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OPERATIONAL MODULES FOR SPACE STATION CONSTRUCTION 

L. Robert  Jackson, Paul L. Moses*, 
Stephen J. S c o t t i *  and Max L. B losser  

NASA Langley Research Center 

SUMMARY 

I d e n t i f i c a t i o n  o f  an e f f e c t i v e  c o n s t r u c t i o n  concept f o r  space s t a t i o n s  i s  a 

c u r r e n t  o b j e c t i v e  o f  NASA s tud ies  ( re f .  1). A novel  c o n s t r u c t i o n  concept i s  des- 

c r i b e d  i n  t h i s  t e c h n i c a l  memorandum. With t h i s  concept, t h e  space s t a t i o n  i s  con- 

s t r u c t e d  by r e p e t i t i v e  assembly o f  opera t iona l  modules. The i n i t i a l  space s t a t i o n  

component i n s e r t e d  i n t o  o r b i t  i s  a f u l l y  ope ra t i ona l  manned module. Th is  cons t ruc -  

t i o n  concept minimizes o n - o r b i t  s tay  t i m e  o f  t h e  s h u t t l e ,  because t h e  s h u t t l e  i s  n o t  

needed f o r  l i f e  suppor t  d u r i n g  assembly o f  t h e  s t a t i o n .  

assembled i n  a ground-based f a c i l i t y  t o  enable i n t e g r a t i o n  and v e r i f i c a t i o n  o f  sys- 

The modules may be p r e -  

tems. Th is  f e a t u r e  improves r e l i a b i l i t y  o f  space opera t ions  over s t a t i o n s  cons t ruc ted  

i n  space. 

s t r u c t u r e  o f  t h e  space s t a t i o n .  

For t h i s  concept, t h e  s t r u c t u r e  o f  t h e  modules a l s o  prov ides  t h e  pr imaryr  

This f e a t u r e  e l i m i n a t e s  t h e  need f o r  a l a r g e  t r u s s -  

t y p e  p la t fo rm,  so s h u t t l e  t r i p s  a re  minimized and s tay  t ime  i s  f u r t h e r  reduced. 

The modules con ta in  a 44 f t  long compartment t h a t  may be p ressu r i zed  hav ing  

e i t h e r  a 10.5 f t  o r  14.5 f t  diameter. Once i n  o r b i t ,  t h e  smal le r  compartment 

module i s  f u l l y  ope ra t i ona l  and ready f o r  immediate occupancy. The l a r g e r  com- 

partment module uses b a t t e r i e s  f o r  temporary opera t ion ,  bu t  must be connected 

t o  a smal le r ,  f u l l y  ope ra t i ona l  module o r  have s o l a r - c e l l  a r rays  a t tached i n  

o r b i t  t o  become f u l l y  o p e r a t i o n a l ,  The l a r g e r  compartment, however, p rov ides  

more u s e f u l  volume. A l l  modules have a common o v e r a l l  space requirement o f  

14.5 ft diameter and 46 f t  l e n g t h  t o  enable t r a n s p o r t  t o  o r b i t  by t h e  s h u t t l e .  

* Kentron I n t e r n a t i o n a l  , I i l c .  
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The modules a r e  in te rchangeab le ,  and any module may be rep laced w i t h o u t  

d i s m a n t l i n g  the  space s t a t i o n .  Various arrangements and numbers o f  modules 

may be se lec ted  t o  form a space s t a t i o n  c o n f i g u r a t i o n .  

i s  p rov ided by i n t e r c o n n e c t i n g  tunne ls  f o r  personnel  and an assembly t r a n s p o r t  

Convenient a c c e s s i b i l i t y  

v e h i c l e  on t racks  f o r  t r a n s p o r t  of personnel and cargo. This novel c o n s t r u c t i o n  

concept makes maximum use o f  Skylab and Spacelab techno log ies .  Moreover, space 

s t a t i o n  growth i s  p rov ided  by adding modules when needed. 

Th is  memorandum desc r ibes  and discusses space s t a t i o n s  u s i n g  t h e  novel 

c o n s t r u c t i o n  concept. 

a re  a l s o  described. 

o r i e n t a t i o n s  are presented, and analyses o f  s o l a r  power requirements a re  inc luded.  

Opera t iona l  modules and an assembly t r a n s p o r t  vehi c l  e 

Seven space s t a t i o n  c o n f i g u r a t i o n s  and s o l a r - c e l l - a r r a y  

INTRODUCTION 

P r i n c i p a l  j u s t i f i c a t i o n s  f o r  t h e  space s h u t t l e  were t o  p rov ide  t h e  capa- 

b i l i t i e s  t o  cons t ruc t  and s e r v i c e  a space s t a t i o n ,  and a p r i n c i p a l  j u s t i f i c a t i o n  

f o r  a space s t a t i o n  i s  t o  enable p roduc t i on  of s p e c i a l i z e d  m a t e r i a l s  i n  t h e  zero-  

g r a v i t y  and vacuum o f  E a r t h  o r b i t .  Ze ro -g rav i t y  and t h e  near -pe r fec t  vacuum o f  

space un ique ly  enable p r o d u c t i o n  o f  se lec ted  pharmaceut icals and growth of s i n g l e -  

c r y s t a l  m a t e r i a l s  f o r  e l e c t r o n i c  and s t r u c t u r a l  a p p l i c a t i o n s .  A f u r t h e r  j u s t i f i -  

c a t i o n  f o r  a space s t a t i o n  i s  t o  p rov ide  a space p o r t  f o r  o r b i t a l  t r a n s f e r  v e h i c l e s  

used t o  p l a c e  payloads i n t o  d i s t a n t  o r b i t s .  

The cons t ruc t i on  of a space s t a t i o n  i s  a fo rm idab le  task  r e q u i r i n g  i n n o v a t i v e  

s o l u t i o n s  t o  be e f fec t i ve .  Various space s t a t i o n  c o n s t r u c t i o n  concepts a r e  b e i n g  

considered, b u t  these concepts general l y  requ i  r e  ex tens i ve  and expensive on-orbi  t 

c o n s t r u c t i o n  and d i f f i c u l t  system checkout i n  o r b i t ,  which may c o n t r i b u t e  t o  poor 

r e l i a b i l i t y .  Some o f  t hese  conceptual space s t a t i o n  c o n s t r u c t i o n s  a r e  massive 

y e t  s t r u c t u r a l l y  f l e x i b l e ,  so they  have low n a t u r a l  f requencies making a t t i t u d e  

. 
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control d i f f i cu l t  o r  impractical. Other construction concepts make use of e i ther  

extensive t russ  structures t o  which functional compartments are attached o r  in te r -  

connected modules that  are n o t  ful ly  operational u n t i l  completion of the s ta t ion .  

Either of these concepts may require numerous shut t le  f l i gh t s  and excessive on- 

orbi t  s t a y  time for construction. Some concepts require d i f f i c u l t ,  awkward t rans-  

portation of personnel and cargo t o  the extremities of the s ta t ion.  None of the 

above construction concepts provides immediate occupancy of the f i r s t  space s ta t ion 

component inserted into o r b i t .  The shuttle o rb i t e r ,  therefore, must remain on-orbit 

for  a period of time t o  provide l i f e  support and i t s  use rate i s  degraded. 

An  e f f ic ien t ,  s t i f f ,  compact, user-oriented, re l iable  and economical, space- 

station-construction concept i s  needed t h a t  offers  a minimum of t r i p s  and on- 

orbi t  s t a y  time for  the shut t le .  

such a concept. 

The purpose of t h i s  memorandum i s  t o  describe 

SYMBOLS 

A 

f 

solar-cell  -array area 

Ratio of amount of sunlight transmitted into 

angle of incidence compared t o  amount transm 

solar  ce l l s  a t  an 

t t ed  a t  normal 

incidence (contains reflection and cosine losses)  

average o f  f over an orbit of Earth 

index of refraction i n  media o f  incident l igh t  

index of refraction i n  media of refracted l i g h t  

power continuously supplied t o  the bus 

power o u t p u t  of the solar-cell array 

ra t io  of reflected t o  incident power normalized t o  zero a t  normal 

i nci dence 

f 

n i  

n t  

PB 

PS/A 

R 

P Angle hetween o r b i t a l  plane and Earth-sun l ine  
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Y 

'I1 

'12 

P 

s o l a r - c e l l  a r r a y  " r o l l "  angle (see t e x t )  

power d i  s t r i b u t  i on e f  f i c i  ency 

energy s to rage system e f f i c i e n c y  

r a t i o  of r e f l e c t e d  t o  i n c i d e n t  power 

r a t i o  o f  r e f l e c t e d  t o  i n c i d e n t  power a t  normal inc idence 

o r b i t  p o s i t i o n  angle o f  t h e  space s t a t i o n  (zero  f o r  sun a t  z e n i t h )  

o r b i t  p o s i t i o n  angle o f  t h e  space s t a t i o n  when a v a i l a b l e  s o l a r -  

c e l l  -a r ray  power j u s t  equals bus demand 

o r b i t  p o s i t i o n  ang le  of  t h e  day-ni gh t  te r in i  n a t o r  

angle of l i g h t  i n c i d e n t  on array p lane (measured from plane 

norma 1 ) 

angle of l i g h t  r e f r a c t e d  by a r r a y  p lane 

ANALYSES 

Regardless o f  t h e  concept se lec ted  t o  c o n s t r u c t  a space s t a t i o n ,  t h e  l a r g e  

area o f  s o l a r - c e l l  a r rays  necessary t o  supply power t o  t h e  s t a t i o n  i s  t h e  

dominant fea ture .  Therefore,  t h e  c o n s t r u c t i o n  approach must i n c l u d e  p r o v i s i o n s  

f o r  suppor t i ng  a l a r g e  area o f  s o l a r - c e l l  a r rays .  The most impor tan t  f a c t o r s  

determi n i  ng t h e  amount o f  sol a r - c e l  1 -a r ray  area  requ i  r e d  t o  meet a s p e c i f i e d ,  

cont inuous power demand a r e  t h e  space s t a t i o n  C o n f i g u r a t i o n  and o r i e n t a t i o n  o f  

t h e  ar rays .  

used t o  descr ibe  severa l  d i f f e r e n t  c o n f i g u r a t i o n s  and o r i e n t a t i o n s .  The va r ious  

c o n f i g u r a t i o n s  r e s u l t  f rom t h e  l o c a t i o n  and number o f  sw ive l  j o i n t s  employed t o  

I n  t h i s  study, t h e  schematic c o n f i g u r a t i o n  shown i n  f i g u r e  1 i s  

e f f e c t  t h e  ar ray  o r i e n t a t i o n  and E a r t h - p o i n t i n g  c a p a b i l i t y .  The c o n f i g u r a t i o n s  ' 

a r e  discussed i n  more d e t a i l  i n  a l a t e r  s e c t i o n  o f  t h i s  memorandum. The remainder 

o f  t h i s  s e c t i o n  descr ibes  t h e  a n a l y t i c a l  method used t o  r e l a t e  power ou tpu t  t o  

& 

s o l a r - c e l l - a r r a y  o r i e n t a t i o n s  and areas. 
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I -  

I -  

For a g iven minimum cont inuous power r a t i n g  ( 7 5  kW i n  t h i s  s tudy) ,  t h e  

s o l a r - c e l l - a r r a y  o r i e n t a t i o n  o f  a c o n f i g u r a t i o n  w i t h  respect  t o  t h e  sun d e t e r -  

mines t h e  amount o f  s o l a r  energy i t  can conver t  t o  e l e c t r i c i t y ;  and thus ,  t h e  

o r i e n t a t i o n  s i zes  t h e  ar rays .  

The pr imary o p t i c a l  losses of so la r  energy a v a i l a b l e  f o r  convers ion t o  

e l e c t r i c i t y  a re  t h e  cos ine  l o s s  f o r  some o r i e n t a t i o n s  and n i g h t t i m e  l o s s  f o r  

a l l  o r i e n t a t i o n s .  The cos ine l o s s  occurs when t h e  angle between t h e  normal t o  

t h e  s o l a r  c e l l s  and t h e  sun d i r e c t i o n  ( s i )  i s  non-zero. 

i s  then reduced by t h e  cos ine o f  t h i s  angle. 

shadowing of  t h e  a r r a y  by t h e  Ear th.  

problem. The angle B i s  t h e  angle between t h e  o r b i t a l  p lane and t h e  sun-Earth 

l i n e .  This  angle v a r i e s  s low ly  w i t h  t h e  precess ion o f  t h e  o r b i t a l  p lane and t h e  

change o f  seasons a t  a maximum r a t e  o f  3.50/day f o r  a 28.80 i n c l i n a t i o n  o r b i t .  

The angle Y i s  de f i ned  f o r  a c o n f i g u r a t i o n  l i k e  t h a t  shown i n  f i g u r e  1 where 

t h e  l o n g i t u d i n a l  a x i s  i s  a l i g n e d  w i t h  t h e  o r b i t a l  v e l o c i t y  vector .  Then y i s  

a " r o l l "  angle f o r  t h e  s o l a r - c e l l  arrays.  The angle Y = 0 when a r rays  a re  

h o r i z o n t a l  and f a c i n g  away from t h e  Earth. The angle 0 i s  t h e  o r b i t a l  p o s i t i o n  

angle w i t h  6 = 0 a t  o r b i t a l  noon (sun a t  z e n i t h ) ,  and O s  i s  t h e  angle when 

t h e  Ear th  begins t o  shadow t h e  arrays. 

cos ine  l o s s  i s :  

The a v a i l a b l e  power 

The n i g h t t i m e  l o s s  i s  due t o  t h e  

F igure  2 i l l u s t r a t e s  t h e  geometry o f  t h i s  

With t h i s  d e f i n i t i o n  o f  geometry, t h e  

COS s i  = cos @ cos e cos Y + s i n  @ s i n  Y. 

Another o p t i c a l  l o s s  o f  t h e  s o l a r - c e l l  a r rays  f o r  o r i e n t a t i o n s  hav ing  a 

cos ine  l o s s  i s  r e f l e c t i o n  o f  i n c i d e n t  l i g h t .  So la r  c e l l  performance measurements 

i n c l u d e  t h e  l o s s  due t o  r e f l e c t i o n  o f  t h e  normal i n c i d e n t  l i g h t ,  b u t  t h e  r e f l e c -  

t i o n  loss r e s u l t i n g  f rom increases  i n  ang le -o f - inc idence must be considered. 

t y p i c a l  s i l i c o n  s o l a r  c e l l  cons i s t s  o f  an o p t i c a l l y  absorb ing semiconductor t o  

which a f i lm-coated  g lass covarslic!e i s  adhes ive ly  bonded. 

A 

This  composite 
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cons t  r u c t i  on makes exact a n a l y s i  s very d i  f f i c u l  t . However, because t h e  r e f  1 ec-  

t i v i t y  o f  bo th  d i e l e c t r i c s  and absorb ing  m a t e r i a l s  vary  i n  t h e  same q u a l i t a t i v e  

manner w i t h  i n c i d e n t  angle, one equa t ion  i s  used t o  c h a r a c t e r i z e  t h e  amount of 

l i g h t  t r a n s m i t t e d  t o  t h e  c e l l .  

o f  a d i e l e c t r i c ,  which i s  normal ized  t o  zero  r e f l e c t i o n  a t  normal inc idence.  

The f r a c t i o n  o f  i n c i d e n t  energy t r a n s m i t t e d  i n t o  t h e  c e l l  i s  then ( 1  - H )  (Ref. 

2) ; where : 

This equat ion  i s  based on t h e  r e f l e c t a n c e  (R) 

The q u a n t i t i e s  n i  and n t  used f o r  c a l c u l a t i o n s  were 1.0 and 1.5, r e s p e c t i v e l y .  

Resu l t s  u s i n g  t h i s  equat ion  compare w e l l  w i t h  t e s t s  o f  s o l a r  c e l l s  repo r ted  i n  

Reference 3 up t o  an 800 angle o f  inc idence.  

The r a t i o  o f  t h e  amount o f  s o l a r  r a d i a t i o n  t r a n s m i t t e d  i n t o  a s o l a r  c e l l  

a t  an ang le  o f  inc idence compared t o  t h e  amount t r a n s m i t t e d  i n t o  a c e l l  a t  

normal inc idence i s  f; where: 

The r a t i o  f inc ludes  bo th  cos ine  and r e f l e c t i o n  losses  and i s  de f ined t o  be zero  

when ci > 90'. 

To determine t h e  power ou tpu t  of t h e  s o l a r - c e l l  a r ray ,  t h e  a r r a y  e f f i c i e n c y  

The performance o f  a and degradat ion  w i t h  t i m e  i n  o r b i t  must be considered. 

s i l i c o n  SEP-type a r r a y  ( r e f .  4) a t  b e g i n n i n g - o f - l i f e  i s  10.0 w a t t s / f t *  f o r  sun- 
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l i g h t  a t  normal inc idence (va lue  obtained from John Dunning, NASA Lewis Research 

Center (PIR No. 29, June 1983)). 

w i l l  decrease t h e  performance t o  8.32 w a t t s / f t 2 ,  based on t h e  measured degradat ion  

o f  Skylab ar rays  (Ref. 5). 

by : 

The a r r a y  degradat ion  a t  e n d - o f - l i f e  (10  yea rs )  

The s o l a r - c e l l - a r r a y  power a t  end o f  l i f e  i s  g i ven  

PS/A = 8.32 f A, 

where A i s  t h e  a r r a y  area. 

To determine t h e  s o l a r - c e l l - a r r a y  area r e q u i r e d  t o  meet a cont inuous power- 

bus demand, PB, bo th  t h e  power d i s t r i b u t i o n  e f f i c i e n c y  q1  and t h e  energy s t o r -  

age system e f f i c i e n c y  '12 need t o  be considered. 

a v a i l a b l e  for  use i n  t h e  space s t a t i o n  i s  r 1 1  Ps/A,  and t h e  amount o f  a v a i l a b l e  

power t h a t  exceeds t h e  demand Pg can be used t o  charge t h e  s to rage system. 

a v a i l a b l e  power i s  l e s s  than the  demand, t h e  s to rage system must supply  power 

pB - r l l  Ps/A; and t h e  power t h a t  was r e q u i r e d  t o  charge t h e  system t o  meet t h a t  

demand i s  (PB - '11 P s / A ) / I ~ ~ .  

excess power, which i s  c o l l e c t e d  and s t o r e d  d u r i n g  an o r b i t ,  equals t h e  amount 

requ i red  t o  meet t h e  demand when there i s  no excess. 

t h e  f o l l o w i n g  equat ions:  

The s o l a r - c e l l - a r r a y  power 

When 

The array area must be s i z e d  so t h a t  t h e  

Th is  r e l a t i o n  i s  g iven  by 

and 

O D  = P ~ / ( 8 . 3 2  '11 A f ) .  

The angle eb i s  t h e  o r b i t  p o s i t i o n  of t h e  s t a t i o n  when t h e  a v a i l a b l e  s o l a r -  

c e l l - a r r a y  power j u s t  equals t h e  demand. When t h e  a v a i l a b l e  s o l a r - c e l l - a r r a y  

power cannot meet the  demand throughout d a y l i g h t  hours,  t h e  two equat ions must 

be so lved s imul taneously  f o r  OD and A. When t h e  a r r a y  can s a t i s f y  t h e  
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d a y l i g h t  demand, t h e  f i r s t  equat ion  simp 

area; g iven  as: 

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

The 

f o r  

( Va 

A = C(n - os)/ (os  n2) + 11 P~/C8*32 ( n / o s )  7 ~ 1 1 ,  

where 7 i s  t h e  average o f  f over an o r b i t  and g i ven  by t h e  f o l l o w i n g  

O S  
T = 1 / 7 1  f do .  

0 

s o l a r - c e l l - a r r a y  area c a l c u l a t i o n s  u s i n g  these equat ions assumed 

power d i s t r i b u t i o n  e f f i c i e n c y  and 112 = 0.80 f o r  b a t t e r y  s to rage 

ues were obtained from Haro ld  Huie, MSFC, by personal  communicat 

RESULTS AND D I S C U S S I O N  

equa t ion  : 

'11 = 0.85 

e f  f i c i  ency . 
on) .  

Space S t a t i o n  Con f igu ra t i ons  and O r i e n t a t i o n s  

The opera t iona l  modules descr ibed i n  t h i s  paper may be arranged t o  fo rm 

va r ious  space s t a t i o n  c o n f i g u r a t i o n s  w i t h  d i f f e r e n t  s o l a r - c e l l  a r r a y  o r i e n t a -  

t i o n s .  Two types o f  sw ive l  j o i n t s ,  shown as A and B i n  f i g u r e  l ,  were con- 

s ide red  f o r  improving t h e  o r i e n t a t i o n  of t h e  s o l a r - c e l l  a r rays  w i t h  respec t  t o  

t h e  sun and t o  p rov ide  an E a r t h - p o i n t i n g  c a p a b i l i t y  f o r  some c o n f i g u r a t i o n s .  

"A"  sw ive l  a l lows a l l  s o l a r  a r rays  t o  be s imu l taneous ly  r o t a t e d  abo.ut t h e  l o n g i -  

t u d i n a l  a x i s  o f  t h e  s t a t i o n .  Th is  r o t a t i o n  i s  about an a x i s  tangent t o  t h e  

o r b i t a l  f l i g h t  path when t h e  l o n g i t u d i n a l  a x i s  o f  t h e  s t a t i o n  i s  i n  t h e  d i r e c t i o n  

o f  mot ion (Th is  corresponds d i r e c t l y  t o  t h e  ang le  Y i n  t h e  a n a l y s i s ) .  The "B" 

swive l  a l l ows  each s o l a r - c e l l  a r r a y  t o  be r o t a t e d  about i t s  l o n g i t u d i n a l  a x i s .  

Seven space s t a t i o n  c o n f i g u r a t i o n s  were considered. 

r e l a t i v e  e f fec t i veness  of t h e  s o l a r - c e l l  a r r a y  o r i e n t a t i o n  was ca l cu la ted ,  and 

t h e  a r rays  were s i zed  t o  p r o v i d e  a minimum of 75 kW of cont inuous power. 

a r r a y  s i z e  was ca l cu la ted  f o r  each c o n f i g u r a t i o n  a t  o r b i t s  o f  235 and 270 n.mi . 
and a t  t h e  l i m i t i n g  B 

The 

For each c o n f i g u r a t i o n  t h e  

The 

angles o f  0 and 52 degrees, and r e s u l t s  a r e  shown i n  

L 
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Table I .  

shown i n  Table 11. The seven con f igu ra t i ons  considered and t h e i r  r e l a t i v e  a r r a y  

areas and power ou tpu t  ranges a re  descr ibed as f o l l o w s :  

The range o f  cont inuous power ou tpu t  a v a i l a b l e  over a y e a r l y  c y c l e  i s  

1. Sun-synchronous space s t a t i o n  Con f igu ra t i on :  Th is  c o n f i g u r a t i o n  has 

no swive l  j o i n t s .  The e n t i r e  space s t a t i o n  i s  o r i e n t e d  so t h a t  t h e  s o l a r  

r a d i a t i o n  i s  always normal t o  t h e  s o l a r - c e l l  a r rays  (E.i = 0, R = 0). The 

a r rays  do no t  shade each o t h e r  and, consequently, operate a t  f u l l  capac i t y  

when no t  i n  t h e  shadow o f  t h e  Ear th.  

c e l l - a r r a y  area, bu t  i t  has h i g h  aerodynamic drag and no Ear th -po in t i ng  capa- 

b i l i t y .  

s o l a r - c e l l  a r rays  o f  t h i s  c o n f i g u r a t i o n  produce between 75 and 87 kW d u r i n g  a 

y e a r l y  c y c l e  i n  t h e  270 n.mi. o r b i t  (see Table 11). 

This  c o n f i g u r a t i o n  o f f e r s  t h e  l e a s t  s o l a r -  

When s i zed  t o  p rov ide  a minimum o f  75 kW o f  cont inuous power, t h e  

2. Sun-synchronous-array c o n f i g u r a t i o n :  Th is  c o n f i g u r a t i o n  has A and B 

swive l  j o i n t s  shown i n  f i g u r e  1, and t h e  l o n g i t u d i n a l  a x i s  o f  t h e  s t a t i o n  i s  

perpend icu la r  t o  t h e  o r b i t a l  p lane. ( t i  = 0, R = 0). The a r rays  must be 

spaced w i t h  gaps about equal t o  t h e  a r r a y  width.  

h a l f  as many ar rays  a re  used per  module as f o r  t h e  f i r s t  c o n f i g u r a t i o n ,  o r  t h e  

space s t a t i o n  i s  t w i c e  as l o n g  t o  avoid shadowing. F u l l  power capac i t y  i s  

achieved when no t  i n  t h e  shadow o f  the Earth.  

s o l a r - c e l l - a r r a y  area w i t h  t h e  f i r s t  c o n f i g u r a t i o n .  

b i l i t y ,  b u t  h i g h  dray.  The a r rays  must be r o t a t e d  about t h e  l o n g i t u d i n a l  a x i s  

o f  t h e  s t a t i o n  d u r i n g  each o r b i t  o f  t h e  Ear th  and o s c i l l a t e d  s low ly  about t h e i r  

l o n g i t u d i n a l  axes t o  c o r r e c t  f o r  v a r i a t i o n s  o f  be ta  angle. As i n d i c a t e d  i n  

Tables I and 11, t h i s  c o n f i g u r a t i o n  has t h e  same a r r a y  area and v a r i a t i o n  i n  

y e a r l y  power genera t ion  as t h e  sun-synchronous c o n f i g u r a t i o n .  

For a g iven module l eng th ,  

Th is  c o n f i g u r a t i o n  shares l e a s t  

It has E a r t h - p o i n t i n g  capa- 

3. Rota t ing-ar ray  con f igu ra t i on :  Th is  c o n f i g u r a t i o n  a l s o  i s  o r i e n t e d  w i t h  

l o n g i t u d i n a l  a x i s  perpend icu ia r  t o  the  orbi ta l  p l a n e .  The "A" s w i v e l  (see f i g i i r e  
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1) i s  used t o  r o t a t e  t h e  s o l a r - c e l l  a r rays  r e l a t i v e  t o  t h e  E a r t h - p o i n t i n g  modules 

each o r b i t  so t h a t  t h e  a r r a y  o r i e n t a t i o n  i n  i n e r t i a l  space i s  n e a r l y  cons tan t .  

This o r i e n t a t i o n  has r e f l e c t i o n  and cos ine  losses  when t h e  be ta  ang le  i s  n o t  

equal t o  zero  ( t i  = 13, R > 0). It has h i g h  d rag  and r e q u i r e s  1.4 t imes 

t h e  s o l a r - c e l l - a r r a y  area o f  t h e  sun-synchronous space s t a t i o n  (see Table I ) .  

The outpu t  power ranges from 75 t o  108 kW over  a y e a r l y  c y c l e  (see Table 11). 

4. Osci 1 l a t i  ng-array gamma-control l e d  c o n f i g u r a t i o n :  This c o n f i g u r a t i o n  

has bo th  t h e  A and B sw ive l  j o i n t s ,  and i t s  l o n g i t u d i n a l  a x i s  i s  tangent t o  t h e  

o r b i t .  It o f f e r s  E a r t h - p o i n t i n g  c a p a b i l i t y  and no r e f l e c t i o n  l o s s  f rom t h e  

b u t  some c e l l s  a r e  shadowed by ad jacent  a r rays  and a l l  

a ted  d u r i n g  each o r b i t  (cos c i  i s  con t inuous ly  maximized 

e ) .  It o f f e r s  less  drag than  t h e  f i r s t  t h r e e  c o n f i g u r a t i o n s .  

I s o l a r  c e l l s  (R = 0), 

a r rays  must be o s c i l  

by v a r y i n g  t h e  Y ang 

The s o l a r - c e l l  -array area i s  about 1.9 t imes t h a t  o f  t h e  sun-synchronous space 

s t a t i o n .  Over a y e a r l y  cyc le ,  t h e  power ou tpu t  v a r i e s  f rom 75 t o  142 kW i n  

t h e  270 n.mi. o r b i t .  

5. Gamma-angle-controlled c o n f i g u r a t i o n :  Th is  c o n f i g u r a t i o n  has o n l y  t h e  

"A" sw ive l  j o i n t ,  which i s  o s c i l l a t e d  d u r i n g  each o r b i t  o f  Ear th  (cos i s  con- 

t i n u o u s l y  maximized by va ry ing  t h e  y ang le) .  

and no shadowing by ad jacent  a r rays ,  b u t  i t  has r e f l e c t i o n  and cos ine  losses  

(R > 0).  

o f  a l l  con f igura t ions ,  b u t  i t  r e q u i r e s  about 2.0 t imes  t h e  a r r a y  area o f  t h e  

sun-synchronous space s t a t i o n .  Over a y e a r l y  cyc le ,  t h e  power ou tpu t  v a r i e s  

f rom 75 t o  149 kW i n  t h e  270 n.mi . o r b i t .  

It has E a r t h - p o i n t i n g  c a p a b i l i t y  

I t s  l o n g i t u d i n a l  a x i s  i s  tangent  t o  t h e  o r b i t .  I t s  d rag  i s  t h e  lowest  

6. Be ta-ang le-cont ro l led  c o n f i g u r a t i o n :  Th is  c o n f i g u r a t i o n  i s  very s i m i l a r  

t o  c o n f i g u r a t i o n  5 and has t h e  same a x i s  o r i e n t a t i o n .  

o s c i l l a t i n g  t h e  s o l a r - c e l l  a r rays  every o r b i t ,  t h i s  c o n f i g u r a t i o n  o s c i l l a t e s  t h e  

a r rays  over a longer p e r i o d  o f  50 days ( o r b i t a l  p lane  precess ion  p e r i o d )  t o  

However, r a t h e r  than 
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match t h e  beta angle a t  l o c  1 Ear th -  o i n t i n g  c a p a b i l i t y  

and no shadowing, b u t  i t  has r e f l e c t i o n  and cos ine  losses. 

requ i res  2.1 t imes t h e  a r r a y  area o f  t h e  sun-synchronous space s t a t i o n .  Over a 

y e a r l y  cyc le ,  t h e  normal power output  v a r i e s  from 75 t o  136 kW i n  t h e  270 n.mi. 

o r b i t ;  however, f o r  per iods  of  peak power demand t h e  ou tpu t  v a r i e s  f rom 157 t o  

183 kW when r e o r i e n t e d  t o  become a sun-synchronous s t a t i o n  (see Table 11). 

f i g u r a t i o n  6 i s  about equal l e n g t h  t o  c o n f i g u r a t i o n  2, bu t  has 2.1 t imes t h e  

a r r a y  area. 

Th is  c o n f i g u r a t i o n  

Con- 

The s l i g h t  inc rease i n  s o l a r - c e l l - a r r a y  s i z e  over t h e  f i f t h  c o n f i g -  

u r a t i o n  r e s u l t s  i n  o n l y  a s l i g h t  increase i n  drag. 

se lec ted  f o r  study and r e p o r t i n g  i n  t h i s  memorandum. 

Th is  c o n f i g u r a t i o n  was 

7. Ea r th -po in t i ng  space s t a t i o n :  This  c o n f i g u r a t i o n  has no swive l  j o i n t s  

and t h e  e n t i r e  s t a t i o n  i s  i n  an Ear th -po in t i ng  o r i e n t a t i o n  (Y = 0, R > 0). 

has r e f l e c t i o n  and cos ine  losses. It requ i res  t h e  l a r g e s t  s o l a r - c e l l - a r r a y  area 

(about 3.6 t imes t h a t  o f  t h e  sun-synchronous space s ta t i on )and  has low drag. 

a y e a r l y  cyc le ,  t h e  power ou tpu t  var ies  f rom 75 t o  130 kW i n  a 270 n.mi . o r b i t .  

It 

Over 

The be ta -ang le -con t ro l l ed  c o n f i g u r a t i o n  ( 6 )  was se lec ted  fo r  t h i s  study. 

Al though t h e  sun-synchronous space s t a t i o n  c o n f i g u r a t i o n  (1) r e q u i r e s  l e s s  than  

h a l f  o f  t h e  s o l a r - c e l l - a r r a y  area, i t  was no t  se lec ted  because i t  has h i g h  drag  

and no Ear th -po in t i ng  c a p a b i l i t y  f o r  any module. The sun-synchronous a r ray  con- 

f i g u r a t i o n  (2 )  a l s o  requ i res  l e s s  than h a l f  o f  t h e  s o l a r - c e l l - a r r a y  area o f  con- 

f i g u r a t i o n  6 and, a l though t h e  modules w i t h  a r rays  are  r o t a t e d  d u r i n g  each o r b i t  

about t h e  l o n g i t u d i n a l  a x i s  o f  t h e  space s t a t i o n ,  o n l y  f r i c t i o n a l  f o rces  i n  sw ive l  

j o i n t  "A" must be overcome t o  main ta in  Ear th-poi  n t i  ng capabi 1 i t y  . 
ar rays  perpend icu la r  t o  t h e  s o l a r  r a d i a t i o n  r e q u i r e s  on ly  a slow o s c i l l a t i o n  

(3.50/day) o f  each a r r a y  about i t s  own l o n g i t u d i n a l  a x i s  t o  c o r r e c t  f o r  t h e  

v a r i a t i o n  i n  beta angle. 

i t  was n o t  se lec ted ;  because i t  has n i g h  aerodynamic drag, requ i res  several 

Keeping t h e  

Although t h e  second c o n f i g u r a t i o n  looks  promis ing,  
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swive l  j o i n t s  and r e q u i r e s  a complete r o t a t i o n  d u r i n g  each o r b i t  o f  sw ive l  j o i n t  

" A " ,  which may compl ica te  space s t a t i o n  c o n t r o l  and t r a n s f e r  o f  personnel and 

m a t e r i a l  across t h e  j o i n t .  C o n f i g u r a t i o n  3 i s  s i m i l a r  t o  c o n f i g u r a t i o n  2 b u t  
I 

does n o t  o s c i l l a t e  each a r r a y  about i t s  own a x i s  and consequently r e q u i r e s  a 40 

percent  l a r g e r  array area. It was n o t  se lec ted ,  because i t  has h i g h  aerodynamic 

drag and i t s  swivel j o i n t  i s  r o t a t e d  360 degrees d u r i n g  each o r b i t  (24@/hr ) .  

The c o n f i g u r a t i o n s  4 and 5 a l s o  r e q u i r e  r a p i d  o s c i l l a t i o n  o f  s o l a r - c e l l  a r r a y s  

d u r i n g  each o r b i t  and were n o t  se lec ted ;  because, a l though t h e i r  a r rays  a r e  

s l i g h t l y  smal le r  than c o n f i g u r a t i o n  6 ( c o n f i g u r a t i o n  6 has a slow o s c i l l a t i o n ) ,  

t h e  r a p i d  o s c i l l a t i o n s  may r e q u i r e  cons iderab le  power consumption, produce s t r u c  

t u r a l  dynamic i n s t a b i l i t i e s  and r e s u l t  i n  d i f f i c u l t  c o n t r o l  o f  space s t a t i o n  

o r i e n t a t i o n .  The E a r t h - p o i n t i n g  c o n f i g u r a t i o n  7 does no t  have these c o n t r o l  

problems; however, i t  was n o t  se lec ted ,  because i t  r e q u i r e s  much l a r g e r  a r r a y s  

than  t h e  be ta -ang le -con t ro l l ed  c o n f i g u r a t i o n  ( 6 ) .  Moreover, c o n f i g u r a t i o n  6 

o f f e r s  f l e x i b l e  ope ra t i on  th rough i t s  a b i l i t y  t o  double i t s  power ou tpu t  f o r  

pe r iods  o f  peak demand. Although c o n f i g u r a t i o n s  2 and 6 look  promising, t h e  

be ta -ang le -con t ro l l ed  c o n f i g u r a t i o n  was se lec ted ;  because i t  p o t e n t i a l l y  o f f e r s  

t h e  bes t  combination o f  performance and a r r a y  s i ze .  

Space S t a t i o n  D e s c r i p t i o n  

The p r i n c i p a l  r e s u l t  o f  t h i s  study i s  a nove l ,  space-s ta t ion  c o n s t r u c t i o n  

concept u s i n g  modules t h a t  a r e  ope ra t i ona l  upon o r b i t  i n s e r t i o n  and a l s o  p rov ide  

t h e  pr imary  s t r u c t u r e  o f  t h e  space s t a t i o n ,  as shown i n  f i g u r e s  3 and 4. The use 

of ope ra t i ona l  modules pe rm i t s  assembly of t h e  e n t i r e  space s t a t i o n  i n  a ground- 

based f a c i l i t y  t o  enable i n t e g r a t i o n  and v e r i f i c a t i o n  of systems. A d d i t i o n a l l y ,  

a mock-up cons t ruc ted  o f  o p e r a t i o n a l  modules may be main ta ined on Ear th  t o  a s s i s t  
c 

space opera t ions  throughout t h e  u s e f u l  l i f e  o f  t h e  s t a t i o n .  These fea tures  should 
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improve r e l i a b  

space. Operat 

thus  a minimum 

s h u t t l e  i s  n o t  

concepts t h a t  

l i t y  o f  s t a t i o n  operat ions over  t h a t  of s t a t i o n s  cons t ruc ted  i n  

onal modules enable immediate occupancy upon o r b i t  i n s e r t i o n ,  

o f  o n - o r b i t  s t a y  t i m e  i s  r e q u i r e d  o f  t h e  s h u t t l e .  That i s ,  t h e  

needed t o  p r o v i d e  l i f e  support  as i t  would be f o r  c o n s t r u c t i o n  

n i t i a l l y  r e q u i r e  e i t h e r  an ex tens i ve  t r u s s - t y p e  p l a t f o r m  p r i o r  t o  

mounting h a b i t a b l e  compartments o r  an i n t e r c o n n e c t i o n  of severa l  non-opera t iona l  

modules. 

space s t a t i o n  prov ides  a v o l u m e t r i c a l l y  e f f i c i e n t ,  s t i f f  s t r u c t u r e  f o r  t h e  

s t a t i o n .  This f e a t u r e  minimizes t h e  need f o r  a d d i t i o n a l  s t r u c t u r e  and should 

reduce t h e  number of t r i p s  and on-orb i t  s t a y  t ime  f o r  t h e  s h u t t l e  compared t o  

o t h e r  c o n s t r u c t i o n  concepts. 

The s i z e  o f  t h e  s t a t i o n  i s  based on s u f f i c i e n t  s o l a r - c e l l - a r r a y  area 

Use o f  ope ra t i ona l  modules t o  p r o v i d e  t h e  p r imary  s t r u c t u r e  o f  t h e  

(40,000 f t 2 )  t o  produce 75 kw o f  continuous power f o r  pe r iods  o f  normal opera t ion .  

For pe r iods  o f  peak power demand, t h e  s t a t i o n  may be t e m p o r a r i l y  r e o r i e n t e d  t o  

become a sun-synchronous space s t a t i o n  produc ing  157 kw o f  cont inuous power. 

However, d u r i n g  t h i s  temporary r e o r i e n t a t i o n ,  t h e  space s t a t i o n  w i l l  n o t  have 

E a r t h - p o i n t i n g  capabi 1 i t y .  Because t h e  s o l a r - c e l l  a r rays  a r e  o f  t h e  SEP t y p e  

( r e f .  4) ,  they  can be r e t r a c t e d  f o r  t h e  r e o r i e n t a t i o n  maneuver. To min imize  

aerodynamic drag f o r  normal opera t ion ,  t h e  p lane o f  t h e  s o l a r - c e l l  a r rays  i s  

ma in ta ined tangent t o  t h e  o r b i t a l  f l i g h t  path;  and t h e  s o l a r - c e l l  a r r a y s  t r a i l  

t h e  l e a d i n g  modules t h a t  have no arrays. However, an aerodynamical ly balanced 

c o n f i g u r a t i o n  may be cons t ruc ted  by l o c a t i n g  some o f  t h e  modules hav ing  a r rays  

forward o f  t h e  E a r t h - p o i n t i n g  modules, b u t  a second sw ive l  j o i n t  i s  needed. 

I n  a d d i t i o n  t o  p r o v i d i n g  l i v i n g  quar te rs ,  a s u f f i c i e n t  number o f  modules 

can be prov ided t o  s a t i s f y  t h e  f o l l o w i n g  func t i ons :  research, pharmaceut ical  

p roduc t ion ,  c r y s t a l  manufactur ing,  e l e c t r i c a l  power management, space s t a t i o n  

c o n t r o l ,  u t i l i t y  management, dockiiig, and propellant s tz rage.  The prcpe!!ants 
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a re  needed f o r  r e f u e l i n g  o r b i t a l  t r a n s f e r  v e h i c l e s  based a t  t h e  space s t a t i o n .  

The i n h a b i t e d  modules have on-board 1 i fe-support  systems, thus  s a f e t y  i s  enhanced 

i n  event o f  u t i l i t y  management module f a i l u r e .  

by adding modules o n l y  when needed s ince  a l l  modules have common i n t e r f a c e s  

( i n t e r c h a n g e a b i l i t y  f e a t u r e ) ;  tha t  i s ,  i t  i s  n o t  necessary t o  i n i t i a l l y  c o n s t r u c t  

an overs ized support s t r u c t u r e  f o r  f u t u r e  expansion o f  t h e  space s t a t i o n .  

Space s t a t i o n  growth i s  p rov ided  

As i nd i ca ted ,  t h e  use o f  a sw ive l  j o i n t  i n  t h e  s t r u c t u r e  o f  t h e  space s t a t i o n  

pe rm i t s  e f f i c i e n t  o r i e n t a t i o n  of t h e  s o l a r - c e l l  a r rays  w h i l e  p e r m i t t i n g  an Ear th -  

p o i n t i n g  c a p a b i l i t y  f o r  modules n o t  hav ing  ar rays .  Sw ive l i ng  about t h e  l o n g i t u -  

d i n a l  a x i s  o f  the . s t r u c t u r e  enables simultaneous r e o r i e n t a t i o n  o f  a l l  s o l a r - c e l l  

a r rays  t o  co r rec t  f o r  v a r i a t i o n s  i n  t h e  P angle, r e s u l t i n g  f rom seasonal changes 

and precession o f  t h e  o r b i t a l  plane. This o s c i l l a t i o n  i s  slow--a maximum r o t a -  

t i o n a l  r a t e  of 3.5 degrees per  day f o r  a 28.80 i n c l i n a t i o n  o r b i t .  

E a r t h - p o i n t i n g  c a p a b i l i t y  and a low dray o r i e n t a t i o n  o f  t h e  a r rays  r e s u l t  i n  a 

need t o  more than double t h e  area o f  t h e  s o l a r  c e l l s  ( f o r  a g i ven  power) over 

t h a t  of a sun-synchronous o r i e n t a t i o n  of a space s t a t i o n .  Th is  increased s o l a r -  

c e l l - a r r a y  area i s  needed because of h i g h  cos ine  and r e f l e c t i o n  losses t h a t  occur 

f o r  pe r iods  other than noon i n  an o r b i t .  However, as i n d i c a t e d ,  t h i s  inc reased 

a r r a y  area may be b e n e f i c i a l  d u r i n g  per iods  o f  peak power demand. The s e l e c t e d  

c o n f i g u r a t i o n ,  us ing  t h e  opera t i ona l  module c o n s t r u c t i o n  concept, p rov ides  con- 

s i d e r a b l e  useful volume f o r  each se t  o f  s o l a r - c e l l  a r rays ;  and t h e  need f o r  many 

a r rays  au tomat i ca l l y  r e s u l t s  i n  an abundance o f  h a b i t a b l e  volume. An optimum 

The use o f  an 

r a t i o  of power t o  u s e f u l  volume may warrant c o n s i d e r a t i o n  o f  

a r rays  than selected f o r  t h i s  study. 

Any module may be removed from t h e  space s t a t i o n  w i t h o u t  

space s t a t i o n .  S o l a r - c e l l  a r rays  a re  disconnected and r e s t r a  

a rge r  s o l a r - c e l l  

. 
d i  smantl i ng t h e  

ned by t h e  assembly 

b 
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t r a n s p o r t  v e h i c l e  p r i o r  t o  removal o f  a module. 

a module, t h e  d isconnect  sequence i s  u t i  1 i t y  condu i ts ,  a i  r l o c k s - t o - t r a n s p o r t  

As shown i n  f i g u r e  5, t o  remove 

tunne l ,  i nter-module connect ion devices and p ressu r i zed  compartment- to- t russ 

s t r u c t u r e .  

c learance i s  p rov ided between adjacent modules t o  f a c i l i t a t e  removal o f  a module. 

The module i s  wi thdrawn from t h e  s t a t i o n  perpend icu la r  t o  t h e  tunne l .  Th is  w i t h -  

When t h e  in ter -module connect ion dev ices a re  disengaged, a 3- inch 

drawal may be accomplished e i t h e r  by the  assembly t r a n s p o r t  veh ic le  o r  by t h e  

r e a c t i o n - c o n t r o l  system prov ided i n  each module, b u t  normal ly  used t o  maneuver 

t h e  space s t a t i o n .  A replacement module i s  r e q u i r e d  t o  r e - e s t a b l i s h  t h e  

s t r u c t u r a l  s t i f f n e s s  and normal operat ion o f  t h e  space s t a t i o n ,  and t h i s  

may be i n s t a l l e d  by reve rs ing  t h e  disconnect sequence. Replacement modu 

r e q u i r e  no tunne l  o r  sur round ing  t r u s s  s t r u c t u r e  when d e l i v e r e d  t o  o r b i t  

o r i g i n a l  

modu 1 e 

es 

because 

once t h e  tunne l  and t r u s s  s t r u c t u r e  are i n s t a l l e d ,  t hey  normal ly  remain an 

i n t e g r a l  p a r t  of  t he  s t a t i o n .  

F igu re  6 shows an i nter-module connect i o n  dev i  ce. S ix teen such dev i  ces 

a re  spaced about one end r i n g  o f  each module, and mat ing f i t t i n g s  a re  spaced 

about t h e  oppos i te  end r i n g .  

component p rov ides  l o c a t i n g  and l a t c h i n g  func t ions ,  and t h e  second component 

Each device c o n s i s t s  o f  two components--the f i r s t  

completes t h e  s t r u c t u r a l  t i e  between modules. 

e lec t r i c -mo to r -d r i ven  leadscrews. S im i la r  connect ion dev ices a r e  used f o r  t h e  

Each component i s  a c t i v a t e d  by 

attachment o f  t h e  compartment t o  t h e  t r u s s  sur round ing  t h e  t r a n s p o r t  t unne l .  

Operat ional  Modules 

Operat ional  modules are  t h e  basic c o n s t r u c t i o n  components o f  t h e  space 

s t a t i o n .  

by 46 f t  length ,  and each module conta ins a compartment t h a t  may be pressur ized .  

Two compartment diameters a r e  used, bu t  t h e  compartments (and modules) a r e  

A l l  modules have a common o v e r a l l  space requirement o f  14.5 f t  d iameter  
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interchangeable. 

techno log ies  and assembled t o  p rov ide  a space s t a t i o n .  

desc r ibe  and discuss these modules. 

The modules can be des i  yned empl o y i  ng Sky1 ab 

The f o  

and Spacelab 

l ow ing  subsect on s 

Small, F u l l y  Operat ional  Module.- The smal l  , f u l l y  ope ra t i ona l  module i s  

shown i n  f i g u r e  7 and c o n s i s t s  o f  a 10.5 f t  diameter by 44 f t  l o n g  p ressu r i zed  

compartment o f  welded aluminum a l l o y  w i t h  o t h e r  components a f f i x e d .  A t  each end 

of t h e  compartment, a s k i r t  extends t o  in te r -modu le  attachment r i n y s  r e s u l t i n g  

i n  a module length  o f  45.75 f t .  A l o n g i t u d i n a l l y - s t i f f e n e d - s k i n  i s  used f o r  

t h e  s k i r t s ,  which a re  a l s o  r i n g  s t i f f e n e d .  Inter-module connect ion devices 

(16  s e t s )  a r e  spaced around one in te r -modu le  attachment r i n g ,  and mat ing  f i t t i n g s  

a r e  spaced around t h e  oppos i te  end r i n g .  React ion c o n t r o l  motors a re  mounted 

w i t h i n  t h e  s k i r t s ,  and s ince  each module has motors, t h e  t h r u s t  and i n e r t i a l  

loads a re  d i s t r i b u t e d ,  which minimizes bending moments by l oad  a l l e v i a t i o n .  A 

f l o o r  i s  provided w i t h i n  t h e  compartment. U t i l i t y  condu i t s ,  u t i l i t y  tanks  

( a i r ,  water, sewage, e t c . )  and b a t t e r i e s  a r e  l o c a t e d  between t h e  f l o o r  and t h e  

compartment wa l l .  The u t i l i t y  condu i t s  extend over t h e  l e n g t h  o f  t h e  module. 

A t  one end o f  the module qu i ck  d isconnect - type  f i t t i n g s  a re  t r a n s l a t e d  a d i s -  

tance o f  about s i x  inches t o  mate w i t h  t h e  u t i l i t y  condu i t s  of t h e  ad jacent  

module. 

f i t t i n g s  t o  enable t h e  t r a n s l a t i o n .  When t h e  attachments between modules a r e  

engaged, t h e  o v e r a l l  l e n g t h  o f  t h e  module i s  46 ft. 

F l e x i b l e  condu i t s  a r e  used a t  t h e  movable end of t h e  quick-disconnect 

Above t h e  pressur ized  compartment i s  a t r a n s p o r t  t unne l ,  surrounded by a 

frame and t r u s s - t y p e  s t r u c t u r e .  

connected by t r u s s  members. Tracks, i n t e g r a l  w i t h  t h e  t r u s s  s t r u c t u r e ,  a r e  used 

f o r  attachment and guidance of t h e  assembly t r a n s p o r t  veh ic le .  

p rov ided  a t  each end o f  t h e  p ressu r i zed  compartment. 

t r a n s f e r  o f  personnel f rom t h e  tunne l  and t h e  compartment. Removable doors a re  

p rov ided a t  t h e  ends o f  t h e  t r a n s p o r t  t unne l .  

The frames surround t h e  tunne l  and a r e  i n t e r -  

A i r l o c k s  a r e  U 

These a i r l o c k s  enable 
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On e i t h e r  s i d e  o f  t h e  pressur ized  compartment, two a r rays  o f  s o l a r  c e l l s  a r e  

at tached,  and t h e  a r rays  a r e  shown deployed i n  f i g u r e  7. A r a d i a t o r  i s  a t tached 

t o  t h e  lower  sur face  of t h e  module. This  r a d i a t o r  i s  semi -c i r cu la r  t o  p r o v i d e  a 

maximum r a d i  a t  i on area w i t h o u t  requ i  r i  ng depl  oyment o r  assembly i n space 

cross s e c t i o n  o f  t h e  completed module f i t s  w i t h i n  a 14.5 f t  diameter mold l i n e .  

The 

I n s i d e  t h e  pressur ized  compartment, equipment s u i t e d  t o  t h e  user  i s  i n s t a l l e d  

p r i o r  t o  s h u t t l e  launch of  t h e  module. 

t o  a l l o w  immediate occupancy of  t h e  module upon o r b i t  i n s e r t i o n .  Th is  smal l ,  

f u l l y  ope ra t i ona l  module i s  t he  f i r s t  component o f  t h e  space s t a t i o n  t o  be 

i nser ted  i n t o  o r b i t  . 

Moreover, t h e  u t i l i t y  tanks may be f i l l e d  

F igu re  8 shows t h e  smal l ,  f u l l y  ope ra t i ona l  module i n s t a l l e d  w i t h i n  t h e  

payload bay of t h e  s h u t t l e .  As shown, t h e  con t rac ted  s o l a r - c e l l  a r rays  a r e  

r o t a t e d  about a l o n g i t u d i n a l  a x i s  t o  f i t  w i t h i n  t h e  payload bay. 

l o c a t i o n  o f  t h e  module w i t h i n  t h e  payload bay i s  necessary t o  s a t i s f y  s h u t t l e  

cen te r  o f  g r a v i t y  requirements.  

crew compartment o f  t h e  s h u t t l e .  

space s t a t i o n  crew. Once i n  o r b i t ,  t he  crew can t r a n s f e r  i n t o  t h e  module and 

per fo rm a f i n a l  checkout o f  systems p r i o r  t o  module re lease  f rom t h e  s h u t t l e .  

f u l l y  equipped module may have a gross l i f t o f f  weight  o f  about 55,000 l b ,  and a 

l a n d i n g  weight o f  about 35,000 l b .  

o r b i t a l  p lane i n c l i n a t i o n  o f  28.8 degrees. 

angle be des i red,  t h e  module weight  may be halved by us ing  23 ft long  modules 

t o  s a t i s f y  t h e  reduced payload c a p a b i l i t y  o f  t h e  s h u t t l e .  

A rearward 

A tunnel  i s  p rov ided between t h e  module and t h e  

This tunne l  enables s h u t t l e  t r a n s p o r t  o f  t h e  

A 

However, t h e  l i f t o f f  weight  app l i es  t o  an 

Should a much h ighe r  i n c l i n a t i o n  

Th is  smal l  volume module may be designed t o  be a p r o p e l l a n t  s to rage tank ,  

and when used f o r  t h i s  purpose, i t  i s  equipped acco rd ing l y ;  however, a r a d i a t o r  

may be p r e i n s t a l l e d  on t h e  tanks t o  supplement r a d i a t o r s  p rov ided by t h e  

h a b i t a b i e  modules. 



Large-Useful -Volume Module.- The la rge -use fu l  -volume module i s  shown i n  -- 
f i g u r e  9 and cons is t s  of a 14.5 ft diameter by 44 f t  l ong  p ressu r i zed  compartment 

w i t h  end s k i r t s  ex tend ing  t h e  l e n g t h  t o  45.75 ft. 

s t a t i o n ,  t h e  t o t a l  l e n g t h  i s  46 f t ;  so t h e  l a r g e  and smal l  compartment modules 

have i d e n t i c a l  space requirements o f  14.5 f t diameter by 46 f t  length .  A l l  

s t r u c t u r a l  and u t i l i t y  i n t e r f a c e  connect ions a r e  i d e n t i c a l  t o  those o f  t h e  sma l le r  

compartment module. Th is  l a r g e ,  use fu l  volume module has no tunne l ,  sur round ing  

t r u s s  or s o l a r - c e l l  a r r a y s  a t tached when mounted i n t o  t h e  payload bay o f  t h e  

When i n s t a l l e d  i n t o  t h e  space 

s h u t t l e .  Several s e t s  of these i tems a r e  taken t o  o r b i t  by a separate s h u t t l e  

launch and at tached t o  t h e  modules i n  space. As w i t h  t h e  sma l le r  compartment 

module, r e a c t i o n  c o n t r o l s ,  two a i r l o c k s ,  a r a d i a t o r  and a f l o o r ,  which covers 

u t i l i t y  condui ts and tanks ,  b a t t e r i e s ,  etc.,  a re  p rov ided.  These i tems and 

use r -o r ien ted  equipment a r e  i n s t a l l e d  i n  a ground-based f a c i l i t y  p r i o r  t o  launch. I 

Th i s  l a r g e  compartment module i s  n o t  immediately h a b i t a b l e  upon i n s e r t i o n  i n t o  

o r b i t ,  b u t  becomes h a b i t a b l e  e i t h e r  upon connect ing  i t  t o  a smal l ,  f u l l y  opera- 

t i o n a l  module or upon i n s t a l l i n g  i t s  s o l a r - c e l l  a r rays .  Temporary h a b i t a t i o n  

l i s  p o s s i b l e  by us ing  i t s  on-board b a t t e r i e s  f o r  power, thus t h e  l a r g e - u s e f u l -  

volume module may be cons idered an opera t i ona l  module, bu t  f o r  a l i m i t e d  pe r iod .  

Th is  large-useful-volume module a l s o  may be designed t o  be a p r o p e l l a n t  s to rage  

tank  w i t h  o r  w i thou t  a supplementary r a d i a t o r .  

Assembly Transport  Vehi c l  e 

F igu re  10 shows an assembly t r a n s p o r t  v e h i c l e  (ATV) used t o  assemble t h e  

modules and l a r g e  antennas o r  o t h e r  p e r i p h e r a l  equipment needed f o r  space s t a t i o n  

f u n c t i o n s .  

a r t i c u l a t i n g  arms and a s to rage  rack.  

- 
The ATV c o n s i s t s  o f  a p ressu r i zed  capsule, f o u r  d r i v e  wheels, two 

c 

The capsu le  p rov ides  a s h i r t - s l e e v e  env i ron -  

ment f o r  t h e  operator.  Windows and a i r l o c k s  a r e  p rov ided  a t  each end. A deploy- 

- 
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a b l e  a i r l o c k  i s  a l s o  prov ided through t h e  f l o o r  o f  t h e  capsule, and t h i s  a i r l o c k  

can be connected t o  t h e  t r a n s p o r t  tunnel  o f  each module. 

a r e  l o c a t e d  a t  t h e  mid- length  of  t h e  capsule. 

each end o f  t h e  capsule t o  enable opera t ion  o f  t h e  ATV f rom e i t h e r  end. 

upper sur face  o f  t h e  capsule,  a rack i s  p rov ided t h a t  has two s e t s  o f  b i - f o l d  

doors o f  t r u s s  c o n s t r u c t i o n .  This  rack prov ides  a means o f  t r a n s p o r t i n g  va r ious  

c o n s t r u c t i o n  ma te r ia l s .  The four-wheel d r i v e  system c o n s i s t s  o f  f o u r  rack and 

p i n i o n  d r i ves ,  powered by separate e l e c t r i c  motors. The wheels a re  p i n i o n s ;  and 

t h e  t r a c k s ,  b u i l t  i n t o  t h e  t r u s s  s t r u c t u r e  sur round ing  t h e  t r a n s p o r t  tunne l ,  a r e  

gear - too th  racks.  A smal l  r e t a i n i n g  wheel, connected t o  t h e  ATV, presses on t h e  

oppos i te  s i d e  of  t h e  rack t o  clamp the ATV t o  t h e  t racks .  Support s t r u c t u r e  f o r  

t h e  wheels i s  s u f f i c i e n t l y  deep t o  allow t h e  ATV t o  pass over  a corner  a t  t h e  

end o f  t h e  space s t a t i o n  w i thou t  contact  between t h e  capsule and t h e  t r a n s p o r t  

tunne l .  E l e c t r i c a l  power f o r  t h e  ATV i s  p rov ided by a t h i r d  r a i l  s i m i l a r  t o  

subway cars  o f  our l a r g e r  c i t i e s .  B a t t e r i e s  and l i f e - s u p p o r t  p r o v i s i o n s  a r e  

s t o r e d  w i t h i n  t h e  capsule,  so t h e  ATV i s  e s s e n t i a l l y  an independent spacec ra f t  

w i t h  l i m i t e d  l i f e - s u p p o r t  c a p a b i l i t y  ( i t has no r e a c t i o n  c o n t r o l ,  guidance o r  

p ropu ls ion  systems). 

The a r t i c u l a t i n g  arms 

Cont ro l  consoles a r e  prov ided a t  

On t h e  

CONCLUDING REMARKS 

A novel  space s t a t i o n  cons t ruc t i on  concept employing opera t i ona l  modules 

t h a t  p rov ide  t h e  pr imary  s t r u c t u r e  f o r  t h e  space s t a t i o n  and enable ground-based 

i n t e g r a t i o n  and v e r i f i c a t i o n  o f  systems i s  descr ibed i n  t h i s  t e c h n i c a l  memorandum. 

The space s t a t i o n  i s  cons t ruc ted  by connect ing in te rchangeab le  modules t h a t  have 

common i n t e r f a c e  j o i n t s .  The modules have an i d e n t i c a l  o v e r a l l  space requirement 

(14.5 f t  diameter by 46 f t  long )  t o  enable t r a n s p o r t  t o  o r b i t  by t h e  s h u t t l e .  

Two opera t i ona l  modules a re  proposed--one has a 10.5 f t  dSaiiieter pressurized 
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compartment, and t h e  o t h e r  has a 14.5 f t d iameter  compartment. 

i s  44 f t  long  and may be designed t o  serve as a p r o p e l l a n t  s to rage tank .  

module w i t h  the sma l le r  compartment has s o l a r - c e l l  a r rays ,  a r a d i a t o r ,  a i r l o c k s ,  

a t r a n s p o r t  tunne l ,  t r a c k s ,  u t i l i t y  condu i ts ,  s to rage  tanks  and s u f f i c i e n t  l i f e -  

support  c a p a b i l i t y  t o  opera te  immediately as a f u l l y  ope ra t i ona l  v e h i c l e  when 

i n s e r t e d  i n t o  o r b i t .  Th i s  f u l l y  ope ra t i ona l  module i s  t h e  f i r s t  component o f  

t h e  space s t a t i o n  t o  be i n s e r t e d  i n t o  o r b i t .  The la rge-usefu l -vo lume module 

must use i t s  on-board b a t t e r i e s  f o r  immediate power, and be e i t h e r  connected 

t o  t h e  smal l ,  f u l l y  o p e r a t i o n a l  module o r  have i t s  s o l a r - c e l l  a r rays  i n s t a l l e d  

i n  space t o  become f u l  l y  ope ra t i ona l  . 

Each compartment 

The 

A space s t a t i o n  cons t ruc ted  o f  o p e r a t i o n a l  modules may b e n e f i t  f rom module 

f a b r i c a t i o n ,  assembly and t e s t i n g  i n  ground-based f a c i l i t i t e s .  

pre-assembly and system checkout of t h e  e n t i r e  space s t a t i o n  i s  p o s s i b l e  on t h e  

ground p r i o r  t o  launch. These fea tures  minimize o n - o r b i t  c o n s t r u c t i o n  t i m e  and 

enhance r e l i a b i l i t y .  The modules p rov ide  e f f i c i e n t ,  s t i f f  p r imary  s t r u c t u r e  f o r  

t h e  space s t a t i o n .  Very few a d d i t i o n a l  s t r u c t u r a l  members a r e  needed, thus  t h e  

use o f  modules f o r  space s t a t i o n  s t r u c t u r e  should min imize  o n - o r b i t  s t a y  t ime  

and number o f  t r i p s  r e q u i r e d  f o r  t h e  s h u t t l e  t o  complete t h e  s t a t i o n .  

t i o n a l l y ,  s ince  each h a b i t a b l e  module i s  capable of l i f e  support  upon o r b i t  

i n s e r t i o n ,  t h e  o n - o r b i t  s t a y  t i m e  of t h e  s h u t t l e  i s  f u r t h e r  minimized. 

A d d i t i o n a l l y ,  

Addi- 

Convenient t r a n s p o r t  i s  p rov ided  between modules by tunne ls  f o r  personnel  

and by an assembly t r a n s p o r t  v e h i c l e  on t r a c k s  f o r  personnel and cargo. 

assembly t ranspor t  v e h i c l e  enables assembly o f  t h e  modules and f a b r i c a t i o n  o f  

antenna o r  o ther  s t r u c t u r e s  on t h e  space s t a t i o n ,  and t h e  space s t a t i o n  may be 

enlarged--as requi red--by adding modules. Any module may be removed w i t h o u t  

d i s m a n t l i n g  t h e  space s t a t i o n .  

t h e  o r i g i n a l  s t r u c t u r a l  s t i f f n e s s  and normal o p e r a t i o n  of t h e  space s t a t i o n .  

The 

c 

A replacement module i s  r e q u i r e d  t o  r e - e s t a b l i s h  
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A high volumetr ic  e f f i c i e n c y  i s  provided by the modular space s t a t i o n  cons t ruc -  

t i o n  concept ;  t h a t  i s ,  e s s e n t i a l l y  a l l  of the structure requi red  t o  suppor t  

the n e c e s s a r i l y  extensive s o l a r - c e l l  a r r ays  provides  usefu l  volume. These 

ope ra t iona l  modules may be used t o  cons t ruc t  space s t a t i o n s  having any of the 

seven s o l a r - c e l l - a r r a y  o r i e n t a t i o n s  considered i n  t h i s  s tudy .  

space  s t a t i o n  conf igu ra t ions  a r e  a t t r a c t i v e - - a  sun-synchronous a r r a y  and a 

be ta -angle-cont ro l led  conf igu ra t ion .  The  l a t t e r  was s e l e c t e d  f o r  s tudy ,  because 

i t  has fewer swivel jo in ts ,  l e s s  drag and an a b i l i t y  t o  i n c r e a s e  power over  

normal ope ra t ion  for pe r iods  of  peak demand. The use of ope ra t iona l  modules 

makes maximum use of  Skylab and Spacelab t echno log ie s .  

Two of these 

Operat ional  modules t h a t  provide the primary structure of the space  s t a t i o n  

have p o t e n t i a l  t o  s a t i s f y  the need for  an e f f i c i e n t ,  s t i f f ,  compact, u se r -o r i en ted ,  

r e l i a b l e  and economical , space-station-construction concept  t h a t  o f f e r s  a m i n i m u m  

of t r i p s  and on-orb i t  s t a y  t ime f o r  the space shuttle.  
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5*** 

6 normal 
peak** 

7*** 

TABLE I.- SOLAR-CELL-ARRAY RELATIVE AREAS AND AREAS FOR A MINIMUM 
CONTINUOUS POWER OF 75 KW FOR VARIOUS CONFIGURATIONS AND ALTITUDES. 

75.0* 147.1 

75.0" 134.3 
155.3 178.4 

129.8 75 .O* 

CONFI (;URATION+ 

1 and .2 

3 

4 

5 

6 

7 

235 N. M i .  O R B I T  

- 
1 .oo 18920 

1.45 27 380 

1.85 35080 

1.95 36980 

2.07 39150 

3.58 67750 

-- ----.---I - -- - -- 

270 N. M i .  ORBIT 

R e l a t i v e  Area I Area ( f t 2 ) _  

.-I_ I-_---_ _--__--- -- 

1 .oo 18650 

1.43 26730 

1.86 34770 

1.96 36640 

2.10 39150 

3.63 67750 

t See t e x t  f o r  d e s c r i p t i o n  o f  con f i gu ra t i ons .  

TABLE 11.- RANGE OF CONTINUOUS POWER OUTPUT AVAILABLE OVER A YEARLY 
CYCLE FOR V A R I O U S  CONFIGURATIONS, B ANGLES AND ALTITUDES. 

Power, kW Power, kW - 
1 and 2 75 .Of 86.2 

3*** 

4*** 

108.5 75.0* 

75.0" 139.8 

270 N. M i .  ORBIT 

tJ B = 0 0 - m -  
Power. kW 

75.0* 87.1 

107.5 75.0* 

75.0* 141.9 

75 .O* 149.2 

75.0* 135.9 
157.5 182.9 

129.8 75 .O* 

t See t e x t  f o r  d e s c r i p t i o n  of con f igu ra t i ons .  
* Design po in t .  

** When reo r ien ted  t o  become a sun-synchronous s t a t i o n .  
*** Power output may be increased if r e o r i e n t e d  t o  become a sun-synchronous 

s t a t i o n .  
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