he  temperature range were s u i t a b l e  
and t h i s  ma t e r i a l  could be ex t rac ted  from the  lunar  crust, Coolant would 
have t o  be resupplied a t  regu la r  i n t e r v a l s  due t o  evaporat ion losses .  A 
complete LDR system has  no t  been demonstrated, but subsystems have been 
t e s t ed .  
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2.8.3 Moving Belt Radiator  

I n  t h e  moving b e l t  r a d i a t o r  (MBR) concept,  coolant  is pumped through a 
r o t a t i n g  drum. Heat is conducted through t h e  wall  of t h e  drum t o  a moving 
b e l t ,  which r a d i a t e s  t h e  h e a t  t o  space. The KBR o f f e r s  s p e c i f i c  mass 
comparable with t h a t  of t h e  LDR(3,4) and may r e q u i r e  less non-lunar ma te r i a l  
than the HPR. It is not  well enough developed t o  use i n  t h i s  study. 
Nonetheless, this r a d i a t o r  concept is promising and deserves f u r t h e r  study. 

2.8.4 Radiator  Systems References 

1. Advanced Propulsion System Concepts f o r  O r b i t a l  Trans fe r  Study, F ina l  
Report, Vol. 2, Study Technical  Resul ts ,  Boeing Aerospace Company, 
S e a t t l e ,  Wash., D180-26680-2, 1981. 

2. Mattick,  A. T., and Bertzberg,  A., "The U q u i d  Droplet Radiator  - An 
U l t r a l i g h t  Heat Rejec t ion  System f o r  E f f i c i e n t  Energy Conversion i n  
Spacetf, 23rd Congress of I n t e r n a t i o n a l  Ast ronaut ica l  Federat ion,  1981. 

3. Feig,  Lt .  J., "Radiator Concepts f o r  High Power Systems i n  Space", A I A A  
22nd Aerospace Sciences Meeting, Jan. 9-12, 1984, Reno, Nevada, AIM 84- 
0055 

4. Prenger and Su l l ivan ,  "Conceptual Designs f o r  100 MW Space Radiators",  
NAS Symposium on Advanced Compact Radiators ,  Nov. 15-17, 1982, 
Washing ton,  D. C. , LA-UR-82-3279. 

5. S e r c e l ,  J o e l ,  Jet  R o p u l  s i o n  Laboratory, Pasadena, C a l i f o r n i a ,  personal  
c o m n i  c a t i o n ,  May, 1985. 
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The s t r u c t u r e  of an SPS maintains t h e  s e p a r a t i o n  and o r i e n t a t i o n  of t h e  
components with r e s p e c t  t o  each o the r .  It provides t h e  r i g i d i t y  through 
which t h e  a t t i t u d e  c o n t r o l  system p o i n t s  t h e  power conversion system a t  t h e  
sun and t h e  microwave t r a n s m i t t e r  a t  t h e  earth. 

Each SPS concept has  unique s t r u c t u r a l  requirements. This  s e c t i o n  uses t h e  
s i l i c o n  p lanar  s t r u c t u r e  a s  an  i l l u s t r a t i v e  example. S i l i c o n  planar  was 
chosen as an example because i t  has  a l ready  been well s tud ied ,  because 
s i l i c o n  p lanar  i s  a very p r o d s i n g  concept f o r  l u n a r  SPS design,  and because 
i t  has a r e l a t i v e l y  simple s t r u c t u r e  whichmakes a  good example. 

The most important  requirement f o r  t h e  design is t o  mfnimize use o f  non- 
l u n a r  m a t e r i a l ~  f o r  cons t ruc t ion  of t h e  s a t e l l i t e .  This  requirement 
minimfzes t h e  importance of  a low t o t a l  mass. 

Assembly in space is another  important  cons ide ra t ion  i n  design of t h i s  space 
s t r u c t u r e .  This  problem has  been s tud ied  before  ( l e g ) ,  s i n c e  launch 
l i m i t a t i o n s  do no t  a l low launching massive o r  bulky satelli tes i n t o  space. 

I n  a d d i t i o n  t o  t h e s e  requirements,  t h e  s t r u c t u r e  must have a s u f f i c i e n t l y  
h igh  n a t u r a l  frequency t o  s a t i s f y  po in t ing  accuracy needs and t o  avoid 
a t t i t u d e  c o n t r o l  i n t e r a c t i o n s .  

DESIGN 

The conf igura t ion  of the satelli te has t o  account f o r  s t i f f n e s s ,  s t a b i l i t y ,  
and power d i s t r i b u t i o n  needs. A r ec tangu la r  shape is one o f  t h e  common 
shapes chosen f o r  a s i l i c o n  a r r a y  satel l i te  (ref 1 and 10) . I n  t h i s  
conf igura t ion ,  the s t r u c t u r e  bears  a compression load  caused by t ens ion  i n  
t h e  s o l a r  cel l  ar ray .  The aspec t  r a t i o  ( length/width)  of a rec tangu la r  
s t r u c t u r e  must be chosen t o  provide a n a t u r a l  frequency high enough t o  
s a t i s f y  the  s t a b i l i t y  requirements. 

An uncommon SPS opt ion  is sp in - s t ab i l i za t ion ,  which is o f t e n  used in smaller 
satellites. Some sp in - s t ab i l i zed  conf igura t ions  would have advantages. For 
erample, a r r a y s  of s o l a r  cells could extend r a d i a l l y  outward from a spinning 
c e n t r a l  hub. C e n t r i p e t a l  f o r c e  would maintain the r i g i d i t y  and o r i e n t a t i o n  
of t h e  a r r a y s ,  thus  e l imina t ing  most s t r u c t u r a l  mass. 

One drawback of sp inning the s o l a r  a r r a y  is that  an a d d i t i o n a l  s l i p j o i n t  i s  
requi red  between t h e  sp inning a r r a y  and t h e  microwave antenna. This  
drawback is minor: t h e  s l i p j o i n t  is b e t t e r  than an  o rde r  of  magnitude less 
massive than t h e  SPS p r h a r y  s t r u c t u r e .  

Another drawback is that a f l e x i b l e  r o t a t i n g  s t r u c t u r e  is r e l a t i v e l y  
d i f f i c u l t  t o  maneuver. This  may be a mfnor f a c t o r  because t h e  primary 
maneuverins of t h e  s o l a r  a r r a y  is simple: a s t eady  f o r c e  t o  o f f s e t  r a d i a t i o n  
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pressure  (both s o l a r  and microwave) and a sun-following r o t a t i o n  with a  
period of one year.  

Because s tandard  s t r u c t u r a l  design was judged t o  be s u f f i c i e n t ,  no design o r  
a n a l y s i s  of sp in - s t ab i l i zed  o r  sp in - s t i f f ened  s o l a r  a r r a y s  was done i n  t h i s  
s tudy.  However, t h i s  op t ion  merits f u r t h e r  cons ide ra t ion  i f  conventional  
s t r u c t u r e s  prove t o  be uneconomical. 

The s e l e c t e d  s t r u c t u r a l  m a t e r i a l  should be lunar  and s t r u c t u r a l l y  sound. 
Abundant l u n a r  m a t e r i a l s  s u i t a b l e  f o r  s t r u c t u r a l  a p p l i c a t i o n s  a r e  g l a s s ,  
aluminum, i r o n ,  t i tan ium,  and magnesium. Foamed g l a s s  was s e l e c t e d  by 
General Dynamics because of its low c o e f f i c i e n t  of thermal expansion (CE) .  
It was r e j e c t e d  f o r  primary s t r u c t u r e  i n  t h e  c u r r e n t  s tudy because i ts 
p r o p e r t i e s  a r e  only hypo the t i ca l ly  known and because of t h e  genera l  
I n a d v i s a b i l i t y  of bu i ld ing  with b r i t t l e  mater ia ls .  Other op t ions  based on 
g l a s s  were dropped from cons ide ra t ion  f o r  t h e  same reasons o r  because they 
r e q u i r e  a l a r g e  f r a c t i o n  of  non-lunar ma te r i a l .  However, foamed g l a s s  vas 
assumed f o r  the microwave t r a n s m i t t e r  s t r u c t u r e  because of t h e  s t r i n g e n t  
f l a t n e s s  requirements o f  t h e  antenna. 

Magnesium w a s  u n l i k e l y  t o  be needed i n  non-structural  p a r t s  of t h e  SPS, s o  
i t  v a s  e l iminated  t o  avoid t h e  need f o r  a d d i t i o n a l  r e f i n i n g  processes.  
Titanium was not  considered because, a s  with magnesium, t h e r e  is only 
l i m i t e d  exper ience  using it i n  l a r g e  s t r u c t u r e s .  Titanium should be 
reconsidered when more exper ience  with i t  has  accumulated o r  i f  aluminum 
proves t o  be unsui table .  

Aluminum was found t o  be t h e  most accep tab le  s t r u c t u r a l  m a t e r i a l  because i t  
has less m a s  f o r  equivalent  s t r e n g t h  than i r o n  and because i t  r e q u i r e s  l e s s  
non-lunar a l l o y i n g  agents.  Due t o  its r e l a t i v e l y  high CE, some p a r t s  of 
the  aluminum s t r u c t u r e  may r e q u i r e  thermal coa t ings ,  s h i e l d i n g ,  i n s u l a t i o n ,  
o r  a c t i v e  l eng th  adjustment ,  as discussed i n  s e c t i o n  3.5. I n  high 
temperature a p p l i c a t i o n s ,  s t e e l  map have t o  be used because of its higher  
me1 t i n g  po in t  . 
An aluminum-glass composite might be developed which would combine t h e  low 
CTE of  g l a s s  with t h e  super io r  q u a l i t i e s  of aluminum. I f  developed, such a 
m a t e r i a l  would probably be an i d e a l  s t r u c t u r a l  m a t e r i a l  f o r  SPS 
app l i ca t ions .  

The s t r u c t u r e  s e l e c t e d  has a rec tangu la r  shape. T h i s  s t r u c t u r e ,  with 
d b e n s f o n s  o f  $0710 m by 5348 m (aspec t  r a t i o  2) ,  weighs about  5.98X10E6 kg. 
It is made of 4 modules each conta in ing 32 bays as shown i n  Figure 3.3-1. 

This rec tdngu la r  s t r u c t u r e  vss chosen mainly because i t  has been s tud ied  
ex tens ive ly  i n  ref. 1 f o r  a  10 GW s o l a r  power satellite. The design 
parameters of t h i s  10 CW s a t t e l i t e  a r e  used t o  approximate t h e  conf igura t ion  
of a  5 GW satellite. Due t o  t h e  l i m i t e d  scope of the  p r o j e c t ,  d e t a i l e d  
b v e s t i g a t i o n  o f  o the r  p o s s i b i l i t i e s  f o r  t h e  s t r u c t u r e  was not  undertaken. 
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The mater ia l  se lec ted  f o r  t he  beams is aluminum, A premilinary study on the  
f e a s i b i l i t y  of using aluminum a l loys  f o r  a s i l i c o n  planar s t r u c t u r e  of the  
same configurat ion v i t h  Aspect Ratio (AR) of 4 and output power of 10 GW has 
been done by Grumman under the b e i n g  contract . ( l )  

The s t r u c t u r e  is designed t o  be assembled i n  space. Assembly of the  
s t r u c t u r e  in space is a technology which is not f u l l y  developed, but 
preliminary s tud ie s  have been done. S t ruc tu ra l  assembly can be done by 
robots  (2,3,4,7) or  by manned work s t a t i o n s  located i n  o r b i t  (5,6,8). The 
s tud ie s  done on these  problem show t h a t  t h e  technology f o r  such an 
operation is possible i n  t he  near future.  

The b e i n g  s tudy , ( l )  vhich uses a composite mater ia l  f o r  the s t ruc tu re ,  uses 
low e a r t h  o r b i t  (LEO) as the  construction s i t e  f o r  the  modules. The modules 
a r e  then t ransfe r red  from LEO t o  geosynchronous o r b i t  (GEO) by t h r u s t e r s  
at tached t o  t he  four corners of each module. This t r ans fe r  requires  higher 
load capac i t i e s  f o r  the beams than construction of t he  s a t e l l i t e  i n  GEOc 
The higher .load requirements r e s u l t  in about 35% more massive composite 
s t ruc tu re ,  according t o  t h e  b e i n g  study. 

The aluminum s t r u c t u r e  described i n  this repor t  uses t he  mass statements of 
a s t r u c t u r e  designed f o r  handling t h e  higher load requirements, although 
construction i n  GEO is assumed here. The Grumman study does not  include a 
mass estbate f o r  an aluminum s t r u c t u r e  constructed a t  GEO. It is ce r t a in  
that the  lower loads v i l l  require  less s t i f f n e s s  add therefore  a l i g h t e r  



s t r u c t u r e .  The lower s t i f f n e s s ,  however, v i l l  r e s u l t  i n  a  lower n a t u r a l  
f requency which w i l l  tend t o  d e s t a b i l i z e  t h e  s t r u c t u r e .  C a l c u l a t i o n s  of t h e  
n a t u r a l  f requency  o f  t h e  s t r u c t u r e  w i th  lower s t i f f n e s s  were n o t  w i th in  t h e  
scope  o f  t h i s  s tudy .  A t  any rate, the r e s u l t s  of such c a l c u l a t i o n s  would 
n o t  s i g n i f i c a n t l y  a f f e c t  t h e  non-lunar mass o f  t h e  design.  

3.4 DESIGN S W Y  

The r e c t a n g u l a r  s t r u c t u r e  has dimensions o f  10710 m by 5348 m by 470 m. The 
c o n f i g u r a t i o n  of  a c o r n e r  bay is shown i n  F igure  3.4-1. The bays a r e  made 
of t r i a n g u l a r  frames. The frames are designed t o  be assembled i n  space  from 
aluminum beams. Preloaded c r o s s  cab1  es a r e  used t o  provide  s h e a r  s t i f f n e s s  
i n  t h e  f rames . ( l )  

To reduce  thermal  g r a d i e n t  on the members, f l anged  l i g h t i n g  h o l e s  can be 
spaced t o  reduce  shadowing as much as p o a s i b l e . ( l )  Thermal c o a t i n g s  can  
a l s o  be used t o  main ta in  tempera tures  and g r a d i e n t s  w i t h i n  a c c e p t a b l e  
limits. (10) 
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The s t r u c t u r e  weighs about 5.98XlOE6 kg. This mass can be reduced by 
replacing some of t he  frames with l i g h t e r  and l e s s  s t i f f  members o r  by 
el iminating some frames i f  t he  lower load requirements of construction i n  
GEO a r e  considered, 

Based on the Grrrmmnn repor t ,  the  natural frequency of t he  aluminum s t ruc tu re  
is estimated t o  be 1.3X10E-3 Hz, which is more than 100 times the  o r b i t a l  
frequency. Such na tura l  frequency, according t o  r e f .  1, is adequate f o r  
con t ro l  system s t a b i l i t y .  This es t imate  is obtained from the  data provided 
in ref. 1 which is used t o  f ind  the na tu ra l  frequency of a s t r u c t u r e  with 
AR-4, This is' probably a conservative e s t h t e  s ince  the  design described 
here has AR=2. 

One of t h e  major concerns with t h e  use of aluminum i n  construction of t he  
SPS s t r u c t u r e  is the  def lec t ion  of t he  s t r u c t u r e  due t o  the  l a r g e  thermal 
expansion of aluminum and the  temperature d i f f e r e n t i a l  between t h e  f r o n t  and 
back members of the  s t ruc ture .  This problem w a s  considered i n  a sho r t  study 
by Grrrrrrnnn(l), which considered a l a rge r  s t r u c t u r e  than the  one invest igated 
here. The Grumman study shows a def lec t ion  of l e s s  than 60 m a t  each end of 
a 10.7 km long s a t e l l i t e ,  The temperature d i f f e r e n t i a l  used f o r  t h i s  
ca lcu la t ion  was 55 C, The angular def lec t ion  of the s t ruc tu re  is not 
s i g n i f i c a n t  according t o  t h e  Grrrmmnn report .  Doubts remain, however, as t o  
the behavior of an almlnum s t r u c t u r e  i n  t he  ge-synchronous thermal 
environment. In  response t o  t h i s  concern the  following sect ion provides a- 
q u a l i t a t i v e  assessment of the problem. 

.3.5 PASSIVE THEZPUL CONTROL 

Thermal cont ro l  is a necessary concern fn an aluminum SPS s t r u c t u r e  because 
of the l a r g e  temperature change experienced when the  SPS is eclipsed and 
because of the  high coe f f i c i en t  of thermal expansion f o r  aluminum. The 
problem can be broken down i n t o  two general a reas ,  t o t a l  l i n e a r  expansion 
and d i f f e r e n t i a l  expansion. 

Total  l i n e a r  expansion is a measure of the  overa l l  change i n  s i z e  t h a t  the 
SPS experiences. This occurs when the  SPS en te r s  o r  leaves an ecl ipse .  
Leaving an ec l ip se ,  the SPS s t ruc tu re  r i s e s  from the  minimum t o  t he  maximum 
operating temperature in a r e l a t i v e l y  shor t  period of time. This implies 
t h a t  the expansion a l s o  occurs on a sho r t  time scale, As a r e s u l t ,  even 
though the  t o t a l  expansion may be small,  some components may experience a 
high acce le ra t ion  which increases  the poten t ia l  f o r  damage t o  the  system. 

For example, a typ ica l  5 GW SPS design is 10,000 m long with 5 M 7  kg mass 
d i s t r i bu t ed  uniformly along its length. The CTE of aluminum is 2.23E05.R 
a t  room temperature. The SPS passes from the Ear th 's  shadov i n t o  f u l l  
sun l igh t  i n  as l i t t l e  a s  2 minutes. Assuming a temperature change of 100 K 
in the same time, the r a t e  of temperature change of the  aluminum s t ruc tu re  
must rise a t  0.04 K/sec/sec or  greater .  The corresponding compression load 
a t  the center  of the  SPS is found t o  be 5.58EM4 nevtons, o r  about 6.3 tons. 
Actual loads  f o r  the s t r u c t u r e  used here would be lower, s i nce  the 
s t r u c t u r e ' s  temperature w u l d  not rise 100 K in two minutes. The force  is 
proport ional  t o  the  mass per u n i t  length and t o  t he  square of the  
s t m c t u r e ' s  length,  so  the  stress would be four times l a rge r  f o r  a typ ica l  
10 GU SPS, 



M f f e r e n t i a l  expansion r e f e r s  t o  d i f f e r e n t  changes i n  s ize of  connected 
s t r u c t u r e s .  T h i s  can r e s u l t  from us ing  materials wi th  d i f f e r e n t  
c o e f f i c i e n t s  o f  thermal  expansion o r  from connec t ing  s t r u c t u r e s  t h a t  have 
d i f f e r e n t  o p e r a t i n g  tempera tures .  I n  t h e  SPS most of  t h e  s t r u c t u r e  is 
s h i e l d e d  from t h e  sun  by t h e  solar ce l l  panels .  The f a c e  s t r u c t u r e ,  
however, which s u p p o r t s  t h e  s o l a r  cel l  p a n e l s  r e c e i v e s  d i r e c t  s u n l i g h t  and 
has  a n  o p e r a t i n g  tempera ture  which is  es t ima ted  t o  be  100 degrees  h ighe r  
t han  t h e  rest of t h e  s t r u c t u r e .  A s  a r e s u l t  o f  t h i s ,  when t h e  SPS is  
e c l i p s e d ,  the f a c e  c o n t r a c t s  more than  t h e  back, caus ing  the SPS t o  warp. 
Even though 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  is small i t  is s i g n i f i c a n t  because 
it c a u s e s  changes t h a t  a r e  n o t  a x i a l  w i th  r e s p e c t  t o  t h e  s t r u c t u r a l  members. 
A s  the SPS is e c l i p s e d  t h i s  e f f e c t  could  cause  permanent warpage o r  even 
f a i l u r e  i n  some s t r u c t u r a l  components. 

There  are two p o t e n t i a l l y  u s e f u l  p a s s i v e  d e v i c e s  f o r  d e a l i n g  wi th  t h i s  
problem, h igh  e m i s s i ~ i t y  c o a t i n g s  and sun  s h i e l d s .  The back s u r f a c e  of t h e  
exposed b e a m  could  be coa t ed  wi th  aluminum ox ide  t o  a c h i e v e  a h igh  
e m f s s i v i t y .  As t h e  e m i s s i v i t y  o f  aluminum ox ide  r anges  from about  0.1 t o  
0.8 depending on t h e  t h i c k n e s s  and a n o d i z a t i o n  p roces s ,  an  e m i s s i v i t y  nay be 
chosen such  that t h e  s h i e l d e d  and unshie lded  s t r u c t u r e  wi l l  have 
approximately t h e  same o p e r a t i n g  tempera ture .  T h i s  e f f e c t i v e l y  minimizes 
the d i f f e r e n t i a l  c o n t r a c t i o n  (assuming a uniform c o o l i n g  r a t e )  du r ing  an 
e c l i p s e .  The maximum l i n e a r  c o n t r a c t i o n ,  however, would. n o t  be 
s i g n i f i c a n t l y  reduced. If it  proves  t o o  h i g h  t h e n  t h e  a d d i t i o n a l  s t e p  of 
adding  sun  s h i e l d s  t o  t h e  exposed beams may be warranted.  T h i s  would reduce 
the maximum tempera ture  o f  t h e s e  beams cons ide rab ly .  A s  t h e  beams s h i e l d e d  
by t h e  s o l a r  cells would now be the 'hot '  p o r t i o n  of the s t r u c t u r e ,  i t  would 
be neces sa ry  t o  anod ize  them t o  r e t u r n  t h e  system t o  a n e a r  uniform ( b u t  now 
lower)  o p e r a t i n g  temperature .  It is be l i eved  t h a t  by adding h e a t  s h i e l d s  t o  
a l l  o f  t h e  major s t r u c t u r e  and f u r t h e r  a d j u s t i n g  t h e  h igh  e m i s s i v i t y  
c o a t i n g s ,  an o p e r a t i n g  tempera ture  n e a r  t h e  minimum ( o r  e c l i p s e d )  
t empera tu re  may be ach ieved ,  a t  which p o i n t  a l l  s i z e  changes would be very 
smal l .  

Near ly  uniform t empera tu re s  wi l l  on ly  e x i s t  dur ing  s t a t i c  o p e r a t i n g  
cond i t i ons .  I m e d i a t e l y  a f t e r  e n t e r i n g  and e x i t i n g  t h e  e c l i p s e  t h i s  w i l l  
n o t  be t h e  c a s e  and s i g n i f i c a n t  d i s t o r t i o n s  wi l l  s t i l l  occur. T h i s  is added 
i n c e n t i v e  t o  d e c r e a s e  the maximum o p e r a t i n g  tempera ture  as t h e  c o e f f i c i e n t  
o f  thermal expansion f o r  aluminum dec reases  s i g n i f i c a n t l y  a s  t h e  a b s o l u t e  
tempera ture  dec reases .  

A l l  of t h e s e  e s t i m a t e s  were suppor ted  by computer models developed by SRA t o  
s i m u l a t e  t h e  thermal  behavior  of o b j e c t s  ia space.  These c a l c u l a t i o n s  were 
based on formulas  f o r  r a d i a t i v e  h e a t  t r a n s f e r  between bodies  of  va r ious  
geometries.(ll,p242-251) Though complex, t h e s e  models provided only  a low 
l e v e l  approximat ion o f  an  SPS. As such ,  t hey  se rved  t o  s u p p o r t  t h e  
q u a l i t a t i v e  conc lus ions  presen ted  above but  could n o t  p rovide  p r e c i s e  
numerical  r e s u l t s .  Any a t t e m p t  t o  adequa te ly  de te rmine  t h e  behavior  o f  an 
SPS du r ing  e c l i p s e  (and t h e  thermal  c o n t r o l  r e q u i r e d  the reby)  would 
n e c e s s i t a t e  t h e  development o f  a much more s o p h i s t i c a t e d  model. Such an 
e f f o r t  waa beyond t h e  scope o f  t h i s  p r o j e c t .  
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4, WWER DISTRIBUTION S Y S m  

The Power D i s t r i b u t i o n  System (PDS) c o n t r o l s ,  c o n d i t i o n s ,  and t r a n s m i t s  
power from t h e  convers ion  spstem t o  the MPTS. I t  a l s o  p rov ides  energy 
s t o r a g e  and hand le s  f a u l t  d e t e c t i o n  and i s o l a t i o n .  

The major  mass components o f  t h e  PDS are: the f e e d e r s  which c a r r y  power from 
t h e  i n d i v i d u a l  power conve r s ion  u n i t s ,  such  a s  a  s i n g l e  g e n e r a t o r ,  t o  t h e  
main bus;  the main bus, which carries power from t h e  convers ion  s e c t i o n  of 
t h e  SPS t o  t h e  r o t a r y  j o i n t ;  t h e  electrical r o t a r y  j o i n t ,  which carries 
power a c r o s s  t h e  j o i n t  between t h e  sunofac ing  and t h e  ea r th - f ac ing  p a r t s  o f  
t h e  SPS; the v o l t a g e  convers ion  u n i t s  which t r ans fo rm t h e  bus p o t e n t i a l  t o  
t h b  v a r i o u s  p o t e n t i a l s  r e q u i r e d  by electrical subsystems; swi tchgear  which 
a l l o w s  i n d i v i d u a l  power s o u r c e s  and s i n k s  t o  be  s e p a r a t e d  from t h e  rest of 
t h e  PDS; and energy  s t o r a g e  f a c i l i t i e s  f o r  powering e s s e n t i a l  subsystems 
d u r i n g ' o c c u l t a t i o n s  and shutdowns. 

The d e t a i l s  of t h e  PDS are dependent on t h e  f i n a l  SPS c o n f i g u r a t i o n ;  
however, some concep t s  f o r  t h e  major subsystems a r e  d i s c u s s e d  below. 

Four o p t i o n s  were cons ide red  f o r  t h e  main power buses. These were t o  u s e  
s h e e t  a l d n u m  conduc to r s ,  r e f r i g e r a t e d  conduc tors ,  superconduc t ing  buses ,  
or  microwave t r ansmis s ion .  The r e f r i g e r a t e d  conductor  o p t i o n  u t i l i z e s  t h e  
decreased  electrical r e s i s t a n c e  of most s o l i d  conduc tors  a t  low tempera ture ,  
r e s u l t i n g  i n  less l o s t  power and a less massive power convers ion  s y s t e n .  
The superconduc t ing  o p t i o n  u t i l i z e s  the f a c t  t h a t  electrical r e s i s t a n c e  
van i shes  i n  a few m a t e r i a l s  a t  t empera tu re s  of 20 K o r  less, s o  no power is 
l o s t  t o  r e s i s t a n c e  h e a t i n g ,  The microwave t r ansmis s ion  o p t i o n  r e p l a c e s  
mass ive  conduc tors  wi th  mass l e s s  beams of r a d i a n t  energy ,  bu t  i n s e r t s  a n  
a d d i t i o n a l  conve r s ion  p r o c e s s  wi th  its l o s s e s  and mass. 

The s h e e t  aluminum o p t i o n  r e q u i r e s  e s s e n t i a l l y  no non-lunar material, and 
r e s i s t a n c e  l o s s e s  c a n  be made a r b i t r a r i l y  s m a l l  by i n c r e a s i n g  t h e  width o r  
t h i c k n e s s  of t h e  bus. Both of t h e  cooled  sys tems  r e q u i r e  a  g r e a t  d e a l  of 
E a r t h  material as c o o l a n t  and ,  i n  t h e  superconduc t ing  case, as conductor .  
They a l s o  add t o  t h e  system complexi ty  and abso rb  some p a r a s i t i c  power i n  
the c o o l i n g  system. The microwave spstem is l i m i t e d  by poor e f f i c i e n c y  and 
r e q u i r e s  some non-lunar m a t e r i a l  as coo lan t .  Thus, the s h e e t  aluminum 
o p t i o n  was s e l e c t e d  because i t  r e q u i r e s  t h e  least non-lunar m a t e r i a l  and is 
t h e  least complex. 

The r e f e r e n c e  SPS(2) u s e s  l i q u i d  metal plasma v a l v e  swi tchgear .  Two o t h e r  
o p t i o n s  have been i d e n t i f i e d ,  The f i r s t  is t o  u se  mechanical  s w i t c h e s  v i t h  
s o l i d  conductors .  The o t h e r  is t o  u s e  semfconductor swi tches .  

Mechanical s w i t c h e s  r e q u i r e  l i t t l e  non-lunar m a t e r i a l ,  b u t  they  a r e  
r e l a t i v e l y  massive because of t h e  need f o r  l a r g e  c o n t a c t  areas and cannot  
respond v e r y  qu ick ly .  S e d c o n d u c t o r  s w i t c h e s  ( s i l i c o n  c o n t r o l l e d  r e c t i f i e r s  
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or  power t r a n s i s t o r s )  o f f e r  good switching speeds and could be made with 
l i t t l e  non-lunar material, but may be d i f f i c u l t  t o  manufacture i n  space, 
w i l l  r equ i re  r ad i a to r s ,  and c rea t e  small l o s se s  (about 99% e f f i c i e n t ) .  
Little information about vapor-phase switchgear was ava i lab le  t o  the  study 
team, but the  f a c t  that it  was se lected i n  e a r l i e r  SPS s tud ie s  suggests t h a t  
its l i f e t i m e  and e f f ic iency  are high and its mass is  low. 

Experience with lunar  material subs t i t u t i ons  in other  subsystems suggests  
that a t  least 90% of t h e  mass i n  a vapor-phase switch could be replaced with 
lunar  mater ia l ,  e.g. aluminum conductors and g l a s s  envelopes. However, a 
vapor-phase switch design has not been examined t o  ver i fy  t h i s  assumption. 

Because of its acceptance i n  e a r l i e r  designs and the  bel ief  t h a t  i t  can be 
b u i l t  w i t h  l i t t l e  non-lunar material, vapor-phase switchgear was selected.  
However, fu r the r  study is needed t o  s e l e c t  an optimum switchgear s y s t e m .  

4.3 VOLTAGE CONVERSION 

Previous s tud ie s  ( l ,2 ,3)  have used an osci l la tor- t ransf  ormer-rectif ier 
system f o r  DC t o  DC conversion a t  t he  microwave antenna. The major mass 
components of t h i s  system a r e  t he  transformer, t he  inductors,  and the  
capaci tors .  The transformer requi res  a c t i v e  cooling. The only non-lunar 
material required i n  any of the  major items is pumps and coolant f o r  the  
transformer. Non-lunar mater ia l  would a l s o  be needed f o r  t he  o s c i l l a t o r  and 
the r e c t i f i e r ,  

Transformers are only about 98% e f f i c i e n t ,  making the  ove ra l l  conversion 
process about 96% e f f i c i e n t .  Modern power e l ec t ron ic s  provide DC-DC 
conversion a t  over 98% ef f ic iency  without using transformers. (4)  This 
increased e f f ic iency  reduces non-lunar mass needed f o r  cooling and reduces 
t he  mass of t h e  power conversion system. The semiconductor voltage 
converters were assumed f o r  t h i s  study. 

Stored energy is required during ec l ip se s  t o  maintain e s s e n t i a l  systems and 
t o  keep RF ampli f ier  cathode heaters  hot. For a 5 GW SPS, the  required 
energy s to rage  is 6 W=hrs.(2, vol. 4, p, 159) Storage a l t e rna t ives  
considered i n  t h i s  study a r e  compared i n  Table 4-1. 

TAEU 4-1 EUEXGY STORAGE TECBNOLWXES AND MASSES FOB 5 GU SPS 

Technology Density Mass  Non-lunar Mass 

Nickel-Hydrogen 40 Whrs/kg 150 T 150 T 
Sodium Chloride 200 Whrs/kg 30 T 30 T 
S-glass Flywheel 54 Whrs/kg 111 T < 8 T 

The sodium chlor ide  energy densi ty  is a theoretical value, not a p rac t i ca l  
one.(% vol. 7, p. 159) 



The energy  d e n s i t y  of t h e  S-glass  f lywhee l  was e s t ima ted  from t h e  c u r r e n t  
b e s t  perfotmence of a steel f lywhee l ,  which is 3.125 Whrs/kg.(S) The 
s t o r a g e  c a p a c i t y  of  a f lywhee l  is p r o p o r t i o n a l  t o  t h e  working stress of  t h e  
m a t e r i a l  d i v i d e d  by its d e n s i t y .  S t e e l  h a s  a working stress o f  124 HPa and 
a d e n s i t y  o f  7.8: S-glass  ha s  a working stress of 1379 MPa and a d e n s i t y  o f  
2.4, s o  its c a p a c i t y  should  be b e t t e r  by a f a c t o r  of abou t  36. Not a l l  of 
the sys tem's  mass is i n  t h e  f lywhee l ,  however, s o  improvement by a f a c t o r  of 
18 was assumed. The e s t i m a t e d  non-lunar composi t ion i n  t h e  f lywhee l  i s  
probably q u i t e  conse rva t ive .  

4.5 ELEmuCiU, ROTARY JOINT 

A l l  SPS s t u d i e s  t o  d a t e  have used a s l ipr ing-and-brush assembly as t h e  
electrical r o t a r y  j o i n t . .  I n  t h e  r e f e r e n c e  des ign  (2 ,  v o l  2, p. 761, a 
s l i p r i n g  c a r r y i n g  h a l f  t h e  l o a d  of a 10 GW SPS c o n s i s t e d  of  11 ,810  kg. of 
c o i n  s i l v e r .  (90% s i l v e r ,  10% copper )  The brush a s sembl i e s  (aluminum, s p r i n g  
steel, and b rushes )  t o t a l  1970 kg.; t h e  brushes  are 85% s i l v e r ,  12% 
molybdenum d i s u l f i d e ,  and 3% g r a p h i t e .  

The s l i p r i n g ' s  c r o s s - s e c t i o n  is a hol low hexagon; each  of t h e  two c o n t a c t  
s u r f a c e s  is a 1.0 cm x 50 an b a r  o f  c o i n  s i l v e r . ( 2 ,  vo l .  3, F ig .  4.6-9) 
There  a r e  832 b rushes  and t h r e e  c o n c e n t r i c  s l i p r i n g s  i n  t h e  r e f e r e n c e  
des ign  . 
The c u r r e n t  d e n s i t y  i n  this des ign  is abou t  10 A/cmA2. The power l o s s  f o r  a 
5 GW SPS w i t h  40 kV power d i s t r i b u t i o n  is 40  kW. (6, p. 104) 

The u s e  of s i l v e r  molybdenum s u l f i d e  brushes  on s i l v e r  v a s  chosen by Boeing 
t o  tninfmize a b r a s i o n ,  d r a g ,  and e l e c t r i c a l  l o s s e s .  I n  that s t u d y ,  copper  
and aluminum were cons ide red  a s  s l i p r i n g  m a t e r i a l s  - both  were less massive 
and less expens ive  - b u t  were r e j e c t e d  due t o  l f m i t e d  s p a c e  expe r i ence  with 
them. 

S e l e c t i o n  of new s l i p r i n g / b r u s h  material combinat ions  is not  w i t h i n  t h e  
scope of  t h i s  s t u d y ,  s o  t h e  same materials were used a t  a l l  s l i d i n g  
c o n t a c t s .  New materials, such  as copper  or  aluminum s l i p r i n g s ,  should be 
r econs ide red  when more s p a c e  expe r i ence  w i t h  them h a s  accumulated.  

Three o p t i o n s  were cons ide red  t o  d e c r e a s e  the u s e  o f  E a r t h  m a t e r i a l  i n  t h e  
electrical s l i p r i n g .  The f i r s t  was t o  u s e  a t h i n  p l a t i n g  of  c o i n  s i l v e r  on 
an aluminum s l i p r i n g ,  a s  i n  t h e  Rockwell design.  (3, vol .  7 ,  Table  3.1-13) 
The second was t o  e l f m i n a t e  the s l i d i n g  c o n t a c t  e n t i r e l y  by u s ing  conduc t ive  
vapor i n  a s e a l e d  enc losure .  T h i s  o p t i o n  was r e j e c t e d  because of  
i n s u f f i c i e n t '  d a t a  on r o t a r y  seals i n  a high-voltage s p a c e  environment. T h i s  
c&on should  be reviewed when more s p a c e  e x p e r i e n c e  with r o t a r y  s e a l s  has 
accumulated.  The t h i r d  o p t i o n  was t o  r e p l a c e  the s l i d i n g  c m t ' a c t  w i th  beams 
of e l e c t r o m a g n e t i c  r a d i a t i o n ,  such  as microwaves o r  l i g h t .  T h i s  o p t i o n  was 
r e j e c t e d  because its low e f f i c i e n c y  (< 90%) would s i g n i f i c a n t l y  i n c r e a s e  t h e  
mass of  t h e  power c o l l e c t i o n  and conve r s ion  systems,  and because i t  would 
r e q u i r e  c o n s i d e r a b l e  non-lunar mass t o  b u i l d  and c o o l  t h e  e l e c t r o n i c s .  

The o p t i o n  of u s i n g  a t h i n  c o i n  s i l v e r  c l a d d i n g  on aluminum was s e l e c t e d ,  
The d e s i g n  u s e s  a 1 mm l a y e r  o f  c o i n  s i l v e r  on a 1.6 cm t h i c k  bar  of 
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aluminum, which provides t he  sane los ses  a s  the 1.0 un bar of coin s i l v e r .  
This reduces t he  requirement f o r  a 5 GW SPS Kith t he  reference configuration 
from 11.8 metric tons  of coin s i l v e r  t o  1.2 metric tons. It a l s o  reduces 
t he  t o t a l  s l i p r i n g  mass from 11.8 tons t o  4.0 tons. 
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5. MICROWAVE SUBSYSTEXS 

The microvave power t r ansmis s ion  system (MPTS) c o n v e r t s  e lec t r ica l  power t o  
microvave r a d i a t i o n  and t r a n s m i t s  t h i s  r a d i a t i o n  a s  a cohe ren t  beam which 
must be k e p t  focused on t h e  r e c e i v i n g  an tenna  ( r ec t enna ) .  

E l e c t r i c a l  pover is  conver ted  t o  microvaves by RF a m p l i f i e r s .  S o l i d  s t a t e  
a m p l i f i e r s  v e r e  r e j e c t e d  because t h e i r  low e f f i c i e n c i e s  vould g r e a t l y  
increase t h e  s i z e  o f  t h e  SPS pover convers ion  and d i s t r i b u t i o n  systems and 
because c o n s i d e r a b l e  non-lunar m a t e r i a l  vould be r e q u i r e d  t o  c o o l  t h e  
a m p l i f i e r s .  The gyrocon, k l y s t r o n ,  and magnetron a m p l i f i e r  concep t s  v e r e  
s e l e c t e d  f o r  s tudy .  They are d i scussed  i n  s e c t i o n s  5.1, 5.2, and 5.3. The 
gyrocon v a s  e v e n t u a l l y  dropped from c o n s i d e r a t i o n  due t o  i ts low s t a t e  of 
development. 

The masses and p r o j e c t e d  e f f i c i e n c i e s  o f  t h e  magnetron and k l y s t r o n  are 
l i s t e d  i n  Table  5-1. The magnetron des ign  uses  more non-lunar material bu t  
is more e f f i c i e n t ,  reduc ing  t h e  s i z e  o f  t h e  pover convers ion  system. Thus 
t h e  magnetron is p r e f e r r e d  i f  t h e  pover convers ion system has  h igh  non-lunar 
mass, and t h e  k l y s t r o n  Is p r e f e r r e d  i f  t h e  pover convers ion  system c o n t a i n s  
l i t t l e  non-lunar mass. The crit ical non-lunar s p e c i f i c  mass f o r  t h e  power 
convers ion  system is 0.074 kg/kW; be lov  t h i s  va lue ,  t h e  k l y s t r o n  g i v e s  l o v e r  
t o t a l  non-lunar mass than  t h e  magnetron. T h i s  cr i t ical  va lue  was es t imated  
us ing  t h e  p r o j e c t e d  e f f i c i e n c i e s  s h o r n  belov. 

COMPARISON DESIGNS 

Klys t ron  Magnetron 
Demonstrated e f f i c i e n c y  74% 81% 
P r o j e c t e d  e f f i c i e n c y  85% 90% 
Output pover /un i t  112 kW 3.2 kW 
T o t a l  m a s d u n i t  72 kg 2.32 kg 
Non-lunar mass f r a c t i o n  0.65% 1.25% 
Non-lunar mass/ pover 4.21 g/kW 9.09 g/kW 

Conf igu ra t ion  o f  microwave an tennae  was o u t s i d e  t h e  scope of  t h i s  s t u d y ,  s o  
the c o n f i g u r a t i o n  used i n  the Boeing r e p o r t ( 6 )  was adopted.  I n  t h a t  des ign ,  
microvave power is r a d i a t e d  from s l o t t e d  vaveguides  a r ranged  i n  a p l ana r  
a r r a y .  Two waveguide d e s i g n s  u e r e  considered.  Both are compat ible  wi th  t h e  
0oei .q  d e d g n ,  and both  can be  c o n s t r u c t e d  e n t i r e l y  o f  l u n a r  materials. One 
des ign ,  s e l e c t e d  by General  Dynamics, u s e s  a conduct ive  c o a t i n g  of aluminum 
i n  a foamed g l a s s  waveguide. The o t h e r  des ign  u s e s  a pure  aluminum 
waveguide. Because t h e  vavegufdes do not bear  a s t r u c t u r a l  load ,  t h e  foamed 
g l a s s  may be a c c e p t a b l e  f o r  t h i s  a p p l i c a t i o n .  The aluminum waveguide w i l l  
r e q u i r e  s t a b l e  tempera tures  i n  o r d e r  t o  s t a y  wf th in  t h e  l e n g t h  to l e r ance .  

-Provid ing  the rma l  s t a b i l i t y  under vary ing  solar i U u m i n a t i o n  would g r e a t l y  
compl ica te  t h e  an tenna  des ign ,  s o  the General  Dynamics waveguide is used. 
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S i g n i f i c a n t  o b s t a c l e s  t o  acceptance of SPS have been t h e  l a r g e  unpopulated 
land a r e a  (about  10 kma2) needed f o r  a rece iv ing  antenna (rectenna)  and t h e  
l a r g e  q u a n t i t i e s  of power provided by each rectenna (usua l ly  5 GW) . 
Locations s u i t a b l e  f o r  s e l l i n g  5 GW of power t y p i c a l l y  have high land 
p r i ces .  Remote l o c a t i o n s  u i t h  inexpensive land are f a r  from population 
c e n t e r s  and r e q u i r e  cons t ruc t ion  of  power t ransmiss ion  l i n e s ,  This  dilemma 
could be resolved i f  smaller rec tennae  providing less power were ava i l ab le .  
(Smaller rec tennae  providing t h e  same power would exceed t h e  peak i n t e n s i t y  
l i m i t  of 300 W/mA2. ) 

For f i x e d  wavelength and t ransmiss ion  d i s t ance ,  reduct ion  of t h e  rectenna 
diameter r e q u i r e s  inc reas ing  t h e  e f f e c t i v e  diameter of t h e  t r ansmi t t ing  
antenna by the same f a c t o r .  Increas ing  a c t u a l  antenna size would be c o s t l y  
and would i n c r e a s e  r e s i s t a n c e  l o s s e s  in conductors,  wi th  an e f f e c t i v e  limit 
of about 2 GW of power a t  t h e  ground. me e f f e c t i v e  antenna s i z e  might be 
inc reased  a t  lower c o s t  by p lac ing a l a r g e  l e n s  i n  f r o n t  of t h e  antenna. An 
a p p r o p r i a t e  l e n s  des ign  is discussed i n  s e c t i o n  5.4. This  concept is  
promising and deserves  f u r t h e r  study. 

Page 81 



The gyrocon is a r e c e n t l y  developed type  of microwave ampl i f i e r .  While the  
demonstrated e f f i c i e n c y  is only  23% (13),  t h e  t h e o r e t i c a l  e f f i c i e n c y  is 
compet i t ive  with o t h e r  microwave a m p l i f i e r s ,  t h e  design has a low non-lunar 
m a t e r i a l  c o n t e n t ,  and i t  is r e l a t i v e l y  s imple i n  cons t ruc t ion .  The 
cons t ruc t ion  is b a s i c a l l y  s t a i n l e s s  s t e e l  8 mm th ick ,  with .05 am coa t ings  
of copper and t i t an ium on t h e  i n s i d e  s u r f a c e s  t o  i n c r e a s e  e l e c t r o n i c  
e f f i c i e n c y  and suppress electrical d ischarges ,  r e spec t ive ly .  The design 
point  i s  a 200 kW RF output  a t  2.45 GHz, 80% ef f i c i ency .  

Table 5.1-1 g ives  t h e  derived mass statement  f o r  t h e  gyrocon. ' 

TABU 5.1-1 DERIVED 

Item 

STATBENT FOR GYROCON 

Composition 

- - - - - - - - - 

1 Elect ron  Gun 
1.1 I n s u l a t o r  S h e l l  
1.2 Heater, Anode 
1.3 Cathode 

2 Focus Coi l  
2.1 Windings 
2.2 I n s u l a t i o n  
3 ou tpu t  C o i l s  
3.1 Conductor Windings 
3.2 I n s u l a t i o n  
4 Bender Solenoid 
4.1 Windings 
4.2 I n s u l a t i o n  
4.3 Coating 
4.4 Nose 

. 5 Cavity Bodies 
5.1 S t r u c t u r e  
5.2 Conductive coa t ing  
5.3 Anti-discharge c o a t  

Aluminum Oxide 
Tungsten 
b r i m  & Strontium 

Oxides i n  Nickel 
matr ix  

Alumfnum 
S i l i c o n  Dioxide 

A 1  umfnum 
S i l i c o n  Dioxide 

S t a i n l e s s  S tee l*  
S i l i c o n  Dioxide 
Titanium 
Copper 

S t a i n l e s s  S tee l*  
Copper 
Titanium 

T o t a l s  

Non-Lunar 
Mate r i a l s  

.012 (carbon) 
0 

9 

.003 

.3S (carbon) 

.84 - 
1.25 kg 

(*) S t a i n l e s s  steel composition : 1% Ma, 1% S i ,  5% C r ,  .3% C,  92.7% Fe 
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5.2 KLYSTRON 

The k l y s t r o n  a m p l i f i e r  vas used i n  t h e  re fe rence  SPS design developed by 
Boeing i n  1980. The b e s t  demonstrated e f f i c i e n c y  of a k lys t ron  is 74%; t h e  
b e s t  a t t a i n a b l e  e f f i c i e n c y  is probably about  85%. (6)  

The des ign  re fe rence  used h e r e  is Ref. # lo ,  p l 7 5 f f .  I n  order  t o  inc rease  
the l u n a r  material con ten t  o f  t h e  k lys t ron ,  aluminurn has  been s u b s t i t u t e d  
f o r  copper i n  the electromagnet. Aluminum has 64.9% of t h e  conduct iv i ty  of 
copper,  hence r e q u i r e s  1,541 times t h e  c r o s s  s e c t i o n a l  area t o  c a r r y  t h e  
saute cur ren t .  The r a t i o  of d e n s i t i e s  of aluminum t o  copper i s  2.70D.89 o r  
copper. To be conservat ive ,  a f a c t o r  of 0.50 w a s  used when making mass 
c a l c u l a t i o n s ,  

The p a r t i c u l a r  k l y s t r o n  design analysed is as fol lows:  

RF output:  112 kw 
Voltage : 52 kV 
Current  : 2.8 A 
Mass : 72 kg 

TABLE 5e2-1 KLYSTRON MASS STA- 

Item Composition Non-Lunar 
Materf als  

1 Elec t ron  Tube 
1,l Pole  p ieces  
1,2 Cathode 
1,3 I n s u l a t i n g  S h e l l  
1,4 Leads & h e a t e r  

f i l ament  
1,5 CavitAes 
1,6 Cavity l i n i n g  
1,7 Cavity c o a t i n g  
2 C o l l e c t o r  
2-1 Body 
2,2 Lining 
2,3 Coating 
3 Solenoid 
3-1 Conductor u indings  
3,2 I n s u l a t i o n  
4 Radia tors  
4,l Surface  
4.2 Coating 
4,3 Emissive coa t ing  
4.4 Heat p ipes  
4.5 Heat p ipe  f l u i d  

T o t a l s  

94% Fe, 5% Co, 1% V .005 V 
90% W, 6% Ba, 4% other  .011 
Aluminum Oxide - 
Tungsten .04 

S t a i n l e s s  S tee l*  -033 C 
Copper .068 
Titanium 9 

S t a i n l e s s  S tee l*  .027C 
Copper a 2 
T i t a n i r u ~  - 
Aluminum - 
S i l i c o n  Dioxide - 
Aluminum - 
Titanium 9 

Carbon . 05 
S t a i n l e s s  Stee l*  .012 C 
Methanol ( W O H )  .025 C 

.471 kg 

S t a i n l e s s  S t e e l :  9 2 , Z  Fe, 5% Cr, l% Mu, 1% S i ,  .3% C 
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The magnetron is a well-developed technology ,  and is used i n  microwave 
ovens. The b e s t  demonstra ted e f f i c i e n c y  f o r  a magnetron is 84%; t h e  best 
a t t a i n a b l e  e f f i c i e n c y  is probably about  90%. (16) 

The s t a r t i n g  p o i n t  f o r  t h e  magnetron a n a l y s i s  is t h e  des ign  p re sen t ed  on 
pages 7-3 and 7-27 i n  Reference 16. T h i s  magnetron h a s  an o u t p u t  of 3.2 kW, 
and a mass o f  1.018 kg. The mass e lemen t s  are l i s t e d  i n  Table  5.3-1. 

TABU 5.3-1 P-ARY MASS STATDENT FOR MA-ON 

Item Mass Composition 
( g r a m )  

Power Genera t ion  
Antenna Probe 

Vanes 
S h e l l  
Ceramic I n s u l a t o r s  
F i lament  

Magnetic C i r c u i t  
S he1  l 
Permanent Magnets 

C o n t r o l  
I n d u c t i v e  Tuner 
Buck-Boost C o i l  

Rad ia to r  

Cu 
Cu 

Cu 
Aluminum Oxide 
Carbon, Th, W 

S t  eel 
smco 

Cu, smco 
Cu, i n s u l a t i o n  
P y r o l y t i c  G r a p h i t e  

S e v e r a l  changes  were made t o  t h e  compos i t ion  of t h e  magnetron t o  d e c r e a s e  
t h e  mass of  non-lunar materials. The changes  a r e  d e t a i l e d  below. 

Change # I :  Replace p y r o l y t i c  g r a p h i t e  i n  t h e  r a d i a t o r  w i t h  i r o n  o x i d e  
coa t ed  aluminum. Mass i n c r e a s e s  t o  I510 grams f o r  t h i s  component, s i n c e  
aluminum h a s  a lower thermal  c o n d u c t i v i t y .  

Change 82: Replace s a m a r i m o b a l t  permanent magnets with Alnico  5 
permanent magnets. Alnics.5 h a s  a composi t ion of 51% Fe, 24% Co, 14% N i ,  8% 
Al, 3% Cu. The main f i e l d  magnets weigh 328 grams i n s t e a d  of 103. The 
v o i c e  c o i l  magnet v e i g h s  80 grams i n s t e a d  o f  25, 

Change #3: Change buck-boost c o i l  composi t ion t o  aluminum. Mass decreases 
from 200 grams t o  100 grams. T h i s  is comprised of 90 grams of aluminum and 
10 g r a m  o f  f i b e r g l a s s  i n s u l a t i o n .  

Change #4: Replace copper  p a r t s  with copper  coa t ed  aluminum p a r t s .  It was 
dec ided  t o  u s e  copper  coa t ed  aluminum r a t h e r  t h a n  pure  aluminum because of 
the s e v e r e  t he rma l  environment  i n s i d e  t h e  magnetron. The p a r t s  changed a r e  
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a s  follows: 

Antenna Probe 11 grams Cu t o  5.5 grams A l  + 2.2 grams Cu 
Vanes 4 4 "  t o  22 . n + 0.55 " 
S h e l l  45 " t o  22.5 " + 3.5 
Induc t ive  Tuner 39 t o  19.5 w .  + 2.5 " 

These f o u r  p a r t s  can c o l l e c t i v e l y  be c a l l e d  t h e  RF Cavity. 

Change #5: Inc rease  size of s h e l l  t o  accomodate la r ,ger  magnets and c o i l s .  
The s h e l l  i n c r e a s e s  from 163 grams t o  188 grams. 

The f i n a l  design is shown Frr Table 5.3-2. 

TABLE 5.2-2 FINAL MAGNETRON MASS STATPMENT 

Composition 

RF Cavity 
Ceramic I n s u l a t i o n  
Filament 

S h e l l  
Permanent Magnets 
Buck-Boost Co i l  
Radiator  

T o t a l  

Copper coated Aluminum 
Aluminum oxide  
Thorium and Tungsten 

on Carbon 
Type 1006 S t e e l  
Alnico-5 
Aluminum and F ibe rg las  
I r o n  Oxide coated 

Aluminum (108 FeO) 



5.4 MICROWAVE ms 
To make a S o l a r  'Power S a t e l l i t e  (SPS) more colmnercially f e a s i b l e ,  a smaller 
u n i t  s ize  than  2.5 GW is needed. T h i s  would provide  a b e t t e r  i n t e r f a c e  t o  
t h e  u t i l i t y  g r i d ,  reduce inves tment  f o r  the f i r s t  u n i t ,  and a l l o w  more sites 
f o r  t h e  r ec t enna .  

A microwave l e n s  of l a r g e  a p e r t u r e  can  be  placed i n  f r o n t  of t h e  t r a n s m i t t e r  
t o  a c h i e v e  good coup l ing  between t h e  microwave t r a n s m i t t e r  and t h e  rec tenna .  
The product  o f  r e c t e n n a  and l e n s  a p e r t u r e s  is a c o n s t a n t ,  and t h e  rectenna 
area is p r o p o r t i o n a l  t o  the power l e v e l ;  t h u s  as satellite power l e v e l  and 
r ec t enna  a p e r t u r e  dec rease ,  the microwave l e n s  grows i n  size as t h e  i n v e r s e  
of t h e  power l e v e l .  A t  1 GW t h e  l e n s  c o n s t i t u t e s  4% of the s a t e l l i t e  mass; 
a t  200 MW t h e  l e n s  is  SOX o f  t h e  satellite. Finding t h e  economic l i m i t  on 
how small t h e  SPS can be b e f o r e  t h e  i n c r e a s i n g  c o s t  of  the l e n s  o f f s e t s  t h e  
advantages  of low power was o u t s i d e  t h e  scope  o f  t h i s  s tudy .  

An example des ign  is d e t a i l e d  below f o r  1 GW size. Note t h a t  above 2 GW t h e  
l e n s  i s ' n o t  needed s i n c e  t h e  s i z e  o f  t h e  microwave an tenna  is s u f f i c i e n t .  

I n -  
- 

LEN 5 , - - -  -- 
- -  

MICROWAVE BEAM 
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Assuming t h a t  1 GW is t o  be de l ive red  t o  t h e  u t i l i t y  g r i d ,  t h a t  t h e  
t r a n s m i t t e r  frequency is 2.45 GHz, and t h a t  t h e  peak power a t  t h e  rece ive r  
is 300 w/mA2, then t h e  nomograph i n  the SPS System Def in i t ion  Study (6,  vol.  
2, p. 175) determines: 

Rectenna Diameter - 4 km Space Antenna - 2.5 km 

The l e n s  is a Fresnel  l e n s  made of l a y e r s  of wire mesh. It is f l a t  on t h e  
s i d e  toward t h e  SPS and r idged on t h e  s i d e  toward Earth. The index of 
r e f r a c t i o n  a t  t h e  f i r s t  and second s u r f a c e s  of  t h e  l e n s  is s e l e c t e d  t o  
minimize r e f l e c t i o n s .  The index of r e f r a c t i o n  is varied smoothly from f r o n t  
t o  back and from cen te r  t o  edge v f t h i n  t h e  l e n s  by using d i f f e r e n t  wire 
diameters.  The s m a l l e s t  wire diameter used is 0.125 mm. The near focus of 
the l e n s  is 2.1 km from t h e  l e n s  center .  

F igure  5.4-1 shows the genera l  arrangement of  t h e  lens .  The transmission 
p a t t e r n  a t  t h e  l e n s  uas assumed t o  be a lOdB gaussian taper .  The 
t r a n s m i t t i n g  p a t t e r n  requi red  a t  the focus  t o  achieve t h i s  has  not been 
determined. The s impl i fy ing  assumption t h a t  t h e  waves v f l l  t r a v e l  i n  
s t r a i g h t  l i n e s  i n  t h e  i n t e r i o r  of t h e  l e n s  vas  made. 

The l e n s  is 99.95% composed of l u n a r  m a t e r i a l s ,  as shorn i n  Table 5.4-1. 

F igure  5.4-2 shows.how s e v e r a l  l e n s  parameters vary with d i s t a n c e  from t h e  
c e n t e r  of t h e  lens .  Using d a t a  from Jasik (7 ,  p 14-34), the t h e o r e t i c a l  
t ransmfss ion  e f f i c i e n c y  of t h e  l e n s  vas found t o  be 97.12%. Some a t t endees  
a t  the 1985 Princeton Conference on Space Manufacturing questioned t h i s  
r e s u l t ,  c l u n g  t h a t  r e c e n t  experiments show much lover  t ransmission 
e f f i c i e n c i e s  f o r  microwave lenses .  However, Richard Dickinson of JPL 
r e p o r t s  (17) t h a t  t h e  experiments c i t e d  a l l  d e a l  v i t h  f l a t  (e.8. Fresnel  
zone p l a t e )  l enses ,  many opera t ing  a t  m u l t i p l e  f requencies  . These l e n s e s  
use  d i f f r a c t i o n  t o  r e d i r e c t  t h e  microwave beam; t h e  l e n s  proposed here uses  
r e f r a c t i o n .  Dickinson be l i eves  t h a t  a single-frequency l e n s  with 3- 
dimensional s t r u c t u r e  would indeed have b e t t e r  t ransmission than f l a t  multi-  
frequency l e n s e s ,  though he is unconvinced that e f f i c i e n c i e s  a s  high a s  97% 
are a t t a i n a b l e .  

TdaLE 5.4-1 MASS FOB 1 GW SPS MICROWAm LENS 

Item Composition Mass Non-lunar Mass 

Wire mesh Alumfnum 224 T 0 
Spacers  between Si02 81 0 

mesh l a y e r s  
Lena frame Aluminum 33 0 
Support f i b e r s  Glass f i b e r  30 0 
Pos i t ion ing  s p i d e r  Aluminum 10.5 0 
Thermel expansion Complex 0.2 0.2 

c o n t r o l  jackscrews - 
T o t a l  378.7 T 0.2 T 



1.0 -- Back 

\ \ ~ r o n t  

I Transmission through l e n s  
s u r f  ace  

Index of  r e f r a c t i o n ,  f r o n t  
f a c e  of l e n s  

Index of r e f r a c t i o n ,  back 
f a c e  of l e n s  

Average l e n s  t h i c k n e s s  (?I) 

NOTE:  wire 
s e p a r a t i o n  = 

150 X wire d i a .  
i n  l a y e r s ,  l a y e r s  
s epa ra t ed  by same 

amount . 

Dis tance  from c e n t e r  of  l e n s  (M) 

FIGURE 5.4-2, VARYING LENS PARAMETERS 

J o e l  S e r c e l  of JPL has  po in ted  o u t  (18) t h a t  l i g h t w e i g h t  microwave r e f l e c t o r  
d e s i g n s  e x i s t ,  These r e l e c t o r s  could r e p l a c e  t h e  l e n s  des ign  should i t  
prove t o  be i n v a l i d ,  s o  t h e  i d e a  of u s ing  l a r g e  e f f e c t i v e  a p e r t u r e s  t o  
reduce  SPS size should remain v a l i d ,  

One drawback o f  a l a r g e  l e n s  o r  r e f l e c t o r  is t h a t  i t , c o u l d  block p a r t  of t h e  
s u n l i g h t  f a l l i n g  on t h e  SPS. A s o l u t i o n  t o  t h i s  problem is t o  s e p a r a t e  t h e  
microwave t r a n s m i t t e r  from t h e  pover conv- r r s ion  system by a d i s t a n c e  a t  
l e a s t  a s  l a r g e  as t h e  r a d i u s  of  t h e  l e n s  o r  r e f l e c t o r .  T h i s  vould i n c r e a s e  
t h e  mass o f  t h e  s t r u c t u r e  and t h e  pover d i s t r i b u t i o n  system. An a l t e r n a t i v e  
is  t o  a c c e p t  t h e  once-dai ly  power decrease .  With a l e n s ,  t h e  dec rease  would 
occur  near  l o c a l  midnight .  The dec rease  vould be minor because t h e  l e n s  
b locks  on ly  about  7% of t h e  l i g h t .  With a r e f l e c t o r ,  t h e  dec rease  would 
occur  near  l o c a l  noon, s o  i t  would be less a c c e p t a b l e ,  The o p t i c a l  
t r ansmis s ion  of  microwave r e f l e c t o r s  depends on t h e  des ign ,  s o  t h e  dec rease  
might be r e l a t i v e l y  small. 
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MASS FOR 

T h i s  s e c t i o n  g i v e s  an estimate of t h e  non-lunar mass r e q u i r e d  i n  an SPS. It 
i n c l u d e s  estimates o f  t h e  l u n a r  f r a c t i o n s  o f  a l l  subsystems o f  t h e  5 GW 
s i l i c o n  p l a n a r  SPS desc r ibed  i n  r e f e r e n c e  I ,  l i s t e d  by Work Breakdown 
S t r u c t u r e  (WBS) number. For each  subsystem, the composi t ion was es t ima ted  
and l u n a r  m a t e r i a l s  were s u b s t i t u t e d  where poss ib l e .  I n  many cases, 
subsystems have been re-designed f o r  b e t t e r  u t i l i z a t i o n  of l u n a r  materials; 
these changes are desc r ibed  i n  s e c t i o n  6.2. Design a l t e r n a t i v e s  a r e  a l s o  
desc r ibed  a s  a p p r o p r i a t e .  Many o f  t h e  l u n a r  s u b s t i t u t i o n s  r e q u i r e d  no 
d e s i g n  change. These s u b s t i t u t i o n s  were n o t  made i n  the General  Dynamics 
s tudy  because t h a t  s tudy  d i d  n o t  a t t empt  s u b s t i t u t i o n s  i n  systems which 
comprised less than  1.2% of t h e  SPS mass, 

Table  6-1 lists t h e  e s t ima ted  mass and l u n a r  c o n t e n t  o f  each subsystem 
s t u d i e d .  Some WBS numbers a r e  n o t  used i n  t h e  s i l i c o n  p l a n a r  c o n f i g u r a t i o n .  

6 1 GElEUL ASSUMPTIONS 

Host  s t r u c t u r a l  members a r e  assumed t o  be made of aluminum a l l o y ,  w i th  no 
non-lunar m a t e r i a l .  An excep t ion  is t h e  microwave t r a n s m i t t e r  s t r u c t u r e ,  
which was assumed t o  be made of foamed g l a s s  because of t h e  s t r i n g e n t  
f l a t n e s s  r equ i r emen t s  and t h e  demanding thermal  environment of t h e  
t r a n s m i t t e r  . 
Any uires o r  c a b l e s  which t r a v e r s e  d i s t a n c e s  o f  a t  least a meter are assumed 
t o  u s e  aluminum conductor  and some form of  g l a s s  f a b r i c  i n s u l a t i o n ,  s o  t h e s e  
c a b l e s  r e q u i r e  no n o n - l h a r  m a t e r i a l .  

R a d i a t o r s  a r e  assumed t o  be h e a t  p i p e  r a d i a t o r s .  The worst  case encountered 
f o r  these is 80% aluminum f i n s ,  18% s t a i n l e s s  steel h e a t  p i p e s ,  and 2% 
working f l u i d .  We e s t i m a t e  98% l u n a r  f r a c t i o n  f o r  r a d i a t o r s  i n  g e n e r a l ;  
99.6% l u n a r  i f  water can  be used as c o o l a n t  and h e a t  p ipe  f l u i d .  

6.2 EXPUNATIONS OF SUBSYSTEM MASS STATBENTS 

WBS 1.1.1.1: Primary Array S t r u c t u r e .  
The a c t u a l  mass of t h e  primary s t r u c t u r e  uill vary g r e a t l y  w i th  t h e  f i n a l  
des ign ,  bu t  t h e  aluminum composi t ion is u n l i k e l y  t o  change. If it does 
change, i t  w i l l  probably become t i t a n i u m  o r  a glass-aluminum composi te ,  
which s h o i l d  r e q u i r e  no non-lunar m a t e r i a l .  

WBS 1.1.1.3: S o l a r  Array 
The s i l i c o n  p l a n a r  a r r a y  desc r ibed  i n  s e c t i o n  2.1 is assumed. The only  non- 
l u n a r  material r equ i r ed  i n  this des ign  is less  t h a n  one k i logram of  dopant  
i n  t h e  s i l i c o n  cells. 

The m o s t , l i k e l y  a l t e r n a t i v e  t o  s i l i c o n  p l a n a r  is t h e  GaAs c o n c e n t r a t o r  
system, which would r e q u i r e  less t h a n  100 t o n s  of non-lunar material i n  t h e  
s o l a r  a r r a y .  

S 1 1 1 . 4 :  Power D i s t r i b u t i o n  
T h i s  WBS number does  n o t  i n c l u d e  energy s t o r a g e  or  t h e  electrical s l i p j o i n t .  
A c q u i s i t i o n  buses  are assumed t o  be l 0 0 X  l u n a r  aluminum, a s  are t h e  main buses. 
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TABLE 6-1 ESTIMATED A W S  STA- FOR 5 GW SILICON PLANAR SPS 
SYSTEM %LUNAR 
Energy Coitv. 
S t r u c t u r e  100 
S o l a r  Array 100 
Power D i  s t . 
Main Buses 100 
Acquisi t ion Buses 100 
Swi t chg ear 90 
Maintenance 90 
m s  
S t r u c t u r e  100 
Klystrons 99.3 
D i s t r i b  'n Waveguide 100 
Radiat ing Waveguide 100 
Wiring Harness 61.1 
Control  C i r c u i t s  90 
S t r u c t u r e  100 
Power D i s t .  & Cond. 
Conductors 100 
Switchgear 95 
DC-DC Converters 98 
Thermal Control  98 
Energy Storage  93 
Phase Dist . 0 
Maintenance 
Gan t r i e s  95 
Other 0 
Tracks 100 
Antenna Point ing  
CdG ' s 90 
S t a r  Scanners 0 
I n s  t a l l a t i o n  0 
I n f o  ,Management 
Cables 100 
Computers, e t c .  0 
A t t .  Control  
Sensors  0 
Electric Propulsion 
Annual P rope l l an t  100 
Power Processors  95 
Engines, Tanks, e t c .  0 
Chemical Propulsion 66 
S t r u c t u r e  100 
Maintenance 0 
Communications 0 
I n t e r f a c e  J o i n t  
S t r u c t u r e  100 
Turntable  & Drive 99 .5 
E l e c t r i c  S l i p  Ring 85 
Growth & Contingency 99.07 

TOTAL MASS, M.T. 
TOTAL X LUNAR 99.07 

MASS, M.T. LUNAR NON-LUNAR 

0 
0 

0 
0 

12 
62 

0 
49 

0 
0 

35 
38 
0 

0 
1 I 
22 
5 
8 

12 

5 
85 

0 

13 
1 
6 
0 
0 
5 
0 
1 

0 
6 

17 
9 
0 
1 
1 

0 
0 
2 

108 

513 
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WBS 1.1.1.6: Maintenance 
The maintenance system is most ly  annea l ing  sys tems  and t h e  g a n t r i e s  and 
t r a c k s  t o  suppor t  them. Tracks  are assumed t o  be s t r u c t u r a l  aluminum, 
g a n t r i e s  a r e  l a r g e l y  s t r u c t u r e  bu t  i n c l u d e  motors,  and a t  l e a s t  h a l f  of  t h e  
a n n e a l e r  mass is assumed t o  be r a d i a t o r s ,  s o l a r  a r r a y s ,  and power 
processors .  Minor components o f  t h e  maintenance system i n c l u d e  ca rgo  
handl ing  and docking sys tems ,  which were assumed t o  be non-lunar due t o  
complexity.  Thus, 90% l u n a r  is probably a c o n s e r v a t i v e  estimate o f  t h e  
composit ion of t h i s  system. 

, WBS 1.1.2.1: Microwave Power Transmission System (MPTS) S t r u c t u r e  
A s  mentioned above, t h e  t r a n s m t t t i n g  an tenna  must remain f l a t  t o  high 
p r e c i s i o n .  Because o f  v a r i a  t i o n s  i n  t h e  an tenna  's thermal  environment , t h i s  
f l a t n e s s  can on ly  be maintained by us ing  s t r u c t u r a l  m a t e r i a l s  wi th  low CI'E, 
o r  by u s i n g  a c t i v e  s t r u c t u r a l  ad jus tment .  A pa s s ive  s t r u c t u r e  made of 
foamed g l a s s  is assumed. 

WBS 1.1.2.2.1: RF Ampl i f i e r s  
K lys t rons  are a s s u e d  t o  be more than  99% l u n a r ,  as d e s c r i b e d  i n  s e c t i o n  
5.2. With any power convers ion  system but  s i l i c o n  p l a n a r ,  magnetrons would 
r e p l a c e  k l y s t r o n s  because t h e  magnetrons' h i g h e r  e f f i c i e n c y  would reduce  
non-lunar mass i n  t h e  power convers ion  system. 

WBS 1.1.2.2.6: Cont ro l  C i r c u i t s  
The mass of c o n t r o l  c i r c u i t  components is d i f f i c u l t  t o  estimate. The most 
massive component o f  each  c o n t r o l  c i r c u i t  is probably t h e  r a d i a t o r  f o r  t h e  
k l y s t r o n  c i r c u i t  b r eake r ,  a s ea i conduc to r  swi tch .  The r a d i a t o r  is assumed 
t o  be 99.6% l u n a r  and t o  c o n s t i t u t e  90% o f  t h e  c o n t r o l  c i r c u i t ' s  mass. A l l  
o t h e r  components are assumed t o  be made on Ea r th  due t o  t h e i r  e l e c t r o n i c  
complexity.  

WBS 1.1.2.3.3 DC-DC Conve r t e r s  
A s  d e s c r i b e d  i n  s e c t i o n  4.3, a n  e l e c t r o n i c  v o l t a g e  c o n v e r t e r  was assumed t o  
r e p l a c e  t h e  t r ans fo rmer  used i n  p rev ious  des igns .  The primary components 
are i n d u c t o r s  ( i r o n ,  s i l i c o n ,  aluminum), c a p a c i t o r s  (aluminum and s i l i c o n  
d i o x i d e ) ,  and a non-lunar semiconductor swi tch .  There  must a l s o  be a 
c o n t r o l  component, which is assumed t o  be non-lunar. E l imina t ion  of  t h e  
t ransformer  would reduce t o t a l  mass, b u t  replacement  o f  non-lunar 
e l e c t r o l y t i c  c a p a c i t o r s  wi th  s o l i d - s t a t e  l u n a r  c a p a c i t o r s  would s l i g h t l y  
i n c r e a s e  mass. To be c o n s e r v a t i v e ,  i t  is assumed t h a t  t o t a l  mass is 
unchanged. 

WBS 1.1.2.3.4 Thermal Con t ro l  
The arass o f  the r a d i a t o r s  which c o o l  t h e  DC-DC c o n v e r t e r s  is assumed t o  
d e c r e a s e  by 50% from its o r i g i n a l  va lue  due t o  t h e  incrpqsed  e f f i c i e n c y  o f  
the e l e c t r o n i c  power c o n v e r t e r ,  as compared t o  t r ans fo rmers .  

WBS 1.1.2.3.5 Energy s t o r a g e  
I n  t h e  r e f e r e n c e  SPS, nickel-hydrogen b a t t e r i e s  provided energy s t o r a g e .  
Flywheel s t o r a g e  technology ( s e c t i o n  4.4) v a s  assumed h e r e  t o  reduce non- 
l u n a r  mass. 

WBS 1. 1.2.5 Phase D i s t r i b u t i o n  
T h i s  component i n c l u d e s  most ly  e l e c t r o n i c s  and f i b e r  o p t i c s ,  which would be 



d i f f i c u l t  t o  manufacture i n  space. The t o t a l  mass of t h i s  component is so 
low t h a t  no a t tempt  was made t o  s u b s t i t u t e  lunar  materials. 

WBS 1.1.2.6 MFTSMaintenance 
The re fe rence  WTS maintenance system is heav i ly  o r i en ted  t o  manned 
opera t ion .  Technology being developed f o r  t h e  manned space s t a t i o n  sugges ts  
that many of t h e s e  opera t ions  w i l l  be automated by t h e  time an SPS could be 
func t iona l .  The impact of  this change has not  been est imated f o r  t h e  
maintenance system, but  i t  seems l i k e l y  t h a t  t h e  reduced need f o r  l i f e  
suppor t  systems and s t r u c t u r e s  would r e s u l t  i n  a simpler  and l e s s  massive 
system. Because of t h e  u n c e r t a i n t i e s ,  t h e  es t imeted  mass of  t h i s  subsystem 
w a s -  l e f t  unchanged. 

WBS 1.1.2.6.1 Gantr ies  
T h i s  component is mostly aluminum s t r u c t u r e .  It a l s o  inc ludes  motors and 
r e l a t e d  c o n t r o l  systems, which a r e  assumed t o  be non-lunar. 

WBS 1.1.2.6.7 Tracks 
These aluminum t r a c k s  suppor t  t h e  gantry.  

WBS 1.1.2.7 Antenna Point ing  
The most massive i tem i n  this system is t h e  Control  Moment Gyros (CMG), 
which a r e  e s s e n t i a l l y  sp inning blocks o f  aluminum o r  i ron .  It is assumed 
t h a t  a t  l e a s t  90% of t h e  OlG mass can be e a s i l y  replaced with lunar  
material. The star scanner h a s  low mass and high complexity,  s o  no a t tempt  
was made t o  use lunar  m a t e r i a l  i n  it. 

WBS 1.1.3 I n f o  Management 
The major maas component is cabl ing .  A s  descr ibed i n  the in t roduc t ion  t o  
this s e c t i o n ,  cab les  a r e  assumed t o  be 1 0 %  lunar .  The re fe rence  design 
inc ludes  f i v e  t o n s  of computers, but  t h i s  estimate probably inc ludes  much 
more than computers. 

WBS 1.1.4.2 Electric Propulsion 
The most massive component of t h e  electric propulsion system is power 
processing and assoc ia ted  thermal con t ro l .  These components a r e  assumed t o  
be similar t o  those  on t h e  MPTS. The rest of t h e  electric propulsion system 
inc ludes  electric t h r u s t e r s  and f u e l  systems which are assumed t o  be made on 
Earth. 

The re fe rence  des ign  uses argon p rope l l an t  i n  i o n  t h r u s t e r s .  The resupply 
of 50 tons  of argon annual ly  would more than t r i p l e  the non-lunar 
requirements  o f  the SPS over a 30-year l i f e t i m e .  It is assumed here  that 
some lunar  m a t e r i a l ,  perhaps a l d n u m ,  calcium(3), o r  oxygen, w i l l  be used 
as propel lant .  The e f f e c t  of t h i s  p rope l l an t  change on t h e  rest of t h e  
systam is beyond t h e  scope of this s tudy.  

The propulsion system and f u e l  requirements used here  a r e  f o r  t h e  s i l i c o n  - - 
planar  conf i gura t ion  , which f l i e s  -perpendicular  t o  the o r b i t a l  plane. A l l  
o t h e r  power conversion systems must f l y  perpendicular  t o  t h e  e c l i p t i c  plane, 
which would s i g n i f i c a n t l y  i n c r e a s e  the- f u e l -  requirements.  

WBS 1.1.4.3 Chemical Propulsion 
The chemical propulsion system inc ludes  20 tons  of maneuvering r e s e r v e  f u e l  



f o r  t h e  hydrogen-oxygen motors. This  f u e l  must be annually re-supplied. It  
is  assumed t h a t  t h e  17.1 tons  of oxygen w i l l  be lunar .  

WBS 1.1.6 I n t e r f a c e  J o i n t  
This  component is  mostly aluminum s t r u c t u r e .  The t u r n t a b l e  is  a l s o  mostly 
aluminum s t r u c t u r e ,  and many 'of  t h e  r o l l e r  p a r t s  a r e  s t e e l .  The e l e c t r i c  
s l i p r i n g  design is descr ibed i n  s e c t i o n  4.5. 

WBS 1.1.7 Growth and Contingency 
Est imating the growth allowance was o u t s i d e  t h e  scope of t h i s  s tudy.  The 
value  from t h e  Boeing s tudy,  26.72, was assumed f o r  comparison purposes. I t  
is assumed t h a t  most growth would b e  i n  t h e  l a r g e l y  lunar  items, s o  t h e  
l u n a r  f r a c t i o n  of t h e  growth margin was assumed t o  be t h e  same a s  f o r  t h e  
rest of t h e  satel l i te ,  99.07 
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Conclusions & Recommendations 

7. CONCLUSIONS 8 RECOMMEHDATIONS 

7.1 CONCLUSIONS 

It is  p o s s i b l e  t o  design an SPS which con ta ins  less than 1% as much non- 
lunar  m a t e r i a l  as t h e  e a r t h  base l ine  design,  wi th  a n  i n c r e a s e  i n  t o t a l  mass 
of less than 8%. This  impl ies  a c o s t  reduct ion  of over 97%, assuming a 50:l 
c o s t  r a t i o  favoring l u n a r  ma te r i a l s .  The design uses mostly e x i s t i n g  
technology and is s u i t a b l e  f o r  automated manufacture in space. 

Photovol ta ic  SPS concepts  are c l e a r l y  p re fe rab le  t o  t u r b i n e  engines f o r  
lunar resource  u t i l i z a t i o n .  Besides the g r e a t  advantage i n  non-lunar mass 
requi red ,  photovol ta ic  systems a r e  much b e t t e r  s u i t e d  t o  automated 
manufacture i n  space. Photovol ta ic  designs,  v i t h  the p a r t i a l  exception of 
TPV, con ta in  l a r g e  numbers of i d e n t i c a l  simple components. Turbine engines 
have a g r e a t  v a r i e t y  of p a r t s ,  many of them complex, most of which are used 
i n  l i m i t e d  numbers. S t i r l i n g  engines occupy t h e  middle ground i n  both 
complexity and volume of components. 

Whether o r  not  repeated  anneal ing of s o l a r  cells h e a l s  r a d i a t i o n  damage is 
a n  important  but n o t  c r i t i ca l  question. Without anneal ing,  t h e  t o t a l  mass 
of t h e  s i l i c o n  p lanar  SPS would i n c r e a s e  by SOX, but  t h e  mass of t h e  GaAs 
SPS design would inc rease  less than 1%. Neither would r e q u i r e  a s i g n i f i c a n t  
i n c r e a s e  i n  non-lunar mss, s o  thermal systems would still have no advantage 
over  photovol ta ics  and s i l i c o n  planar would s t i l l  be p re fe r red  over GaAs 
concent ra tor  designs. 

T h i s  atudy determined that s i g n i f i c a n t  mass sav ings  can be r e a l i z e d  i n  t h e  
s i l i c o n  p lanar  des ign  by can t ing  the panels  a t  12 degrees and r o t a t i n g  t h e  
SPS a t  each equinox, i ,e., twice a year .  This  reduces the s o l s t i c e  cos ine  
l o s s  from 8.29% t o  2,19%, without r equ i r ing  t h e  satelli te 's  a t t i t u d e  t o  be 
continuously a d j u s t e d  t o  f a c e  t h e  sun squarely.  

Heat pipe  r a d i a t o r s  are p re fe rab le  t o  l i q u i d  d r o p l e t  r ad ia to r s .  A poss ib le  
exception t o  t h i s  conclusion would be t h e  temperature range where sodium- 
potassium could be used as d r o p l e t  f l u i d .  T h i s  technology is s p e c u l a t i v e  a t  
present ,  and t h e  r e c o v e r a b i l i t y  of lunar  potassium is quest ionable.  Moving 
b e l t  r a d i a t o r s  are very promising, but remain t o  be demonstrated i n  space. 

Aluminum wlth pass ive  thermal c o n t r o l  is s u i t a b l e  f o r  most s t r u c t u r a l  
a p p l i c a t i o n s  i n  the SPS. An exception is t h e  microwave antenna s t r u c t u r e ,  
which must remain very f l a t  d e s p i t e  l a r g e  temperature excursions. A lunar- 
baaed material, foamed g l a s s ,  meets this requirement,  but has n o t  been 
demonstrated. 

Flywheels composed o f  lunar g l a s s  appear t o  be t h e  most promising SPS energy 
s t o r a g e  technology. Glass flywheel technology is still uncer ta in ,  however. 

The k l y s t r o n  is the pre fe r red  mfcrowave a m p l i f i e r  f o r  photovol ta ic  SPSs. 
Although less e f f i c i e n t  than the magnetron, the k l y s t r o n ' s  low non-lunar 
mass is a clear advantage with e i t h e r  s i l i c o n  o r  GaAs conversion systems. 

A new type  of microwave l e n s  proposed i n  this s tudy,  o r  a microwave 
r e f l e c t o r ,  mfght a l low economic cons t ruc t ion  of SPSs as small  a s  200 MW. 



7.2 RECOMMENDATIONS 

The r e c o h e n d a t i o n s  v h i c h  a r e  judged by t h e  s tudy  team t o  be most impor tan t  
are p re sen t ed  f i r s t .  

There shou ld  be a s t r o n g  e f f o r t  t o  f i n d  and c h a r a c t e r i z e  a  s t r u c t u r a l  
material which has  very low c o e f f i c i e n t  of thermal  expansion and v h i c h  can  
be made from l u n a r  m a t e r i a l .  Such a material is v i t a l  t o  c o n s t r u c t i o n  o f  
t h e  SPS microwave an t enna ,  and would be u s e f u l  i n  o t h e r  s t r u c t u r a l  
a p p l i c a t i o n s .  Recent work on l u n a r  c o n c r e t e  is promising,  and should  be 
encouraged. A g l a s s - m e t a l  composi te  would probably be  i d e a l .  

The microwave l e n s  concept  r e p o r t e d  i n  t h i s  study shou ld  be v e r i f i e d  and 
i n v e s t i g a t e d .  I f  v a l i d ,  this concept  cou ld  g r e a t l y  improve SPS economics. 

- 
The GaAs c o n c e n t r a t o r  de s ign  should  be  thoroughly  opt imized.  It may be 
p o s s i b l e  t o  reduce  both t h e  t o t a l  mass and t h e  non-lunar mass by more than  
ha l f .  T h i s  would make t h e  GaAs des ign  more economical t h a n  s i l i c o n  p l a n a r ,  
i f  s i l i c o n  cannot  be r e p e a t e d l y  annea led  o r  i f  manufacture  of s i l i c o n  cel ls  
i n  apace  proves  t o  be ve ry  c o s t l y .  

Moving b e l t  r a d i a t o r  t echnology  should  be fol lowed c l o s e l y .  I f  an i%R can  
be b u i l t  from l u n a r  material, i t  has  p o t e n t i a l  t o  g r e a t l y  reduce  t h e  mass of 
a l l  the power conve r s ion  sys tems  which r e q u i r e  a c t i v e  coo l ing .  

TPV and S t i r l i n g  t e c h n o l o g i e s  should  be fol lowed.  Major improvements are 
p o s s i b l e  i n  e i t h e r  o f  t h e s e  t e c h n o l o g i e s ,  and cou ld  make TPV o r  S t i r l i n g  
s t r o n g  c a n d i d a t e s  f o r  SPS power convers ion.  T h i s  is  e s p e c i a l l y  t r u e  i f  a 
l i g h t w e i g h t  l u n a r  r a d i a t o r  such  as t h e  MBR can  be developed. 
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AR 
CMG 
CPC 
CTE 
GaAs 
HPR 
LDR 
LMR 
MHD 
MFm 
MTI 
NLM 
PDS 
S i  
SPS 
SRA 
SSI 
TPV 

LIST OF ACRONYM ' & ABBREVIATIONS 

Aspect Ratio 
Control  Moment Gyro 
Compound Parabol ic  Concentrator 
Coef f i c i en t  of Thermal Expansion 
Gallium Arsenide 
Heat Pipe Radiator  
Liquid Droplet  Radiator 
Lfquid Metal Radiator  
MagnetoHydroDynamic 
Microwave Power Transmission System 
Mechanical Technology, Inc.  
Non-Lunar Mass 
Power D i s t r i b u t i o n  System 
S i l i c o n  
So la r  Power S a t e l l i t e  
Space Research Associa tes  
Space S tud ies  I n s t i t u t e  
ThermoPhotoVoltaic 


