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ABSTRACT * 

The J e t  P r o p u l s i o n  L a b o r a t o r y  p a r t i c i p a t e d  i n  t h e  l a u n c h i n g  o f  

t h e  EXPLORER s a t e l l i t e s  and t h e  JUNO I1 s p a c e  p r o b e s  (PIONEERS I11 

and I V ) .  

of a c h i e v i n g  t e m p e r a t u r e  c o n t r o l .  T h i s  P u b l i c a t i o n  d e s c r i b e s  t h e  

b a s i c  t h e o r y  f o r  t h e  p a s s i v e  t e m p e r a t u r e  c o n t r o l  o f  s a t e l l i t e s  and 

s p a c e  p r o b e s  and t h e  a p p l i c a t i o n  o f  t h i s  p r o c e s s  t o  t h e  EXPLORERS and 

PIONEERS I11 and I V .  Some r e s u l t s  o f  i n - f l i g h t  t e m p e r a t u r e  measu re -  

ments  a r e  a l s o  p r e s e n t e d .  

T h i s  p a r t i c i p a t i o n  i n c l u d e d  p a y l o a d  d e s i g n  and t h e  method 

* T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  of  one phase of r e s e a r c h  c a r r i e d  
o u t  a t  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of 
T e c h n o l o g y ,  unde r  C o n t r a c t  No. NASw-6, s p o n s o r e d  by  t h e  N a t i o n a l  
A e r o n a u t i c s  and Space  A d r r 5 n i s t r a t i o n .  
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I. INTRODUCTION 

The c o n t r o l  o f  t h e  t e m p e r a t u r e  of  a s a t e l l i t e  o r  s p a c e  p robe  i s ,  

i n  p r i n c i p l e ,  a v e r y  s i m p l e  problem, The t e m p e r a t u r e  i s  d e t e r m i n e d  

o n l y  b y  t h e  amou’nt o f  r a d i a t i v e  h e a t  which  t h e  body r e c e i v e s ,  t h e  h e a t  

g e n e r a t e d  i n t e r n a l l y ,  and t h e  h e a t  which  t h e  body r e - r a d i a t e s  o r  

r e f l e c t s  t o  t h e  s u r r o u n d i n g  e m p y  s p a c e .  The body i s  n o t  i n  c o n t a c t  

w i t h  a n  a tmosphe re  o f  any a p p r e c i a b l e  d e n s i t y .  

. T h u s ,  i n  p r i n c i p l e ,  i t  woiild b e  p o s s i b l e  t o  a c h i e v e  a l m o s t  any  

t e m p e r a t u r e  i n  a s a t e l l i t e  o r  space  p r o b e  and t o  h o l d  it a t  an a l m o s t  

e x a c t l y  c o n s t a n t  v a l u e ,  w i t h o u t  r e c o u r s e  t o  r e f r i g e r a t i n g  o r  h e a t i n g  

d e v i c e s .  Only s i m p l e  mechanisms would be  r e q u i r e d  i n  o r d e r  t o  a d j u s t  

a s y s t e m  o f  r e f l e c t i n g  o r  a b s o r b i n g  s c r e e n s  on t h e  o u t e r  s u r f a c e .  

However, i n  a minimum-weight v e h i c l e ,  such  a s  t h e  EXPLORERS and 

PIONEERS, even s u c h  s i m p l e  mechanisms a s  t h e s e  a r e  t o o  c o s t l y  - i n  

t e r m s  o f  w e i g h t  - t o  p e r m i t  t h e i r  u s e .  I t  i s  n e c e s s a r y  t o  u s e  a com- 

p l e t e l y  p a s s i v e  t e c h n i q u e  t o  a c h i e v e  t h e  n e c e s s a r y  t e m p e r a t u r e  c o n t r o l .  

F o r  t h e  EXPLORERS and PIONEERS, t h e  t e m p e r a t u r e  r e s t r i c t i o n s  a r e  

imposed by t h e  e l e c t r o n i c  equipment  c a r r i e d  i n  t h e  i n s t r u m e n t  s e c t i o n .  

A t  t e m p e r a t u r e s  below a b o u t  - 5 O  C ,  t h e  b a t t e r i e s  c e a s e  t o  o p e r a t e  

p r o p e r l y .  However, i f  t h e  t e m p e r a t u r e  were  t o  f a l l  be low t h i s  l i m i t ,  

no pe rmanen t  damage would b e  done. The equipment  would f u n c t i o n  

p r o p e r l y  i f  i t  were warmed up  aga in .  
0 

A t  t e m p e r a t u r e s  above +50 C ,  t h e  e l e c t r o n i c  equipment  d o e s  n o t  

o p e r a t e  p r o p e r l y .  However, it d o e s  n o t  s u f f e r  permanent  damage u n t i l  

t h e  t e m p e r a t u r e  e x c e e d s  +SOo C .  

Page  2 
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T h e r e f o r e ,  t h e  aim o f  t h e  t e m p e r a t u r e - c o n t r o l  t e c h n i q u e  was t o  

a t t e m p t  t o  h o l d  t h e  t e m p e r a t u r e  of  t h e  e l e c t r o n i c  equ ipmen t  be tween 

t h e  l i m i t s  o f  -5' C and +50° C ;  b u t ,  i n  any e v e n t ,  t h e  t e m p e r a t u r e  was 

n e v e r  t o  e x c e e d  +Roo C ,  

The o n l y  c o m p l e t e l y  p a s s i v e  t e c h n i q u e  a v a i l a b l e  i s  t h a t  o f  

c o v e r i n g  t h e  o u t e r  s u r f a c e  w i t h  m a t e r i a l s  wh ich  have t h e  p r o p e r  

r a d i a t i v e  c h a r a c t e r i s t i c s .  Even when t h e  s u r f a c e  i s  p r e p a r e d  i n  t h e  

b e s t  p o s s i b l e  way, some t e m p e r a t u r e  v a r i a t i o n  i s  i n e v i t a b l e  f o r  a 

s a t e l l i t e .  

A s  t h e  s a t e l l i t e  moves i n  i t s  o r b i t ,  i t  p a s s e s  a l t e r n a t e l y  

be tween s u n l i g h t  and shadow. The p e r i o d  o f  t h i s  c y c l e  i s ,  o f  c o u r s e ,  

t h e  p e r i o d  o f  one r e v o l u t i o n  a round t h e  e a r t h ,  o r  a b o u t  1 1/2 t o  2 

h r .  

o f  t h e  o r b i t  t o  t h e  e q u a t o r  were  a t t a i n e d ,  t h u s  k e e p i n g  t h e  s a t e l l i t e  

c o n t i n u o u s l y  i n  s u n l i g h t .  

T h i s  w i d e  v a r i a t i o n  c o u l d  be a v o i d e d  o n l y  i f  a h i g h  i n c l i n a t i o n  

F o r t u n a t e l y ,  t h e  equipment  w i t h i n  t h e  s a t e l l i t e  need  n o t  e x p e r i -  

ence  t h e  same d e g r e e  o f  v a r i a t i o n  a s  t h e  s h e l l .  Tests  on a p r o t o t y p e  

model showed t h a t  t h e  e l e c t r o n i c  equ ipmen t  c o u l d  be so  w e l l  i n s u l a t e d  

from t h e  s h e l l  t h a t  i t s  t e m p e r a t u r e  v a r i e d  o n l y  a few d e g r e e s ;  

w h e r e a s ,  t h e  f l u c t u a t i o n s  i n  s h e l l  t e m p e r a t u r e  exceeded  100' C be tween  

e x t r e m e s .  

I n  t h i s  c a s e ,  t h e  t e m p e r a t u r e  of t h e  e l e c t r o n i c  equipment  s t a y s  

n e a r  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  s h e l l ,  a v e r a g e d  o v e r  one  o r b i t .  

However,  a s  t h e  o r b i t  r e g r e s s e s  a round  t h e  e a r t h ,  a s  t h e  l i n e  o f  

a p s i d e s  p r e c e s s e s  a b o u t  t h e  o r b i t ,  and a s  t h e  e a r t h  t u r n s  a b o u t  t h e  

s u n ,  t h i s  a v e r a g e  t e m p e r a t u r e  v a r i e s .  F u r t h e r m o r e ,  t h e  a t t i t u d e  o f  

t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  sun  i s  a l s o  i m p o r t a n t  s i n c e  t h e  

Page  3 
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EXPLQRER i s  r o u g h l y  c y l i n d r i c a l  i n  shape .  

T h u s ,  it i s  n e c e s s a r y  t o :  

1. F i n d ,  s u r f a c e  m a t e r i a l s  which  w i l l  m a i n t a i n  t h e  a v e r ~ q c  

-c --.- ̂--L . . - -  
L e l l L p t j L d  L U l t  o f  t h e  s h e l l  w i - t h I n  t h e  p re sc r ibed  boul-lcia” 

r i e s ,  k e e p i n g  i n  mind t h e  l o n g - t e r m  v a r i a t i o n s  c a u s e d  

by t h e  mot ion  o f  t h e  p l a n e  o f  t h e  o r b i t ,  t h e  l i n e  o f  

a p s i d e s ,  and t h E  e a r t h .  

2. Launch a t  t h e  r i g h t  t ime  o f  day  i n  o r d e r  t o  a c h i e v e  t h e  

p r o p e r  a t t i t u d e  of  t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  

s u n ;  o r  s e l e c t  s u r f a c e  p r o p e r t i e s  c o n s i s t e n t ,  w i t h  n 

p r  e ,c; c r i b  e d 1 du r! c h ing  t ime  . 
3. I n s u l a t e  t h e  e l e c t r o n i c  equipment  from t h e  s h e l l  ( f o r  

t h e  s a t e l l i t e ) .  

T h i s  P u b l i c a t i o n  o u t l i n e s  t h e  m a t h e m a t i c a l  deve lopment  of  t h e  

h e a t - f l u x  e q u a t i o n  f o r  t h e  s h e l l .  The result shows how t h e  t e m p e r a t u r e  

of  t h e  s h e l l  depends  on s u r f a c e  c h G r a c t e r i s t i c s ,  p o s i t i o n  of  t h e  o r b i -  

t a l  p l a n e ,  and a t t i t u d e  o f  t h e  v e h i c l e .  T h i s  o u t l i n e  i s  f o l l o w e d  by  

a d i s c u s s i o n  o f  t h e  s u r f a c e - c h a r a c t e r i s t i c s  problem and a d e s c r i p t i o n  

o f  t h e  m a t e r i a l s  u s e d  on t h e  s u r f a c e s  of  t h e  EXPLORERS and PIONEERS. 

A compar ison  i s  g i v e n  of  t h e  p r e d i c t e d  and o b s e r v e d  t e m p e r a t u r e s  

o f  t h e  e l e c t r o n i c  equipment. ,  and a p r e s e n t a t i o n  of a l l  o f  t h e  t empera -  

t u r e  d a t a  r e c e i v e d  from EXPLORER I -- 1958 a l p h a ,  and PIOi.JEEPS I11 and 

I V ,  all of  which were  d e s i g n e d  and f d b r i c a t e d  a t  t h e  J e t  P r o p u l s i o n  

L a b o r a t o r y .  
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11. A.'ALYSIS CF TYE TEIAPE3AT1JRE O F  TFE S A T E L L I T E  SHELL 

A . i.; a 'i 1-1 m a  t i c 1 De ve 1 o pj!i e n t. 

The r a t e  o f  change o f  t h e  t e m p e r a t u r e  o f  t h e  s h e l l  o f  a 

; a t e l l j . t e  is 

dt  m c  

W h P T ?  

= t h e  t e m p e r a t u r e  of t h e  s h e l l  

= t h e  r a d i a t i v e  power a b s o r b e d  from s u n l i g h t  
TP 

-S  

I t h e  ;Jower r e c e i v e d  from t h e r m a l  r a d i a t i o n  o f  t h e  e a r t h  E 
R = t h e  power i a d i ; t t e d  from t h e  s h e l l  

t = t i m e  

mc = t h e  t o t a l  h e a t  c a p a c i t y  o f  t h e  s h e l l  

The u s e  o f  t h e  t o t a l  h e a t  c a p a c i t y  o f  t h e  s h e l l  i m p l i e s  t h a t  t h e  

a s s u m p t i o n  h a s  been  made t h a t  a l l  p a r t s  o f  t h e  s h e l l  a r c  i n  good 

t h e r m a l  c o n t a c t  w i t h  e a c h  o t h e r ;  t h a t  i s ,  i t  i s  assumed t h a t  t h e  

r a t e  o f  h e a t  t r a n s f e r  by c o n d u c t i o n  from one p a r t  o f  t h e  s h e l l  t o  

a n o t h e r  i s  much g r e a t e r  t h a n  t h e  r a t e  of  h e a t  t r a n s f e r  by r a d i a t i o n  

be tween t h e  s u r f a c e  o f  t h e  s h e l l  and t h e  s u r r o u n d i n g  env i ronmen t .  

I t  2150 i m p l i e s  a second a s sumpt ion ;  namely,  t h a t  t h e  e l e c t r o n i c  

equipment  on t h e  i n t e r i o r  i s  so w e l l  i n s u l a t e d  from t h e  s h e l l  t h a t  it 

c a n  have  no e f f e c t  on t h e  t e m p e r a t u r e  o f  t h e  s h e l l  o v e r  t h e  t i m e  

p e r i o d s  o f  i m p o r t a n c e .  The f i r s t  a s s u m p t i o n  i s  v a l i d ,  b u t  t h e  second  

i s  somewhat q u e s t i o n a b l e .  A c t u a l l y ,  t h e  t e m p e r a t u r e  o f  t h e  i n t e r n a l  

equ ipmen t  d i d  v a r y  s e v e r a l  d e g r e e s  i n  t h e  p e r i o d  of  one  o r b i t ;  hence  

hence  it d i d  have an  e f f e c t  on t h e  s h e l l  t e m p e r a t u r e .  However, t h e  

Page 5 
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e f f e c t  on t h e  a v e r a g e  s h e l l  t e m p e r a t u r e  i s  n o t  g r e a t ;  c o n s e q u e n t l y ,  

f o r  t h e  p r e s e n t  p rob lem,  i t  i s  p r o b a b l y  n o t  w o r t h  t h e  added  c o m p l e x i t y  

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

S o l a r  r a d i a t i o n  i s  r e c e i v e d  by t h e  s a t e l l i t e  i n  two ways. F i r s t :  

r a d . i a t i o n  i s  r e c e i v e d  d i r e c t l y  from t h e  s u n  a t  t h e  r a t e  

f = A ,  n 5 

where 

AS = t h e  p r o j e c t e d  a r e a  o f  t h e  s a t e l l i t e  a s  seen from t h e  

d i r e c t i o n  o f  t h e  sun 

al = t h e  c o e f f i c i e n t  of  a b s o r p t i v i t y  of  t h e  s h e l l  f o r  s o l a r  

r a d i a t i o n  

S = t h e  s o l a r  c o n s t a n t  = 1.94 cal/cm*/min 

The p r o j e c t e d  a r e a  o f  t h e  s a t e l l i t e  f o r  t h e  r e c e i p t  o f  d i r e c t  

s o l a r  r a d i a t i o n  i s ,  n a t u r a l l y ,  a f u n c t i o n  o f  t h e  s h a p e  of  t h e  

s a t e l l i t e .  I n  t h e  p r e s e n t  a n a l y s i s  i t  h a s  been  assumed t h a t  t h e  

p o r t i o n  of t h e  s a t e l l i t e  body which i s  i m p o r t a n t  f o r  t e m p e r a t u r e  

c o n t r o l  h a s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  (1) It  h a s  a c o n i c a l  

nose .  

o f  t h e  same r a d i u s .  

c y l i n d e r  i s  exposed  t o  r a d i a t i v e  h e a t  t r a n s f e r  w i t h  t h e  s u r r o u n d i n g  

e n v i r o n m e n t .  

f rom t h e  r e m a i n d e r  o f  t h e  pay load  and a c t s  a s  a r a d i a t i o n  s h i e l d  f o r  

t h i s  b a s e  a r e a .  1. 

T h e  p r o j e c t e d  a r e a  o f  t h e  s a t e l l i t e  f o r  t h e  r e c e i p t  o f  r a d i a t i o n  i s  

a f u n c t i o n  of  t h e  a n u l e  o f  o r i e n t a t i o n  7 <;!?own i n  F i g .  1. 

( 2 )  The b a s e  o f  t h i s  cone  i s  a t t a c h e d  t o  a c y l i n d r i c a l  s e c t i o n  

( 3 )  The combined s u r f a c e  o f  t h e  cone  and  

( 4 )  The b a s e  o f  t h e  c y l i n d e r  i s  t h e r m a l l y  i n s u l a t e d  

A s k e t c h  o f  t h i s  c o n f i g u r a t i o n  i s  shown i n  F i g .  
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I n  o r d e r  t o  d e t e r m i n e  t h i s  a n g l e  f o r  t h e  r e c e i p t  o f  r a d i a t i o n  

I 
! 

f rom any p a r t i c u l a r  s o u r c e  ( e . g . ,  t h e  s u n ) ,  it i s  n e c e s s a r y  t o  make 

some a s s u m p t i o n s  a b o u t  t h e  mot ion  o f  t h e  s a t e l l i t e .  

E>=PLO?,EP, I &I2s ?zunr,hed i n t e  e r b i t  s p i n n i n g  about  i t s  l o n g i t p  

I d i n a l  a x i s .  I f  i t  were  a r i g i d  body, it would m a i n t a i n  t h i s  s p i n  

o r i e n t a t i o n  f o r  a c o n s i d e r a b l e  p e r i o d  o f  t ime,  s i n c e  no a p p r e c i a b l e  

e x t e r n a l  t o r q u e s  a r e  a c t i n g  p e r p e n d i c u l a r  t o  t h e  a n g u l a r  momentum 

v e c t o r .  
I 

However, EXPLORER I i s  n o t  a r i g i d  body. E x t e n d i n g  from i t s  

s i d e s  a r e  f o u r  w i r e  a n t e n n a s  ( a i r c r a f t  c o n t r o l  c a b l e s ) .  

o f  t h e s e  w i r e s  i n t r o d u c e s  a p p r e c i a b l e  i n t e r n a l  damping. 

e x t e r n a l  t o r q u e s  a r e  a p p l i e d  by  t h i s  f l e x i n g ,  t h e  a n g u l a r  momentum 

must  s t a y  f i x e d  i n  b o t h  d i r e c t i o n  and magn i tude .  

The o n l y  way t h a t  e n e r g y  can b e  d i s s i p a t e d  i s  f o r  t h e  mode o f  

The f l e x i n g  

S i n c e  no 

s p i n n i n g  t o  change ,  e v e n t u a l l y  r e a c h i n g  a m i n i m u m  e n e r g y  mode f o r  

c o n s t a n t  a n g u l a r  momentum. 

T h i s  i s  what  happened.  W i t h i n  a d a y  a f t e r  l a u n c h ,  EXPLORER I 

was r o t a t i n g  end o v e r  end a b o u t  a t r a n s v e r s e  a x i s ,  w i t h  t h e  a n g u l a r  

momentum v e c t o r  s t i l l  p o i n t i n g  i n  t h e  o r i g i n a l  d i r e c t i o n .  

S i n c e  t h e  a n g u l a r  momentum v e c t o r  m a i n t a i n s  a f i x e d  d i r e c t i o n  i n  

Newtonian s p a c e ,  it i s  c o n v e n i e n t  t o  d e f i n e  t h e  o r i e n t a t i o n  o f  t h e  

s a t e l l i t e  w i t h  r e s p e c t  t o  t h i s  d i r e c t i o n .  S i n c e  t h e  s p i n  a round t h i s  

v e c t o r  t a k e s  p l a c e  w i t h i n  a p e r i o d  much s h o r t e r  t h a n  any  t h e r m a l  t i m e  

c o n s t a n t s  i m p o r t a n t  f o r  t h i s  p roblem,  t h e  a r e a  o f  t h e  s a t e l l i t e  i s  

a v e r a g e d  o v e r  t h e  a n g l e s  7) t r a v e r s e d  i n  one  s p i n  c y c l e .  

L e t  ql be  t h e  a n g l e  between t h e  a n g u l a r  momentum v e c t o r  and t h e  

d i r e c t i o n  o f  a s o u r c e  o f  r a d i a t i o n .  L e t  [ be t h e  a n g l e  be tween t h e  
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l o n g i t u d i n a l  a x i s  o f  t h e  s a t i ? l l i t e  and t h e  p l a n e  d e f i n e d  by t h e  

a n g u l a r  momentum v e c t o r  and  a l i n e  from t h e  s a t e l l i t e  t o  t h e  

r a d i a t i o n  s o u r c e .  

t i  a n s v ?  r s e  a x i s ,  t h e  d c i d t > e  a r e s  is 

Then f o r  a mo t i  n c o n s i s t i n g  o f  s p i n  a b o u t  r l  

= - A(7) d,t 
77 l [  

where  7 i s  d e f i n e d  by  c o s  7 = c o s &  s i n  71, and t h e  f u n c t i o n  A ( 7 )  f o r  

t h e  ' c o n i c a l  s e c t i o n  c o n f i g u r a t i o n  o f  t h e  EXPLORER i s  shown i n  F i g .  2 ,  

where  i t s  r a t i o  w i t h  t h e  t o t a l  s u r f a c e  a r e a  AT i s  p l o t t e d  as  a 

f u n c t i o n  o f  7. 

2r13 s i n  7. 

F o r  t h e  c y l i n d r i c a l  s e c t i o n ,  t h i s  f u n c t i o n  i s  s i m p l y  

I f  t h e  s o u r c e  of  r a d i a t i o n  i s  t h e  s u n ,  t h e n  71 = 7s. 

The s a t e l l i t e  w i l l  a l s o  r e c e i v e  s o l a r  r a d i a t i o n  wh ich  i s  

r e f l e c t e d  from t h e  e a r t h .  T h e  r a d i a t i v e  power r e c e i v e d  by  t h e  

s a t e l l i t e  t h r o u g h  r e f l e c t i o n  f rom an e l e m e n t  dS o f  t h e  e a r t h ' s  

s u r f a c e  a r e a  i s  

where  

P . A .  = p r o j e c t e d  a r e a  o f  t h e  s a t e l l i t e  s e e n  f rom t h e  

s u r f a c e  a r e a  dS 

i ( a )  = t h e  r a d i a t i v e  power r e f l e c t e d  a t  an a n g l e  a t o  t h e  

no rma l  o f  t h e  s u r f a c e  e l e m e n t  w i t h  p r i m a r y  r a d i a t i o n  

normal  t o  t h e  e l emen t  

Page  8 
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I 
P = t h e  a n g l e  b+ztween t h e  c l i r e c t i o n  o f  t h e  s u n  2nd t h e  

normal  t o  t he  s u r f J c e  eleiiieiit d S  I 
p = t h e  d . i s t a n c e  between t h e  s u r f a c e  e l e m e n t  and t h e  

r 3-t 0 1 1 i t n 
4 ” V - . * - L _ L ” C  

I 
I 
i 

The geomet ry  o f  t h e  e a r t h - t o - s a t e l l !  t e  r d d i c - t i o n  p r o c e s s  is shown 

i n  F i g .  3. 

S i n c e  t h e  s a t e l l i t e  s h a p e  under  c o n s i d e r a t i o n  has c y l i n d r i c a l  

symmetry o n l y ,  e a c h  s u r f a c e  e l e m e n t  o f  t h e  e a r t h  w i l l  s e e  a d i f f e r e n t  

p r o j e c t e d  a r e a  o f  t h e  y a t e l l i t e .  T h u s ,  t h e  a n g l e  of  o r i e n t a t i o n  T~ 

w i l l  b e  a v a r i a b l e  i n  t h c  s u b s e q u e n t  i n t e g r a t i o n  o f  d I s  . 
2 

Let  d S  c o s  a b e  t h e  s u r f a c e  e l e m e n t  o f  a s p h e r e  of  r a d i u s  p. i 

Then 

dS cos a = p 2  sin 17 d q l  d ih 1 

where rll and 11 a r e  s p h e r i c a l  p o l a r  c o o r d i n a t e s  3bou t  t h e  c e n t e r  of  

t h e  s a t e l l i t e  w i t h  t h e  p o l a r  a x i s  c o i n c i d i n g  w i t h  t h e  d i r e c t i o n  of 

t h e  a n g u l a r  mornenturn v e c t o r  o f  t h e  body. 

o f  71 <3nd \Ir g i v c s  

R e w r i t i n g  E q .  ( 3 )  i n  t e r m s  

11 c 

where  y i s  d e f i n e d  a s  t h e  a n g l e  between t h e  d i r e c t i o n  o f  t h e  s u n  and 

t h e  normal  t o  t h e  s u r f a c e  e l emen t  p2 s i n  T l d ? l d + .  

! J i t h  t h e  h e l p  o f  F ; g .  4 ,  i t  c a n  b e  s e e n  t h a t  
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where  

Os = t h e  a n g l e  between t h e  r a d i u s  v e c t o r  from t h e  c ~ ~ n t ~ r  o f  

t h e  e a r t h  t o  t h e  s a t e l l i t e  a n d  t h e  d i r p c t i o n  o f  t h e  sun  

- -  ‘1s - *L,> b l l c  a l r y L C  --?-.I ~ C ~ X C P R  t h e  d i r c c t l ~ ~  ~f t h c  s n q u ? s r  

rnomentum v e c t o r  of  t h e  s a t e l l i t e  and t h e  d i r e c t i o n  of  

t h e  sun  

rl0 = t h e  a n g l e  between t h e  d i r e c t i o n  of  t h e  a n g u l a r  momentum 

v e c t o r  o f  t h e  s a t e l l i t e  and  a r a d i u s  v e c t o r  f rom t h e  

c e n t e r  o f  t h e  e a r t h  t o  t h e  s a t e l l i t e  

T,,e a s sumpt ion  h a s  been  made t h a t  i i s  i n d e p e n d e n t  o f  a ;  t h a t  i s ,  

t h a t  t h e  r e f l e c t i o n  from t h e  e a r t h  i s  p e r f e c t l y  d i f f u s e .  

The t o t a l  power r e c e i v e d  by  t h e  s a t e l l i t e  t h r o u g h  r e f l e c t i o n  may 

now be  w r i t t e n  a5 

t cos rls sin ( q o - q l )  c sc  710 } d q l d $  

where  t h e  l i m i t s  o f  i n t e g r a t i o n  o v e r  \1, depend on 771 and 70 

I n t e g r a t i o n  w i t h  r e s p e c t  t o  $ i s  immedia t e ;  however ,  t h e  

m a t h e m a t i c a l  form of  t h e  r a t i o  As/AT a s  a f u n c t i o n  o f  rll i s  t o o  

complex t o  p e r m i t  a n a l y t i c a l  i n t e g r a t i o n .  

w i t h  r e s p e c t  t o  T~ must  b e  c a r r i e d  o u t  n u m e r i c a l l y .  

T h e r e f o r e ,  t h e  i n t e g r a t i o n  

P a g e  10 
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I n  t h e  above i n t e g r a t i o n ,  i t  h a s  been  assumed t h a t  t h e  e a r t h  i s  

f l a t ;  h e n c e ,  t h e  e a r t h  a s  s e e n  from t h e  s a t e l l i t e  c o v e r s  h a l f  o f  t h e  

sky.  

TLahorat.nry ( R e f ,  

t h r o u g h  r e f l e c t i o n  was found  t o  be 

I n  an e a r l i e r  5tud.y by D r .  A .  R.  H ibbs  o f  t h e  J e t  P r o p u l s i o n  

1 )  the t o t a l  power r e c e i v e d  by a s p h e r i c a . 1  s2 . t .d l i t . e  

t h r o u g h  t h e  f i r s t  o r d e r  i n  y ,  where 

y = h/ro 

h = h e i g h t  o f  t h e  s a t e l l i t e  above t h e  e a r t h ' s  s u r f a c e  

ro = r a d i u s  o f  t h e  e a r t h  

The f a c t o r  (I - f i )  c u t s  down t h e  f r a c t i o n  o f  t h e  s k y  f i l l e d  by t 

e a r t h ,  and  can  be t h o u g h t  o f  a s  t h e  a l t i t u d e  e f f e c t .  

Assuming t h a t  t h e  a l t i t u d e  e f f e c t  i s  i n d e p e n d e n t  o f  t h e  s h a p e  

o f  t h e  s a t e l l i t e ,  t h e  r e s u l t s  o f  t h e  i n t e g r a t i o n  of  E q .  ( 4 )  a r e  

c o r r e c t e d  by  t h e  f a c t o r  (1 - f i ) .  
I f  t h e  i n t e g r a l  o v e r  t h e  t e rm w i t h  t h e  c o e f f i c i e n t  cos  8, i s  

c a l l e d  Ar  (1 - f i ) - l ,  and of t h e  i n t e g r a l  o v e r  t h e  term w i t h  t h e  
I 

c o e f f i c i e n t  c o s  q s  i s  c a l l e d  Ar2(1 - a)-', t h e n  t h e  r e s u l t  f o r  t h e  

power r e c e i v e d  f rom s u n l i g h t  i s  

tS2 = a l i  [ A ,  cos e, A ,  cos 7 7 s ~  
1 2 

R e f e r r i n g  t o  F i g s .  3 and 4 ,  i t  can be s e e n  t h a t  

cos e, = cos e c o s +  

cos rls = cos + cos e )  
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where  

@ = p o l a r  a n g l e  o f  t h e  s a t e l l i t e  i n  i t s  o r b i t  measured  

from noon t r a n s i t  

t-p = the a n g l e  between a r a d i u s  v e c t o r  f rom t h e  c e n t e r  o f  t h e  

e a r t h  t o  t h e  sun  and t h e  p l a n e  o f  t h e  s a t e l l i t e  o r b i t  

S u b s t i t u t i n g  t h e s e  r e l a t i o n s h i p s  i n  Eq. ( 5 )  g i v e s  

= a l i n c o s +  [ A  c o s 0 +  A s i n 0 1  
I s2  '3 '4 

where  

A ,  = A ,  i- A cos770 
3 1 ' 2  

A T Q  = Ar2 sin qo 

The f u n c t i o n  i ( a ) ,  a p p e a r i n g  i n  Eq. (3), i s  d e f i n e d  f o r  t h e  s u n  

v e r t i c a l l y  above a p a r t i c u l a r  s u r f a c e  e l e m e n t .  Wi th  t h i s  d e f i n i t i o n  

t h e  t o t a l  power r a d i a t e d  from a p a r t i c u l a r  s u r f a c e  e l e m e n t  i n t o  a 

h e m i s p h e r e  can  be o b t a i n e d  w i t h  a s i m p l e  i n t e g r a t i o n .  The r e s u l t  i s  

ni = E 

I f  t h e  c o e f f i c i e n t  f o r  d i f f u s e  r e f l e c t i o n  f rom t h e  e a r t h  i s  rE, t h e  

e q u a t  i o  n b e comes 

A c t u a l l y ,  r i s  n o t  a c o n s t a n t  f o r  a l l  s u r f a c e  e l e m e n t s  on t h e  e a r t h .  

F o r  t h i s  s t u d y  an a v e r a g e  v a l u e  o v e r  t h e  e a r t h ' s  s u r f a c e ,  whic,h i s  

a p p r o x i m a t e l y  0.4 ( C f .  Re f .  2 ) ,  i s  u s e d .  

E 
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! Thermal  r a d i a t i o n  f r o m  t h e  e a r t h  i s  r c c o i v e d  “y  t h e  s a t e l l i t e  ;It 
I T h i s  t e r m  may b e  e v a l u a t e d  i n  t h e  same manner  a s  t h a t  E’ t h e  r a t e  I 

eniployed i n  d e t e r m i n i n g  t h e  power c o n t r i b u t e d  from r e f l e c t e d  s o l a r  

r a d i a t i o n .  I t  i s  n o t  n e c e s s a r y  t o  c o n s i d e r  t h e  p o s i t i n n  o f  t h e  s u n :  

I 

I 

t h e r e f o r e ,  t h e  a n g l e s  0 and 7 do n o t  a p p e a r  i n  t h e  r e s u l t  o f  thcl 

I i n t e g r a t i o n .  LJse o f  t h e  S tc fan -Bo l t zmann  l a w  y i i e l d s  t h e  f o l l o w i n g  

! r e s u l t :  

S S 

I 

where 

AE = t h e  t o t a l  p r o j e c t e d  a r e a  o f  t,ho body f o r  r e c e i p t  o f  

t h e r m a l  r a d i a t i o n  from t h e  e a r t h  ( b a s e d  on  an i n t e g r a l  

s i r i i l a r  t o  t h a t  o f  E q .  4) 

0 = t h e  S te fan -T io l t zn7nn  c o n s t r l n t  

= t h e  e f f e c t i v e  t e m p e r , = t u r c  of t h e  e a r t h  = 25O0I< ( R e f .  3 )  

a,> = t l ~ e  c o e f i i c i e n t  of a b s o r p t i v i t y  o f  t h e  body f o r  r e c e i p t  
TE 

I- 

o f  i hernial  T S  ! i . i t i n n  a t  25OoK 

The t i leLina1  iadidtion f i o : i  tlie d u l l i t t  ixay 1 ) ~  w r i t t e n  a s  

(9) C = A T  e 2  0-7’; 
where  

AT = t h e  t o t a l  s u r f a c e  a r e a  o f  t h e  body 

c 2  = t h e  c o e f f i c i e n t  of  e m i s s i 9 n  f o r  t h c r r n s l  r a d i a t i o n  frgm 

t h e  s a t e l l i t e  
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F o r  a p a r t i c u l a r  wave l e n g t h  of r a d i a t i o n  K e r c h o f f ' r .  l aw s t a t e s  

V!e e x p e c t  t h e  s a t e l l i t e  to h e  a t  a p p r o x i m a t e l y  t h e  same t empera -  

t u r e  a s  t h e  e a r t h .  T h e r e f o r e ,  t h e  i m p o r t a n t  wave l e n g t h  r e g i o n  of  

i t s  r a d i a t i o n  s h o u l d  be a p p r o x i m a t e l y  t h e  same a s  t h a t  o f  t h e  t h e r m a l  

r a d i a t i o n  f rom t h e  e a r t h ,  s o  t h a t  t o  a good a p p r o x i m a t i o n  

a2 E 2  = 

The e q u a t i o n  f o r  t h e  r a t e  of change  o f  t h e  t e m p e r a t u r e  o f  t h e  

s a t e l l i t e  shel .1  may now be  r e w r i t t e n  i n  t h e  f o l l o w i n g  manner  

COS 8 + sin 6' 
d T P  - - A T  -- lis [;'I + 'E cos 4 (" 
dt me A T  A T  A T  

and t h e  meaning o f  t h e  s u p e r s c r i p t s  i s  a s  f o l l o w s :  

T e r m  (1) i s  t h e  d i r e c t  s o l a r  r a d i a t i o n  t e r m  and i s  t o  b e  i n c l u d e d  

o n l y  when t h e  s a t e l l i t e  i s  i n '  t h e  sun .  T h a t  i s ,  t h e  t e r m  i s  t o  be  

i n c l u d e d  o n l y  when 0 l i e s  between t h e  a n g l e s  ( 2 n  - 1/2) TT - 0, and 

( 2 n  + 1 /2 )  TT + 0, where 

-1 O 2  = s i n  [ ( s i n   cos y ) ]  f o r  c p ~ ( r / 2  - 0 , )  

e 1 = c o s  -1 [r&* + h']  

I t  h a s  a l r e a d y  been  n o t e d  t h a t  t h e  c a l c u l a t i o n  o f  t h e  r e f l e c t e d  

s u n l i g h t  c o n t r i b u t i o n  was made f o r  a f l a t  e a r t h  a s  s e e n  f rom t h e  

s a t e l l i t e  t o  l e s s  t h a n  h a l f  o f  t h e  sky .  However, one  a d d . i t i o n a 1  
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c l f c c t  o f  t h e  e a r t h ’ s  c u r v a t u r e  s t i l l  r e m a i n s .  I t  1-,<1s been :i?rurae; 

t h d t  a l l  o f  t h e  e a r t h  s e e n  by t h e  : , a i e l l i t e  i s  i l l u m i n s t e d .  A c t u a l l y ,  

a s  t h e  s a t e l l i t e  a p p r o a c h e s  t h e  t w i l i g h t  z o n e ,  t h i s  i s  n o t  t h e  c a s e .  

F s r t u n a t e l y ,  t h e  r e s u l t i n g  e r r o r  is C r n 4 1 ;  a n d  c a n  be e a s i l y  t a k e n  

c a r e  o f ,  a t  l e a s t  t o  a v e r y  good a p p r o x i m a t i o n .  

The r e f l e c t e d  s u n l i g h t  t e rm,  w i t h  t h e  s u p e r y c r i p t  ( ? ) ,  i s  t o  h(: 

i n c l u d e d  o n l y  where  8 l i e s  between t h e  a n g l e s  ( 2 n  - l / 2 )n  and 

( 2 n  + 1/2)n. T h u s ,  t h e  r e f l e c t e d  s u n l i g h t  t e r m  i s  c u t  o f f  a s  t h e  

s a t e l l i t e  p a s s e s  o v e r  t h e  terrr : .nator .  I n c l u s i o n  o f  t h e  c o m p l e t e  t e rm 

on t h e  s u n l i t  s i d e  o f  t h e  terrr ina- tor  i m p l i e s  t o o  much r e f l e c t e d  l i g h t .  

Dropping  t h e  t e r m  c o m p l e t e l y  on t h e  o t h e r  s i d e  i m p l i e s  t o o  l i t t l e  

r e f l e c t e d  l i g h t .  The two e r r o r s  n e F r l y  c a n c e l  o u t .  

B. E f f e c t  of  S u r f a c e  C h a r a c t e r i s t i c s  

I f  t h e  s a t e l l i t e  were a l w a y s  i n  t h e  shadow o f  t h e  e a r t h ,  i t s  

t e m p e r a t u r e  would npprodch t h e  e q u i l i b r i u m  v a l u e  T = T ( A  /A ) 1/4 , P E E T  
i n d e p e n d e n t  of  t h e  s u r f a c e  c h a r s c t e r i s t , i c s .  B u t ,  s i n c e  t h e  s a t e l l i t e  

s p e n d s  o v e r  h a l f  o f  i t s  l i f e  i n  t h e  s u n ,  t h i s  lower l i m i t  i s  n e v e r  

r e a c h e d .  The a c t i o n  ‘if t h e  s l i r i i igh t  r a i s e s  t h e  t e m p e r a t u r e .  

The e f f e c t i v e n e c s  o f  s u n l i g h t  i n  r a i s i n g  t h e  a v e r a g e  t e m p e r a t u r e  

c a n  be e v a l u a t e d  i r  th-. f o l l o w i n g  way. 

d i v i d e ( ]  c u t  of  t h e  r i g h t - h a n d  s i d e  o f  E q .  ( 1 0 ) .  The two l a r g e  

f a c t o r s  o n  t h i s  .;ide a r z  compet ing f o r c i n g  f u n c t i o n s .  The f i r s t ,  now 

w i t h  t h e  c o e f f i c i e c t  (al/&*) S ,  i s  p o s i t i v e ,  b u t  a c t s  o n l y  p a r t  o f  

t h e  t i n e .  The s e c o n d ,  now w i t h  o n l y  J S  i: c o e f f i c i e n t ,  i s  n e g a t i v e  

2nd i s  alvJ:.ys p r e s e n t .  

Suppose t h e  f a c t o r  a? i s  - 
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The r e s u l t  i s  a c y c l i c  f l u c t u a t i 3 n  o f  t e m p e r a t u r e ,  whose d e t a i l s  

cdn h e  c o n t r o l l e d  o n l y  by c o n t r o l l i n g  t h e  r a t i o  cl/a2, once  t h e  :hape  

o f  t h e  s a t e l l i t e  has  been  d e t e r m i n e d .  The c o r r e c t  c h o i c e  o f  t h i s  

r a t i o  f o r  t h e  s a t e i i i t e  s u r f a ~ e  is critic21 f e r  t e m p e r a t u r e  ~ ~ n t r o l ,  

A c t u a l l y ,  s i n c e  t h e  s a t e l l i t e  i s  s p i n n i n g  w i t h  a p e r i o d  much 

s h o r t e r  t h a n  any o f  t h e  i m p o r t a n t  t h e r m a l  t i m e  c o n s t a n t s ,  o n l y  t h e  

a v e r a g e  v a l u e  o f  al/a2 o v e r  t h e  s u r f a c e  i s  i m p o r t a n t .  

r e a s o n ,  i t  i s  n o t  n e c e s s a r y  t o  f i n d  a s i n g l e  m a t e r i a l  w i t h  t h e  

c o r r e c t  r a t i o  al/a2 f o r  t h e  whole r u r f a c e .  

found  whose r a t i o s  o f  al/a2 b r a c k e t  t h e  d e s i r e d  v a l u e ,  t h e n  t h e  

s u r f a c e  may be  c o a t e d  w i t h  a p a t t e r n  o f  t h e s e  two m a t e r i a l s .  

S e l e c t i o n  o f  t h e  p r o p e r  f r a c t i o n  o f  t h e  s u r f a c e  t o  be c o v e r e d  by e a c h  

w i l l  t h e n  p e r m i t  t h e  c o r r e c t  a v e r a g e  r a t i o  t o  b e  a c h i e v e d .  

F o r  t h i s  

I f  two m a t e r i a l s  cdn be  

Two s u r f a c e  m a t e r i a l s  have been c o n s i d e r e d ;  s t e e l  ( s i n c e  t h e  

s a t e l l i t e  s h e l l  i s  made o f  s t e e l )  and Rok ide  2 , a c e r a m i c  m a t e r i a l ,  

( s i n c e  t h e  s a t e l l i t e  i s  exposed  t o  aerodynamic  h e a t i n g  d u r i n g  t h e  

l a u n c h  p h a s e ) .  

power f rom s o l a r  r a d i a t i o n  ( h i g h  v a l u e  of al /a*),  w h e r e a s  d Rokide-  

c o a t e d  s u r f a c e  a c c e p t s  a r e l a t i v e l y  s m a l l  amount of such  power ( l o w  

v a l u e  o f  al/a2). 

u s e d  must  be c a r e f u l l y  measured  i f  a c c u r a t e  t e m p e r a t u r e  p r e d i c t i o n s  

a r e  r e q u i r e d .  Such measurements  have  been  made f o r  s t e e l  and Rokide  

s u r f a c e s  f o r  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  by t h e  Mechan ica l  E n g i n e e r -  

i n g  Depar tment  of t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  B e r k e l e y .  

d i s c u s s i o n  of t h e s e  measurements  may be found  i n  Ref .  4. 

A s t e e l  s u r f a c e  a c c e p t s  a r e l a t i v e l y  l a r g e  amount o f  

The v a l u e  of al/a2 f o r  t h e  s u r f a c e  m a t e r i a l s  t o  be  

A 

*Rokide A, aluminum o x i d e  a p p l i e d  by a p a t e n t e d  p r o c e s s  of t h e  
N o r t o n  Co. ,  W o r c e s t e r ,  Mass. 
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C:jcfly, t h e  rcjti7 :;f al/uq f o r  R:,b:idc w s s  f o u n d  to be 0.437. 
,. /- 

Tvjo t y p e .  o f  ? t e n 1  were  u s e d  with two d i f f c r - e n t  s u r f ~ c c  p r e p a r a t i o n s .  

Fijr t h e  s t e e l  u sed  on  t h e  c y l i - [ d e r  al/a, i. 1 .92 ;  w h e r e a s ,  f o r  t h e  

s t e e l  u s e d  i n  t h e  nOSe cone  t h e  r a t i o  i s  4.12. 

L 

111. AVERAGE TEI'IPEFViTIJ3ES OF THE SATELLITE SHELL 

The a v e r a g e  t e m p e r a t u r e  o f  t h e  s a t e l l i t e  s h e l l  may b e  d . e t e rmined  

I t  i s  n e c e s s a r y  t o  s p e c i f y  t h e  by  n u m e r i c a l  i n t e g r a t i o n  o f  E q .  ( 1 0 ) .  

t i m e  o f  l a u n c h ,  t h e  a n g l e  betwei?n t h e  p l a n e  of  t h e  o r b i t  and t h e  

d i r e c t i o n  o f  t h e  sun, t h e  c h a r a c t e r i s t i c s  of t h e  o r b i t ,  t h e  s u r f a c e  

c h a r z c t e r i s t i c s  of t h e  s a t e l l i t e ,  and t h e  t o t a l  h e a t  c a p a c i t y  of  t h e  

s a t e l l i t e  pay load .  A number o f  such  i n t e g r a t i o n s  have been  c a r r i e d  

out, t o  j .11 .us t ra te  t h e  e f f e c t  o f  t h e  v a r i o u s  p a r a m e t e r s .  upon t h e  

t e m p e r a t u r e  o f  th t .  s 3 t e l l i t e  b h e l l .  Examples o f  t h e  a v e r a g e  t e m p e r a -  

t u r e s  o b t a i n e d .  f rom t h e s e  i n t e g r a t i o n s  a r e  d i s p l a y e d  i n  F i g s .  5 

t h r o u g h  6 ,  where  

11 = t h e  a l t i t u d e  o f  t h e  c i r c u l a r  o r b i t  i n  mi les  

'p = t h e  a n g l e  be tween t h e  p l a n e  of  t h e  o r b i t  and t h e  

d i r e c t i o n  qf  t h e  sun 

b = t h e  a n g l e  a round  t h e  c i r c u l a r  o r b i t  measured  from t h e  

.I sun c h i nq po i n  t 

EXFLOElE3 I i s  a p p r o x i m a t e l y  30 i n .  l o n g  and 6 i n .  i n  d i a m e t e r  

(:;e::? F i q .  9) a n d  i s  composed o f  t h r e e  s e c t i o n s :  t h e  n o s e  cone ,  t h e  

c:yI<.i-:~.li ' lcsl s e c t i o n  t r J  which  t h e  n o s e  cone  i s  a t t a c h e d ,  and t h e  

c x o t y  f o u r t h - s t a g e  rnotor c a s e .  E.ch o f  t h e  t h r e e  s e c t i o n s  i s  t h e r m a l l y  

ins1 , i la ted  fror.1 t h e  o t h e r s  s o  t h a t  t h e  t e m p e r a t u r e  o f  e a c h  s e c t i o n  may 
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be  c o n s i d e r e d  i n d e p e n d e n t l y .  C o n t r o l  o f  t h e  t e m p e r a t u r e  i s  necc’ssary 

f o r  only t h e  f i r c t  two s e c t i o n s  s i n c e  t h e y  c o n t a i n  t h e  e l e c t r o n i c  

equ ipmen t .  
I 

F o r  t h i s  s t u d y ,  it was assumed t h a t  t h e  t h i c k n e s s  o f  t h e  s a t e l l i t e  

nose  cone  ? h e l l  was 3 mm a t  t h e  t i p  and  0.8 mm o v e r  t h e  r e s t  o f  t h e  

body. The t o t a l  h e a t  c a p a c i t y  of  t h e  n o s e  cone  s h e l l  was d e t e r m i n e d  

i 

~ 

f rom t h e  w e i g h t  o f  t h i s  s e c t i o n  of  t h e  s h e l l  ( 3 5 2 . 2  g )  and t h e  
I 

s p e c i f i c  h e a t  c a p a c i t y  o f  s t e e l  ( 0 . 1 2 7  cal /g/OC)(Cf.  R e f .  5 )  t o  b e  

44.73 cal/OC. 

i n  F i g .  1 was found t o  be 136.097 i n ?  

I 

I 
I 

The t o t a l  s u r f a c e  a r e a  AT f o r  t h e  c o n f i g u r a t i o n  shown 

Both o f  t h e s e  v a l u e s  were  u s e d  

i n  t h e  n u m e r i c a l  i n t e g r a t i o n s  per formed.  

A second  s e t  o f  a v e r a g e  t e m p e r a t u r e s  was o b t a i n e d  f o r  t h e  

c y l i n d r i c a l  s e c t i o n  o f  t h e  s h e l l ,  w i t h  t h e  d i m e n s i o n s  shown i n  F i g .  9. 

Both  e n d s  o f  t h e  c y l i n d e r  were assumed t o  be  i n s u l a t e d  f rom t h e  

r e m a i n d e r  o f  t h e  p a y l o a d  and  t o  a c t  a s  r a d i a t i o n  s h i e l d s .  Sample 

a v e r a g e  t e m p e r a t u r e  c u r v e s  f o r  t h i s  c o n f i g u r a t i o n  a r e  shown i n  F i g s .  7 

and 8. T h i s  c y l i n d r i c a l  c o n f i g u r a t i o n  h a s  a t o t a l  s u r f a c e  a r e a  o f  

376 .991  i n . 2  and a t o t a l  h e a t  c a p a c i t y  o f  140.6 cal/OC. 

On t h e  b a s i s  o f  t h e s e  c a l c u l a t i o n s ,  a r a t i o  o f  25% Rokide  was 

s e l e c t e d  f o r  t h e  c y l i n d r i c a l  s e c t i o n ,  g i v i n g  a n  a v e r a g e  al/a2 of  1 . 3 7 ;  

and a r a t i o  o f  30;: Rok ide  was chosen f o r  t h e  nose. c o n e ,  g i v i n g  an  

a v e r a g e  a /a o f  1.61. 1 2  

I V .  TE:,IPERATLJRE PREDICTIONS 

I t  i s  e s s e n t i a l  t o  p r o v i d e  t h e  p r o p e r  t e m p e r a t u r e  e n v i r o n m e n t  for 

t h e  r a d i o  equipment  c a r r i e d  b y  t h e  s a t e l l i t e  f o r  a t  l e a s t  t h e  l i f e t i m e  
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o f  t h e  b a t t e r i e s  power ing  t h i s  r a d i o  equ ipmen t .  It  i s  p o s s i b l e  t o  

choose  t h e  i n i t i a l  t e m p e r a t u r e  of t h e  s a t e l l i t e  s h e l l ,  a v e r a g e d  o v e r  

t h e  f i r s t  few o r b i t s ,  w i t h i n  t h e  p r o p e r  bounds .  T h i s  t e m p e r a t u r e  w i l l  

v a r y  w i t h  t i m e  due  t o  t h e  p r e c e s s i o n  o f  t h e  s a t e l l i t e  o r b i t  c a u s e d  by  

t h e  o b l a t e n e s s  o f  t h e  e a r t h  and a l s o  d u e  t o  t h e  change  i n  o r i e n t a t i o n  

o f  t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  sun .  The p r e c e s s i o n  q f  t h e  o r b i t  

may be  r e g a r d e d  a s  a change  i n  t h e  a n g l e  be tween t h e  d i r e c t i o n  o f  t h e  

sun  and t h e  p l a n e  o f  t h e  o r b i t  ( c p ) .  

o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  sun may be  a c c o u n t e d  f o r  by v a r y i n g  

t h e  o r i e n t a t i o n  a n g l e  T ~ .  

i n s i d e  t h e  s a t e l l i t e ,  o n l y  t h e  mean v a l u e  of  t h e  s h e l l  t e m p e r a t u r e  

o v e r  a c y c l e  i s  c o n s i d e r e d .  

Changes  i n  t h e  s a t e l l i t e ' s  

S i n c e  t h e  t e m p e r a t u r e  o f  i n t e r e s t  i s  t h a t  

1958 ALPHA was i n j e c t e d  i n t o  o r b i t  a t  3 h r  55 min 5 s e c  Greenwich  

Mean T i m e  on F e b r u a r y  1, 1958. The a v e r a g e  a l t i t u d e  o f  t h e  o r b i t  i s  

a p p r o x i m a t e l y  900 s t a t u t e  miles ,  and  t h e  a n g l e  of  i n c l i n a t i o n  o f  t h e  

o r b i t  t o  t h e  e a r t h ' s  e q u a t o r  i s  33.34 deg. 

c o n d i t i o n s  g i v e s  i n i t i a l  v a l u e s  of rlS = 107 d e g ,  and cp = 0 deg. 

T h i s  s e t  o f  l a u n c h i n g  

A s  p o i n t e d  o u t  i n  Sec .  11, t h e  o r i g i n a l  a t t i t u d e  of  t h e  a x i s  of  

symmetry was n o t  m a i n t a i n e d .  W i t h i n  a s h o r t  p e r i o d  o f  t i m e  t h e  

s a t e l l i t e  had p r e c e s s e d  t h r o u g h  90 deg  and was t u m b l i n g  a b o u t  i t s  

o r i g i n a l  s p i n  a x i s  w i t h  a p e r i o d  o f  a p p r o x i m a t e l y  7 s e c .  Thus ,  t h e  

e x p e c t e d  t e m p e r a t u r e - t i m e  h i s t o r y  f o r  1958 ALPHA m u s t  u t i l i z e  a 

p r o j e c t e d  a r e a  a v e r a g e d  o v e r  t h e  t u m b l i n g  p e r i o d .  

b e  made t h a t  t h e  p r e c e s s i o n  of  t h e  s a t e l l i t e ' s  a x i s  o f  symmetry 

o c c u r r e d  i n  a p p r o x i m a t e l y  one  day. Thus ,  on F e b r u a r y  2 t h e  s a t e l l i t e  

i s  t u m b l i n g  i n  a p l a n e  a p p r o x i m a t e l y  16 deg  away f rom t h e  d i r e c t i o n  o f  

t h e  s u n  and t h e  e f f e c t i v e  p r o j e c t e d  a r e a  f o r  t h e  r e c e i p t  o f  s o l a r  

The a s s u m p t i o n  w i l l  
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r a d i a t i o n  c o r r e s p o n d s  t o  an  a v e r a g e  a n g l e  o f  o r i e n t a t i o n  o f  116 d e g .  

P r e d i c t e d  i n t e r n a l  t e m p e r a t u r e s  f o r  t h i s  g e o m e t r i c a l  s i t u a t i o n  h a v e  

been  p r e p a r e d  f o r  t h e  n o s e  c o n e  and t h e  c y l i n d e r .  T h e s e  p r e d i c t e d  

I i n t e r n a l  t e m p e r a t u r e s  a r e  p l o t t e d  w i t h  t h e  o b s e r v e d  t e m p e r a t u r e  d a t a  
I 

i n  a l a t e r  S e c t i o n  o f  t h i s  P u b l i c a t i o n .  

I 
V. TEI:IPERATURE FOR 1958 ALPHA 

I F o u r  d i r e c t  t e m p e r a t u r e  measurements  a r e  made u s i n g  r e s i s t a n c e  

I t he rmomete r s .  These  r e s i s t a n c e  the rmomete r s  a r e  p l a c e d  a s  f o l l o w s :  

1. 

2.  

3 .  

4 . 

The s t a g n a t i o n - p o i n t  t e m p e r a t u r e  measured  a t  t h e  t o p  o f  

t h e  n o s e  c o n e  and c a p a b l e  o f  c o v e r i n g  a r a n g e  o f  -5COC 

t o  +450°C.  The-approximate  a c c u r a c y  o f  t h i s  measurement  

i s  *2OoC. 

The nose-cone  s k i n  t e m p e r a t u r e  measured  j u s t  f o r w a r d  o f  

t h e  a n t e n n a  g a p  and c a p a b l e  o f  c o v e r i n g  a r a n g e  o f  

-50% t o  +22OoC. A t  5 0 ° C  t h e  a c c u r a c y  of t h i s  measure-  

ment i s  %1CoC. A t  O°C t h e  a c c u r a c y  i s  k l S ° C .  

The c y l i n d e r  s k i n  t e m p e r a t u r e  measured  a f t  on t h e  

c y l i n d e r  and  c a p a b l e  o f  c o v e r i n g  a r a n g e  of -5GOC t o  

+ l l G ° C .  Over  t h e  r a n g e  o f  -1OOC t o  +8OoC t h e  a c c u r a c y  

of  this t e m p e r a t u r e  d a t a  i s  h4OC. 

The i n t e l n a l  t e m p e r a t u r e  o f  t h e  c y l i n d e r  measured i n  t h e  

high-powered t r a n s m i t t e r  and c a p a b l e  of c o v e r i n g  a r a n g e  

o f  -6OOC t o  + l l C ° C .  The a c c u r a c y  o f  t h i s  measurement  

r3l lqec  fro:^ h2OC a t  T 0 t o  3OoC t o  *2OoC a t  T = 9OOC. 
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I n  a d d i t i o n  t o  t h e s e  d i r e c t  t e m p e r a t u r e  measu remen t s ,  i n d i r e c t  

measu res  o f  i n t e r n a l  t e m p e r d t u r e  a r e  a v a i l a b l e .  The i n t e r n a l  t empera -  

t u r e  o f  t h e  n o s e  c o n e  may b e  i - & f e r r e d  b y  o b s e r v i n g  t h e  f r e q u e n c y  l e v e l  

o f  t h e  cosmic - ray  measurement  c h a n n e l .  C a l i b r a t i o n s  o f  t h e  s u b c a r r i e r  

o s c i l l a t o r  i n d i c a t e  t h a t  t h e  i n t e r n a l  t e m p e r a t u r e  o f  t h e  n o s e  c o n e  i s  

known t o  h12OC f o r  T = 0 t o  2 5 O C  and  t o  - 1 6 O C  f o r  T = 25 t o  5C)OC. 

T h e r e  i s  c o n t i n u o u s  t r a n s m i s s i o n  o f  a l l  t e l e m e t r y  d a t a .  The 

s t a g n a t i o n  p o i n t  t e m p e r a t u r e  and  t h e  nose-cone  s k i n  t e m p e r a t u r e  

measurements  a r e  t r a n s m i t t e d  by t h e  low-powered t r a n s m i t t e r .  The 

i n t e r n a l  and s k i n  t e m p e r a t u r e s  of t h e  c y l i n d e r  a r e  t r a n s m i t t e d  b y  t h e  

h igh-powered  t r a n s m i t t e r .  

l o c a t i o n s :  

The d a t a  a r e  r e c o r d e d  a t  t h e  f o l l o w i n g  

P a t r i c k  A i r  F o r c e  Base  28ON L a t i t u d e  

E a r t h q u a k e  V a l l e y  33ON L a t i t u d e  

San  G a b r i e l  3 4 O N  L a t i t u d e  

N i g e r i a  l O * N  L a t i t u d e  

S i n g a p o r e  2 O r J  L a t i t u d e  

P a t r i c k  A i r  F o r c e  B a s e ,  Ea r thquake  V a l l e y ,  and San  G a b r i e l  r e c e i v e  

a p p r o x i m a t e l y  f o u r  p a s s e s  a d a y ;  h J ige r i a  and S i n g a p o r e  r e c e i v e  a b o u t  

s e v e n  p a s s e s  a day .  D a t a  from t h e  low-powered t r a n s m i t t e r  a r e  r e c c i v e d  

a t  a l l  s t a t i o n s .  1 ’ - i format ion  f r o m  t h e  high-powered t r a n s m i t t e r  i s  

r e c e i v e d  a t  P a t r i c k  A i r  F o r c e  S a s e  and San  G a b r i e l  o n l y .  

The t e l e m e t r y  d a t a  from some s e v e n  hundred  and t h i r t y - t w o  p a s s e s  

have b e e n  r e d u c e d  and p l o t t e d  a g a i n s t  t ime.  

i s  f rom F e b r u a r y  1, 1933, t o  A p r i l  1 4 ,  1958. I n d i v i d u a l  f i g u r e s  have 

b e e n  p r e p a r e d  f o r  e a c h  o f  t h e  t e m p e r a t u r e  measurements .  

The t i m e  p e r i o d  c o v e r e d  

The p r e d i c t e d  
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i n t e r n a l  t e m p e r a t u r e  f o r  t h e  nose  cone  and  f o r  t h e  c y l i n d e r  h a s  been  

added t o  t h e  p l o t s  o f  t h e s e  q u c i n t i t i e s .  Theye d a t < i  a r e  shown i n  

F i g s .  10 t h r o u g h  29. 

Bo th  t h e  measured  i n t e r n a l  t e m p e r a t u r e  i n  t h e  c y l i n d e r  and  t h e  

i n d i r e c t  measure  o f  i n t e r n a l  t e m p e r a t u r e  i n  t h e  n o s e  c o n e  show a r a n g e  

o f  35OC. T h i s  r a n g e  i s  t r a v e r s e d  s e m i p e r i o d i c a l l y  w i t h  an a p p a r e n t  

p e r i o d  of  a p p r o x i m a t e l y  2 1/2 d , ) y s .  

t h i s  t e m p e r a t u r e  r a n g e  i s  e x p e r i e n c e d  d u r i n g  e a c h  o r b i t .  It s h o u l d  

be remembered t h a t  t h e  maximum f r a c t i o n  o f  an o r b i t  o v e r  wh ich  d a t a  i s  

r e c o r d e d  i s  a p p r o x i m a t e l y  2576. The r e c o r d s  show an  i n t e r n a l  f l u c t u a -  

t i o n  f rom O°C t o  35OC i n s i d e  t h e  c y l i n d e r  and from 5OC t o  4OoC i n s i d e  

t h e  n o s e  cone .  

However,  i t  i s  v e r y  p r o b a b l e  t h a t  

I n  c o m p l e t i n g  t h e  t e m p e r a t u r e  p r e d i c t i o n s  some a l l o w a n c e  was 

made f o r  t h e  r e m a i n i n g  u n c e r t a i n t i e s ,  s u c h  a s  u n p r e d i c t e d  v a r i a t i o n s  

i n  a t t i t u d e  and a l t i t u d e .  I n  making t h i s  a l l o w a n c e ,  a c o n s e r v a t i v e  

a p p r o a c h  was u s e d  c o n s i s t e n t l y  based  on t h e  r e q u i r e m e n t  t h a t  i n  no 

c a s e  was t h e  t e m p e r a t u r e  t o  exceed +8OoC, t h e  v a l u e  a t  which  t h e  

e l e c t r o n i c  equipment  s u f f e r s  permanent  damage. It was e s t i m a t e d  t h a t  

t h i s  a l l o w a n c e  m i g h t  c o n t r i b u t e  a s  much a s  15% t o  t h e  s i m p l e r  p r e -  

d i c t i o n .  I t  i s  t h i s  c o n s e r v a t i v e  p r e d i c t i o n  which  i s  shown i n  t h e  

F i g u r e s  o f  t h i s  r e p o r t .  

T h u s ,  b e f o r e  t h e  f i r i n g ,  i t  was e s t i m a t e d  t h a t  t h e  a c t u a l  t e m p e r a -  

t u r e s  m i g h t  r u n  a s  much a s  15O below t h e  c o n s e r v a t i v e  p r e d i c t i o n s .  

The d a t a  show t h a t  t h e  t e m p e r a t u r e s  were  g e n e r a l l y  a b o u t  loo below 

t h i s  c o n s e r v a t i v e  p r e d i c t i o n .  
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I S h e l l  t e m p e r a t u r e s  r a n g i n g  from -25OC t o  '75OC have been o b s e r v e d .  

An  i n s p e c t i o n  o f  F i g s .  5 t h r o u g h  8 i n d i c a t e s  t h a t  a t e m p e r a t u r e  

~ 

v a r i a t i o n  o f  80 t o  9OoC d u r i n g  o n e  o r b i t  would be  e x p e c t e d .  

V I .  THE PIONEER PROBES 

I The t e m p e r a t u r e - c o n t r o l  problem f o r  t h e  moon p r o b e s ,  PIONEERS I11 

and I V ,  d i f f e r e d  i n  s e v e r a l  ways from t h e  problem f o r  t h e  EXPLORER 

s a t e l l i t e s .  

i n  a c c o r d a n c e  w i t h  t h e  r e q u i r e m e n t s  o f  t e m p e r a t u r e  c o n t r o l .  T i m e  o f  

f i r i n g  i s  d i c t a t e d  by t r a j e c t o r y  r e q u i r e m e n t s .  Second,  t h e  e a r t h  

d o e s  n o t  e n t e r ,  i n  a s i g n i f i c a n t  way, i n t o  t h e  t e m p e r a t u r e  problem 

d u r i n g  t h e  i m p o r t a n t  p o r t i o n s  of  t h e  f l i g h t .  Thus ,  r a d i a t i o n  f rom t h e  

e a r t h  can b e  n e g l e c t e d ,  and  a s t e a d y - s t a t e  t e m p e r a t u r e  c a n  b e  assumed 

f o r  t h e  c a l c u l a t i o n s ,  i f  t h e  a t t i t u d e  c a n  be h e l d  f i x e d .  T h i r d ,  t h e  

amount o f  h e a t  g e n e r a t e d  i n t e r n a l l y  by  t h e  t r a n s m i t t e r  and o t h e r  

e l e c t r o n i c  equipment  of  t h e  PIONEERS i s  n o t  a n e g l i g i b l e  s o u r c e  a s  i t  

was f o r  t h e  EXPLORERS. F o u r t h ,  d u r i n g  t h e  f l i g h t  t h r o u g h  t h e  atmos-  

p h e r e  o f  t h e  l a u n c h i n g  v e h i c l e ,  t h e  p a y l o a d  i s  p r o t e c t e d  by  a s h r o u d ,  

t h u s  making p o s s i b l e  t h e  u s e  o f  s u r f a c e  m a t e r i a l  w i t h o u t  t h e  r e s t r i c -  

t i o n  o f  a b i l i t y  t o  w i t h s t a n d  aerodynamic  h e a t i n g .  F i f t h ,  t h e  

t e m p e r a t u r e  e x t r e m e s  p e r m i t t e d  f o r  t h i s  pay load  were  somewhat 

n a r r o w e r  t h a n  t h o s e  p e r m i t t e d  f o r  t h e  EXPLORER p a y l o a d .  

F i r s t ,  i t  i s  n o t  p o s s i b l e  t o  r e g u l a t e  t h e  t ime o f  f i r i n g  

F i g u r e  27 shows a p r o f i l e  of t h e  p a y l o a d  u s e d  i n  PIONEERS I11 

and I V .  The F i g u r e  shows f o u r  r e f e r e n c e  a r e a s :  The n o s e  c o n e ;  t h e  

c y l i n d r i c a l  wrapping  a round  t h e  b a t t e r y  pack  ( I ) ;  t h e  a n n u l a r  b a s e  o f  
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t h e  b a t t e r y  pack ( 1 1 ) ;  and t h e  r e m a i n i n g  p o r t i o n  o f  t h e  p s y l o a d ' :  

b a s e  (111). To a c h i e v e  t e m p e r a t u r e  c o n t r o l ,  e a c h  o n e  o f  t h e s e  a r c ' n s  

was g i v e n  a d i f f e r e n t  s u r f a c e  t r e a t m e n t .  

The s u c c e s s f u l  o p e r a t i o n  o f  t h e  p a y l o a d  r e q u i r e s  t h a t  t h e  t empera -  

t u r e  l i e  be tween t h e  l i m i t s  o f  2OoC and 5 O O C .  I t  was d e c i d e d  t o  mcake 

e a c h  o f  t h e  a b o v e - l i s t e d  a r e a s  s e p a r a t e l y  m r i i n t a i n  a t e m p e r a t u r e  a s  

c l o s e  a s  p o s s i b l e  t o  t h e  m i d p o i n t  o f  t h e  l i m i t s ,  35OC. I t  was € o r  

t h i s  r e a s o n  t h a t  e a c h  of  t h e  a r e a s  r e c e i v e d  a d i f f e r e n t  s u r f a c e  

t r e a t m e n t .  

The dependence  o f  t e m p e r a t u r e  upon a t t i t u d e  a n g l e  9 c o u l d  n o t  be 

overcome b y  c o n t r o l l i n g  t h e  t i m e  o f  l a u n c h ,  a s  was done  f o r  t h e  

EXPLORER s a t e l l i t e s ,  s i n c e  t h e  t r a j e c t o r y  r e q u i r e m e n t s  f o r  a moon 

p r o b e  s p e c i f y  t h e  t ime o f  l a u n c h  t o  w i t h i n  t h e  n e a r e s t  few m i n u t e s .  

S e v e r a l  t imes  o f  l a u n c h  on a s e r i e s  o f  d a y s  were  s e l e c t e d  f o r  t h e  

v e h i c l e .  I n  t h i s  way, a l l o w a n c e  was made f o r  t h e  p o s s i b i l i t y  o f  

l a s t - m i n u t e  d e l a y s  i n  t h e  f i r i n g  s c h e d u l e .  I n  t u r n ,  t h i s  r e q u i r e d  

t h a t  t h e  T u r f a c e  c o a t i n g  b e  changed d a y  b y  d a y  i f  s u c h  pos tponemen t s  

became n e c e s s a r y  s i n c e  e a c h  new days  f i r i n g  r e s u l t e d  i n  a d i f f e r e n t  

a n g l e ,  7 .  

The n o s e  cone  was n a d e  o f  f i b e r g l a s s ,  and  i t s  o u t e r  s u r f a c e  W A S  

c o v e r e d  w i t h  a g o l d  wash.  For PIO:\JEER 111, 44:; o f  t h i s  s u r f a c e  w a s  

t h e n  s t r i p e d  w i t h  w h i t e  p a i n t .  Area 1 was c o n s t r u c t e d  o f  R g o l d -  

p l a t e d  a luminum-fo i l  s h i e l d ,  w i t h  40id o f  t h e  a r e a  p a i n t e d  b l a c k .  

Area  3 w a s  g o l d  p l a t e d  and u n p a i n t e d .  A r e a  4 was s p r a y e d  w i t h  

aluminum p a i n t .  1 : T t e r n a l  c o n s t r u c t i o n  was s o  d e s i g n e d  t h a t  t h e  3 w a t t s  

o f  i n t e r n a l l y  g e n e r a t e d  h e a t  was conduc ted  p r i n c i p a l l y  t o  Area 4 f o r  

r a d i a t i o n  o u t  i n t o  s p a c e .  
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The o b s e r v e d  pay load  t e m p e r a t u r e  d u r i n g  t h e  f l i g h t  o f  PIONEER 111 

i s  shown i n  F i g .  28. The t e m p e r a t u r e  r o s e  s t e a d i l y  d u r i n g  t h e  f i r s t  

s e v e r a l  h o u r s  o f  f l i g h t  a s  t h e  pay load  moved o u t  f rom t h e  shadow o f  

t h e  e a r t h  and r e a c h e d  a s t e a d y  s t a t e  v a l u e  o f  a p p r o x i m a t e l y  37OC. 

Based on  t r a j e c t o r y  and s i g n a l - s t r e n g t h  i n f o r m a t i o n ,  it i s  e s t i m a t e d  

t h a t  t h e  a n g l e  r ]  g i v i n g  t h e  a t t i t u d e  be tween t h e  p a y l o a d  a x i s  and t h e  

sun w a s  a p p r o x i m a t e l y  91 deg.  T h i s  a n g l e  was c o n s i d e r a b l y  g r e a t e r  

t h a n  had been  e x p e c t e d .  A s  a r e s u l t ,  t h e  nose  cone  was somewhat 

c o o l e r  t h a n  e x p e c t e d  and t h e  r e m a i n i n g  a r e a  somewhat warmer t h a n  

e x p e c t e d  . 
A s  a r e s u l t  o f  t h e  s u r f a c e  t e m p e r a t u r e  d i f f e r e n c e s  between 

v a r i o u s  s e c t i o n s  of  t h e  p a y l o a d ,  a h e a t  f l u x  o c c u r r e d  be tween t h e  

p a y l o a d  i n s t r u m e n t  s e c t i o n  and t h e  nose-cone  s h e l l .  Us ing  a 

r e a s o n a b l e  a s sumpt ion  f o r  t h e  r a d i a t i v e  t r a n s f e r  be tween t h e  f o r w a r d  

s e c t i o n  o f  t h e  i n s t r u m e n t  p o r t i o n  and t h e  i n t e r i o r  o f  t h e  n o s e  s h e l l ,  

t h e  o b s e r v e d  t e m p e r a t u r e  a p p e a r s  t o  b e  a l m o s t  e x a c t l y  t h a t  e x p e c t e d  

on t h e  b a s i s  o f  t h e  s u r f a c e  c h a r a c t e r i s t i c s .  

The e x p e c t e d  a t t i t u d e  a n g l e s  f o r  t h e  t r a j e c t o r i e s  o f  PIONEER I V  

were  d i f f e r e n t  f rom t h o s e  o f  PIONEER 111. A s  a r e s u l t ,  f o r  t h e  

a c t u a l  f l i g h t  d a y ,  t h e  go ld -cove red  n o s e  s h e l l  was p a i n t e d  447; b l a c k ,  

t h e  go ld -p la t ed -a luminum s h i e l d  o f  A r e a  1 was p a i n t e d  43$d w h i t e ,  and 

Areas  2 and 3 were  t h e  same a s  i n  t h e  c a s e  o f  PIONEER 111. 

The e x p e c t e d  i n c l i n a t i o n  a n g l e  was 103.5 deg and t r a j e c t o r y  and 

s i g n a l - s t r e n g t h  me3surements  i n d i c a t e d  t h a t  t h i s  a n g l e  was o b t a i n e d  

i n  f l i g h t .  The measured t e m p e r a t u r e  f o r  PIONEER I V  i s  shown i n  

Fiq. 2?. 
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The measurements  i n d i c a t e  an e q u i l i b r i u m  t e m p e r a t u r e  o f  42OC. 

C a l c u l a t i o n  of  t h e  e x p e c t e d  e q u i l i b r i u m  t e m p e r a t u r e  f o r  t h e  a t t i t u d e  

a n g l e  o f  103.50 r e s u l t  i n  an e x p e c t e d  t e m p e r a t u r e  o f  a p p r o x i m a t e l y  

35OC, which  i s  7OC lower  t h a n  measured.  

T h i s  7OC d i s c r e p a n c y  between c a l c u l a t e d  and o b s e r v e d  t e m p e r a t u r e s  

i s  w i t h i n  t h e  u n c e r t a i n t i e s  expec ted .  T h e s e  u n c e r t a i n t i e s  a r i s e  f rom 

many c a u s e s ,  b u t  t h e  p r i n c i p a l  f a c t o r  i s  a l a c k  o f  comple t e  i n f o r m a -  

t i o n  on t h e  r a d i a t i v e  p r o p e r t i e s  o f  s u r f a c e  m a t e r i a l s  and p a i n t s  u s e d  

f o r  t e m p e r a t u r e  c o n t r o l .  

V I I .  CONCLUSIONS 

From t h e  r e s u l t s  o b t a i n e d  i n  t h e  f l i g h t s  o f  t h e  EXPLORER s a t e l -  

l i t e s  and  t h e  PIONEER 111 and IVmoon p r o b e s ,  it a p p e a r s  t h a t  p a s s i v e  

t e c h n i q u e s  f o r  t e m p e r a t u r e  c o n t r o l  a r e  p o s s i b l e  a t  l e a s t  f o r  t r a -  

j e c t o r i e s  wh ich  do n o t  c a r r y  t h e  body s o  f a r  away from t h e  e a r t h ' s  

o r b i t  t h a t  t h e  s o l a r  c o n s t a n t  i t s e l f  i s  changed  a p p r e c i a b l y .  I n  

o r d e r  t o  a c h i e v e  a d e q u a t e  c o n t r o l  by  p a s s i v e  t e c h n i q u e s ,  it i s  

n e c e s s a r y  t o  have  e x c e l l e n t  i n f o r m a t i o n  on t h e  r a d i a t i v e  p r o p e r t i e s  

o f  t h e  m a t e r i a l s  u s e d  f o r  s u r f a c e  p r e p a r a t i o n .  

t o  p r e v e n t  any  change  i n  t h e  nature  of  t h e  s u r f a c e  be tween t h e  t ime 

it i s  p r e p a r e d  and t h e  t i m e  t h a t  t h e  s p a c e  p r o b e  l e a v e s  t h e  a tmos-  

p h e r e .  Even t h e n ,  a f t e r  t h e  b e s t  i n f o r m a t i o n  has  been  o b t a i n e d  on 

s u r f a c e  p r o p e r t i e s ,  and a f t e r  t h e  g r e a t e s t  c a r e  h a s  b e e n  t a k e n  t o  

e n s u r e  t h a t  t h e s e  s u r f a c e  p r o p e r t i e s  w i l l  b e  p r e s e r v e d  t h r o u g h o u t  t h e  

l a u n c h i n g  p h a s e  o f  t h e  f l i g h t ,  d i s c r e p a n c i e s  a r e  s t i l l  found  be tween 

c a l c u l a t e d  and o b s e r v e d  t e m p e r a t u r e s .  

It i s  a l s o  n e c e s s a r y  
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''/hen t h e  t e m p e r a t u r e  c o n t r o l  lirliits c , - t ; > l ~  l i  shcld i)i/ 

e l e c t r o n i c  equi!mncnt, the> maqni tude  oC t l lr  d i s c r o p  i n c i c r  c,o fc;r  

o b s e r v e d  i s  s u E f i c i e n t l y  small  t h a t  no g r c  t d a n g e r  e x i s t s  o f  c n u 5 i n q  

t h e  f a i l u r e  o f  a p a y l o a d  by  u n f o r s e e n  temperatlArc v a r i a t i o n s .  How- 

e v e r ,  wllen b i o l o g i c a l  5amples  a r e  intrqdi- iced i n t o  t h e  p a y l o a d ,  o r  

when t h e  f l i g h t  t r a j e c t o r y  t a k e s  t h e  paylo<jd  e i t h e r  much c l o s e r  t o  o r  

much f u r t h e z  from t h e  ';iin, o r  when t h e  a t t i t u d e  of  t h e  p a y l o a d  c a n  

n e i t h e r  be  c o n t r o l l n d  nor compens3ted f o r ,  p a s q i v e  t z m p c r a t u r e  

c o n t r o l  t e c h n i q u e . ,  will b~)p of  much I n s ?  v<rIue .  C e r t s i n l y ,  as  t h e  

proqram f o r  t h e  e x p l o r a t i o n  o f  space d e v e l o p s  a n d  t h e  p a y l o a d s  t o  

c a r r y  o u t  t h i s  e x p l o r < i t i o n  becone i n c r e a c , i n g l y  complex ,  it i s  

e s s e n t i a l  t o  look  f o r w a r d  t o  t h e  n e c e s s i t y  o f  i n t r o d u c i n g  a c t i v e  

t e m p e r a t u r e - c o n t r o l  scheme?. 
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/’ THERMALLY 
INSULATED 

ANGLE OF ORIENTATION 

I ,  = IO INCHES 
1 3  =20 INCHES 

F i g .  1. Dimens ions  and 
O r i e n t a t i o n  of Pay load  

79 deg 

F i g .  2. The R a t i o  of As/AT f o r  t h e  C o n i c a l  
S e c t i o n  of t h e  Payload  
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I 

Fig .  3. Geometry o f  E a r t h - t o -  
S a t e l l i t e  R a d i a t i o n  P r o c e s s  

DIRECTION OF ANGULAR 
MOMENTUM VECTOR 

I 

Fig .  4. R e l a t i o n s h i p  Between 1, J/ C o o r d i n a t e  
System and D i r e c t i o n  o 7 t h e  Sun 
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F i g .  5. Average T e m p e r a t u r e  of 
C o n i c a l  S e c t i o n  of t h e  Pay load  

S h e l l  vs Angle Around O r b i t  
f o r  Launch 20° Before Noon 

T r a n s i t ,  h = 1000 miles, 
cp = O o ,  l o o ,  20°, 30°, 

40°, 50°, 60° 

8, ANGLE AROUND ORBIT, deg 

F i g .  6. Average  T e m p e r a t u r e  of 
C o n i c a l  S e c t i o n  o f  t h e  P a y l o a d  

S h e l l  vs  Ang le  Around O r b i t  
f o r  Launch 50° Afte r  Noon 
T r a n s i t ,  h = 1000 mi les ,  

cp = O o ,  loo, 20°, 3 0 ° ,  
40°, 50°,  60° 

8. ANGLE AROUND ORBIT, deg 
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&ANGLE AROUND ORBIT, deg 

F i g .  7. Average  T e m p e r a t u r e  of  
C y l i n d r i c a l  P a y l o a d  S h e l l  v s  

Ang le  Around O r b i t  f o r  
Launch  a t  Noon T r a n s i t ,  
h = 1000 mi les ,  cp = Oo, 

loo, 20°, 30°, 40°, 
50°, 60° 

F i g .  8. 

8, ANGLE AROUND ORBIT, deg 

Average  Tempera tu re  of C y l i n d r i c a l  
Pay load  S h e l l  v s  Angle Around OEbi t  f o r  

Launch 90° B e f o r e  Noon T r a n s i t ,  
h = 1000 miles ,  cp = Oo, l o o ,  

20° ,  30°, 40°, 50° ,  53O 
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AREA 

ARE A I 

1 

Fig. 27. Payload Configuration, PIONEERS I11 and IV 
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