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N O T I C E  

T H I S  DOCUM-ENT HAS B E E N  R E P R O D U C E D  

FROM T H E  B E S T  C O P Y  FURNISHED U S  B Y  

T H E  SPONSORING AGENCY. ALTHOUGH IT 

I S  RECOGNIZED THAT C E R T A I N  PORTIONS 

A R E  I L L E G I B L E ,  I T  IS BEING RELEASED 

I N  T H E  I N T E R E S T  O F  MAK1N.G A V A I L A B L E  

A S  MUCH INFORMATION A S  P O S S I B L E .  
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- I n t r o d u c t i o n  ' - . '  

processes i n  t h a t  p o r t i o n  of t h e  e a r t h ' s  atmosphere where 
dominant m o d e  of energy exchaage between t h e  environment 
its c o n t e n t s  is r ad ia t ion .  We s h a l l  emphasize p r i m a r i l y  
thermal i n t e r a c t i o n  between t h a t  environment and spacec r  
placed i n  i t .  T h i s  reg ion  of i n t e r e s t  beg ins  at an a l t i  
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above t h e  s u r f a c e  of  t h e  ez r th  of approx'i&ately 100 m i l e s ,  a- 
he igh t  at which t h e  l i f e t i m e  of s p a c e c r a f t  can  exceed at lea 
one complete orbi t .  In t ke  reg ion  above one  hundred miles, 
aerodynamic heatin 'g a f f 2 c t s '  aro n e g l i g i b l e .  ' The dens i ty  of 
a l l  atomic o r  molecular  p a r t i c l e s  is so l o w  t h a t  t h e y  do.not 
c o n t r i b u t e  measurably to t h e  energy balance of any macroscop 
body e v e n  though the  p a r t i c l e  ve loc i t i e s  correspond to  tempe 
atures above 1000°K. Aerodynamic h e a t i n g  e f f e c t s  w i l l  be di 
cussed in the next l e c t u r e .  

This lecture w i l l  be d i v i d e d  i n t o  two p a r t s .  The f i  
p a r t  w i l l  describe: (a) the  characteristics of the externr 
and i n t e r n a l  r a d i a n t  energy which c o n t r i b u t e  to t h e  spacec 
energy balance and (b) the materials p r o p e r t i e s  which gove 
t h e  abso rp t ion  and  emiss ion  of energy b y  t h e  s p a c e c r a f t .  
second p a r t  of the  l e c t u r e ,  to be presen ted  by Mr. K i d w e l .  
w i l l  describe the  spacec ra f t  thermal des ign  p r o c e s s  and 
include a d i scuss ion  of the boundary c o n d i t i o n s ,  formul 
of the energy balanc? equat ions,  computer s o l u t i o n s  an 
des ign  of s e v e r a i  Goddard s p a c e c r a f t  . 

The e x t e r n a l  thermal environment of o r b i t i n g  SpaCecrSf 
c o n s i s t s  of r a d i a n t  energy from the  sun ,  solar radiation re- 
f l e c t e d  by t h e  e a r t h  (or by acy o t h e r  celestial  body near 
s p a c e c r a f t )  a n d  r a d i a t i o n  emit ted d i r e c t l y  by the e a r t h .  

Solar Radia t ion  

for us: (1) magnitude, (2) s p e c t r a l  d i s t r i b u t i o n .  The 
maanitude of the solar r a d i a t i o n  i n c i d e n t  on a one SQU;L' 

Two p r o p e r t i e s  of t h e  solar r a d i a t i o n  are s i g n i f i c  



i n g  mezn values f o r  t h e  p1a.nrt.s Mai-s ,  Venus and Yercury ar& 
0.435, 1.94 and 6.7 t imzs  thl? cat ' .h's solar cons t an t , .  respec 
i v e l y .  The solar cons tan t  is kcownto an accuracy of a b o u t  2 
Seasurements of t h e  solar consta.ct. have been made both on th 
ground and a t  va r ious  a l t i t u d e s ,  for over  a period of 60 year 
These measuremaits i n d i c a t e  t h a t  t h o  so la r  constant is, indee 
i n v a r i a n t ,  eyen  .though . l a rge  chsnges  can occur over very.  
narrow bands of t h e  solar spectrum d u r i n g  p e r i o d s  of solar 
a c t i v i t y .  The past 15 years  of !-.igh a l t i t u d e  rocket measure- 
ments have extended our knoaledge  of the s o l a r  spectrum i n t o  

micron w a v e  l e n g t h  is sbsorbed i n  the earth's atmosphere and . . 
could not  be detected at sea level. T h e  n e t  e f f e c t  of these 
high a l t i t u d e  measurements h a s  been to i n c r e a s e  our estimate . 
of t h e  solar cons tan t  from 0.136 to 0.140 watts crno2. 
d i s t r i b u t i o n  of the solar energy i n t o  its spectral components 
is shown in Figure 1. The solar energy is spread over a vast 
s p e c t r a l  range from the ul t ra -x- rey  t o  t h e  far in f ra - red .  
However, the s p e c t r a l  range, s i g c i f i c a n t  as a thermal env 
ment, nay be considered to extend from 0.3 t o  4.0 microns, 
T h i s  a r b i t r a r i l y  selected region  excludes about 1% of the 
t o t a l  solar energy above and 1% below its l i m i t L s .  If t h e .  
upper l i m i t  is reduced t o  2.6 microns,  an a d d i t i o n a l  ='of 
t h e  to ta l  so l a r  energy is excluded. 

the solar spectral i n t e n s i t y  as a f u c c t i o n  of wave length. 
s p e c t r a l  i n t e n s i t y  curve  of 'c k l z e l -  kody r a d i a t i n g  between 
and 60OO0K does show a fair rss3mblance to t h e  solar curve. 
shape  of . t he  s o l a r  curve in the * - i s i b l e  and nea r  i n f r a r e d  regi 
say from about 0.40to 1.2 microns, is best m a t c h e d - b y  the bla 
body cugve a t  6000 K. The cci-ve for the r a d i a t i n g  b l a c k  bod 
at 5760 K shows a poorer match  in this spectral region but t 

- t h e  u l t r a v i o l e t  reg ion .  Most of t h e  r a d i a t i o n  below 0.3 

The 

There is no s imple equat ion  chich a c c u r a t e r y  descri  



Before examining t k o  othpr sources of r a d i a t i o n  which 
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complete the  environmen', l e t  us consider t h e  thermal effect 
of s o l a r  r a d i a t i o n  alocn on 3 body in space and desc r ibe  t h e '  
condi t ion  of equ i l ih r iuE .  I n  qenei.71, some of the inc iden t  
solar r a d i a t i o n  w i l l  k. absorbzed, some t r a n s m i t t e d  through the 
body and the  remainder r z f l e c t e d  from the sur face .  In additio 
t h e  body emits r a d i a t i o n .  Ths body w i l l  exist i n  thermal  
equi l ibr ium when t h e  r a t e  a t  which solar energy i s * a b s o r b e d  
equa l s  t h e  rate a t  which the body emits r a d i a t i o n .  
need t w o  d e f i n i t i o n s :  (1) so1a.r absorptance and (2) thermal 
emit tance,  i n  order. t o  d5termine :he' e f f e c t  of solar radiat ion 
on the  ' t h e r m z l - h l a n c e . '  

S o l a r  Absorptance 

the body i s  c a l l e d  i t s  solar zbsorptance and is des igna ted  by 
* 

the l e t t e r  "a". Values of ''a" range from a l o w  of 0.045 f o r  ' 

f r e s h l y  evaporated s i l v e r  on a n  o p t i c a l l y  smooth su r face  to 
0.95 f o r  some black p a i n t s .  Values approaching 0.98 have been 
achieved by  c a r e f u l l y  prepared t h i n  mul t ip l e  f i l m s  of evaporate 

depends n o t  o n l y  on  an i n t r i n s i c  q u a l i t y  a s s o c i a t e d  with t h e  
underlying molecular s t r u c t u r e ,  but  a l s o  on t h e  smoothness of 

and gold evaporated in films a few t e n t h s  of a micron thickne 
on o p t i c a l l y  smooth s u r f a c e s  are opaque to s o l a r  radiation and 
r e f l e c t  about 95, . 9 2 ,  and  81 p s r  cent of the solar radiation - 
(0.3 to  3 micron range) r e spec t ive ly ;  t h e i r  corresponding 
absorptances are 5 ,  8 and 196, r e spec t ive ly .  Inden ta t ions  
in t h e i r  su r f ace  w i l l  i r x r e a s e  t h e  r a d i a t i o n  absorbed. The 
increased absorp t ion  CCIIIES atroxt as a r e s u l t  o f  the f a c t  that 
some of the reflected r a d i a t i o n  is i n t e r c e p t e d  by o t h e r  p o r t i o n  
of t h e  surface and multipl.; a t s c r p t i o n  occurs .  Figure 2 
i l l u s t r a t e s  t h i s  idea. In a recent experiment flown on an 
o r b i t i n g  s o l a r  observatory, a highly  absorbing surface was 
cons t ruc ted  w i t h  t h i n  razor bl-rdes. The wedge-shaped cavities 
formed by t h e  e n d s  of the blades  e f f e c t i v e l y . t r a p p e d  more than 
90 p e r  cen t  of t h e  noimally inc iden t  solar r a d i a t i o n .  Su r faces  

We sha l l  

. .- . -  

.. * . . .  . . .  
The f r a c t i o n  of. iqcident solztr r a d i a t i o n  absorbed by 

aluminum and s i l i c o n  monoxide. The absorptance of a material ~ 

t h e  s u r f a c e  of t h e  material. Tbus, metals l i k e  s i l v e r ,  alumf I 

I 



where the undefined. quantitie-s are: . . - .  . *  * . - .  . . - .  
Q = Stefan-Boftzmamconstant 



.. . 
.. where t h e  new symbols  are:  - 

IA = radiated power pe r  u n i t  a r ea  and p e r  u n i t  w a v e  
l eng th  i n t e r v a l  a t  wave length X 

0 X - wave l eng th  

..- A plog of. spectra-1 intensi .$y , d i s t r i b u t i o n  €or black body radiating; 
s u r f a c e s  is shown i n  Figure 3. 
ponding t o  room temperature,  shows t h a t  t h e  bulk of the r a d i a n t  

... . .  energy 1s emitted.between 5. and 50 microns; one.per  c e n t . - l i e a  c 

below 5 microns,  12 p e r  cent l i e s  above 30 microns, 3 p e r - c e n t  
' l ie$ above 50- microns,' 3bU'-the peak i & t e i ; $ i t y  'ckeuks 6t '10 
microns. A t  100°C., one pe r  c e n t  of t h e  r ad ia t ed  energy is 
excluded below 3.8 microns, three pe r  cent  above40 microns, 
and t h e  peak i n t e n s i t y  occurs a t  7 . 7  microns. Actual s u r f a c e s  
w i l l  e m i t  less r a d i a t i o n  a t  any given wave l ength  and tempera- 
ture than  a black body, but t h i s  r a d i a t i o n  is confined t 
same s p e c t r a l  region.  We can now redef ine  t h e  thermal  e 
as t h e  ratio o f  r a d i a t i o n  emit ted b y  t h e  su r face  to that 
by a black body at t h e  same temperature. 

Examples of Thermal E q u i l i b r i u m  w i t h  So la r  Radiat ion 

Our discuss ion  up to t h i s  p o i n t  has descr ibed solar 
r a d i a t i o n ,  t h e  dominant e x t e r n a l  source, and t h e  radiation 
e m i t t e d  by a body near room temperature.  We have seen  t h a t .  the 
solar r a d i a t i o n  lies in one  spectral region, 0.3 to 3 microns, 
and the r a d i a t i o n  of a body a t  or near  room temperature radiate 
in a region  from 3 to 50  microns approximately. W e  can anti- 
cipate that  when w e  consider  t h e  two o the r  components of the 
r a d i a t i o n  environment: (1) solar r a d i a t i o n  r e f l e c t e d  by the 
and (2) the e a r t h ' s  emitted r a d i a t i o n ,  that t h e  same t w o  sp 
regfons  w i l l  be important.  

The curve for 288"K, cor re s -  

..-,. , .. 
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equi l ibr ium.  
longer  wave r a d i a t i o n  emi t ted ,  t h u s  

Consider ne+ seve-ral  simple i l l u s t r a t i o n s  of bodies  
The solar r a d i a t i o n  absorbed &st equal  the: 

A-sa = A P eT4 
s 

-- where' t h e  undefined symbols are: 

A, = t h e  a r e a  perpendicular  t o  t h e  solar r a d i a t i o n  . 
- 

3 

s - s o l a r  cons t an t  

A * = t o t 8 1  ' a r ea  . e m i t t i n g  r a d i a t i o n  . . . . .  - e  . . .  

Solv ing  for T gives:  . . .  .. 
a . r  . . . . . .  

( 4) e : . '. . . . . . .  

. C  

. . .  
S 

6 
. .  

Equation (4) can be app l i ed  to a number of s p e c i a l  cases to 
y i e l d  an average t e q e r a t u r e .  
A s p h e r i c a l  body i n  e q u i l i b r i u m  w i t h  s o l a r  r a d i a t i o n  w i l l ,  in 
gene ra l ,  e x h i b i t  a t e m p e r a t u r e  g rad ien t  because of t he  d i f f e r e n c e  
i n  absorbed energy f o r  t h e  v a r i o u s  su r face  elements which, In 
turn, fo l lows  from the  v a r i a t i o n  i n  angle  between t h e  incident  
r a d i a t i o n  and these s u r f a c e  elements .  Nevertheless ,  t he  energy+ 
balance  permi ts  t h i s  equat ion  t o  be so lved  for an average tempet- 
a t u r e ,  t he  root  mean fou r th  temperature  over t he  su r face ,  This 
temperature  would be observed exper imenta l ly  i n  the  i n t e r i o r  of 
a hollow sphere.  Equation (4) indicates  the importance of the 
geometric f a c t o r ,  A,/A, and t h e  r a t i o  of r a d i a t i o n  p r o p e r t i e s ,  
a/e, for equ i l ib r ium temperatures ,  

Case  1. 

a - 0.10, e - 0.025 

As a n  example, cons ider  a spherk 

A sphere  coated w i t h  evaporated aluminum. 



- ._ 3?SoK. = . 122OC. . . .  
- 

Case 2. 

A sphere painted black, a = 0.9, e = 0.9 

T = 279OK = 6OC 

. . . . . . .  A sphere. w&th  a.. .= Qc65,.. e =.. J-O. ,  . .  * :. . 
T = 250°K = -23OC 

. .  . . e . .  . . .  . . . . . .  - . .  . .  .. - . .. * '  . 
: ..... . . . . . . .  : . . . . . .  .:- . . .  . . .  . .  

* ' *  case 4; . , . _. ': 

A &here painted white.. a .=  0.30,. 

T - 212OK = -61°C 

Case 5. 

, _ .  
1 ' .  . . .  

. .  

A f l a t  p l a t e  perpendicular t o  the sun' 
evaporated aluminum on both faces.  a = 0. 

' T - '469OK = 19S0C 

Case 6 .  

Same as Case 5 ,  except face away from 
painted black, a = 0.10, ef - 0.025, 

T = 227OK = -46OC 

e ,= 0.90 

s rays; 
10, e = 0 

sun is 
eb - 0.90 

. 02s 

A 
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J endicular t o  t h e  sun 's  r a y s ;  b lack  
p a i n n ,  evaporated aluminum on back face. 

. .. .. .. . .T .- :. .392OK =. ,31S°C . 

- . .. -. - .  . 
. .. _ .  . .I * -  . _-  .. The 'second component. af the ezternal radiatian'.enQiror~~~ * 

t o  be considered is t h e  solar radiat ion which t h e  e a r t h  reflects, 
The f r a c t i o n  of i nc iden t  s o l a r  power which t h e  eacth r e t u r n s  to 
space  is called its "albedo". S o l a r  r a d i a t i o n  is r e t u r n e d  to  
space by s c a t t e r i n g  in the atmosphere and by r e f l e c t i o n '  from 
c louds  and f r o m  the su r face .  The processes  are extrememly 
complex in detai l .  Scattering by t h e  atmosphere occurs a t  all 
a l t i t u d e s .  The c loud  cover varies i n  t i m e  and space.  Cloud 
r e f l e c t a n c e s  vary f rom.20 t o  70 per c e n t .  
earth is characterized by a wide range of r e f l e c t a n c e s  as shown 
i n  the  fo l lowing  table2. 

The surface of the  

Frac t ion  of i n c i d e n t  sunshine 
reflected 

' F o r e s t s  -07 
Bushes I. 10 
Fresh Snov 
later 

Grass .10 to .15 

Detailed s t u d i e s  of, the meteoro logica l  data by E, 

moon which are i l luminated (1) by the sun d i r e c t l y ,  and (2) 
e a r t h  reflected s o l a r  r a d i a t i o n ,  g i v e s  a n  albedo va lue  of 35 



. . .  

func t ion  of l a t i t u d e  f o r  the northern hemisphere a s  fol lows:  
. -  

' Lat i tude  0 ' 10 20 30 40  50 60 - 7 0  80 90 

Albedo ,326 .310 ,283 ,284 .335 .389 . 443  .527 .602 .669 

P r e c i s e  knowledge of t h e  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  . Of t h e  albedo r a d i a t i o n  is lacking. 
spectrum based on t h e  work of S. F r i t z ,  and knowledge of the 
s p e c t r a l  r e f l e c t a n c e  of c l o u d s  and atmospheric s c a t t e r i n g ,  - have been undertaken r e c e n t l y .  Experiments for  the  measure- 
ment of t h i s  swctrum a r e  planned i n  t h e  near  fu tu re .  In t h e  

Ca lcu la t ions  of t h e  a lbedo  ' 

absence of mor; accu ra t e  information, t h e  albedo spectrum is 
assumed t o  be i d e n t i c a l  w i t h  t h e  solar spectrum. The magnitude 

..-.-. . - 03 the-  .albedo xadiat Lon .wi&l,.be. d i i s c u s s e ~ .  under .$he orbisal .. . . 
f a c t o r s .  

I 
_.. . . . .  .. . * 

Ear.th Ernitsed -Radiation..  a .  

. -  . ' ,  . . . 
' Tlk. last component' of tbC external environment. te..be .- 

considered is t h e  earth emit ted rad ia t ion .  In t h e  last section 
. w e  noted that the e a r t h  reflects about 35% of t h e  incident.  solar 

r a d i a t i o n .  I f ,  as w e  be l i eve ,  t h e  e a r t h  i s  i n  thermal equi l ibr i  
65% of t h e  i n c i d e n t  solar r a d i a t i o n  is absorbed, and an equa l  
amount o f  p o w e r  must be emitted. 
s u r f a c e  of t h e  e a r t h  ranges from approximately -40 t o  +40 C; 
t h e  mean surface temperature is about +14OC. 
emi t ted  by the s u r f a c e  lies predominantly i n  the region above 
5 microns. 
absorb  a l l  the  su r face  emitted r a d i a t i o n  except for a band 
from 7 t o  14 microns. The atmosphere p a r t i a l l y  absorbs the 
r a d i a n t  energy be tween 7 and 8 . 5  and between 11 and 14 microns. 
The r a d i a t i o n  between 8 . 5  and 11 microns is t r a n s m i t t e d  to 
space wi th  l i t t l e  a t t enua t ion .  The l a y e r s  of t h e  atmosphere 
w i l l  e m i t  a n d  absorb radiation u n t i l  a n  a l t i t u d e  is reached 
where the water vapor and carbon d ioxide  d e p l e t i o n  occurs, and 
black body r a d i a t i o n  corgesponding t o  t h e  temperatures  of these 
upper l a y e r s  ( -55 t o  -60 C )  i s  emitted to  space. The s o l i d  
curve i n  F igure  3 shows the est imated composite s p e c t r a l  i n t e n s i  
d i s t r i b u t i o n .  The magnitude of the  earth emitted r a d i a t i o n  . 

The temperature over  theo 

The r a d i a t i o n  

The atmospheric water vapor and carbon dioxide 

' 

e w i i l  be discussed i n  t h e ' n e x t  s ec t ion .  



O r b i t a l  Factors, Albedo and E a r t h - E m i t t e d  Radia t ion  

The impact of t h i s  environment w i l l  depend on t h e  orbit or tr 
j e c t o r y  and on the conf igu ra t ion  and t h e r m a l  p r o p e r t i e s  of the 
s p a c e c r a f t  . 

It was pointed out e a r l i e r  t h a t  t h e  magnitude of the in- 
c i d e n t  solar r a d i a t i o n  v a r i e s  s% w i t h  t h e  earth d i s t a n c e  fro 

average temperature of a s p h e r i c a l  sa te l l i t e  is affected pri- 
mar i ly  by t h e  pe rcen t  of the orbital  per iod  in sunlight.’ 

W e  w i s h  t o  d iscuss  next t h e  magnitude of the albedo rad ia-  



understood t h a t  these l i n e s  a r e  drawn between c e n t e r s  of the  
r e s p e c t i v e  bodies ,  i r e r ,  t h e  earth-sun l i n e  is drawn between 
sun-center and ear th-center .  The r e s u l t s  of c a l c u l a t i o n  by 
F. Cunningham of t h e  earth-reflected s o l a r  power inc iden t  on a 
sphere of u n i t  cross-sect ion area is shown i n  Figure 65, 
t h e  f i g u r e  i s  the  angle j u s t  defined. 8, equal  t o  ze ro  is the 

. sub-polar po in t  on t h e  earth's su r face ,  i .e . ,  the  pa in t  on t h e  
e a r t h ' s  s u r f a c e  produced by i n t e r s e c t i o n  of the  earth-sun l ine  
w i t h  t h e  earth's sur face ,  For an assumed albedo of 0.34, we see 
t h a t  the inc iden t  ea r th - r e f l ec t ed  sunshine equals  about one-half 
t h e  direct s o l a r  radiation a t  a 1 2 5 - m i l e  a l t i t u d e .  The albedo 
radiat ion decreases t o  less t h a n  2 percen t  of the direct  solar 
r a d i a t i o n  as  w e  approach 32,000 ki lometers  (20,000 m i l e s )  a l t i -  
t u d e  or as w e  i nc rease  8, t o  90°. 

8, an 

- -. . :...- .The. earth-emitted radiqqion,.  .a.o .which. wean- turn ,  w'e .hav.e. P r e s e n t s  see.fi .. 
some of t h e  saxe d i f f i c u l t i e s  a s  does the albedo. 
t h a t  t h e  earth reflects about 355 of t h e  i n c i d e n t  s o l a r  r a d i a t f o n  

. - .  and absprbes. 65% whicf! t h e  e a r t h  e m i t s  as long wave r a d i a t i o n .  
In Case 3 (page 7 ) ,  w e  ca lcu ia t ed  'thk m e a n  temperatupe of a . 

- -  . . 
- -  

; . I  . - .  .' spGWe wtiich Axmrbe&- 65%-0€.. -the . inc ident  .salar-  radi-atign aab. 
e m i t t e d  w i t h  e = 1.0. For the e a r t h ,  "e" must lie between 0.9 
and 1.0 (70% of t h e  e a r t h ' s  s u r f a c e  is water  having an "e" value 
equal to 0.95).. TQis 
value  may be a good one fo r  t h e  average p lane tary  temperature ff 
w e  r e c a l l .  t h a t  t h e  average surface temperature is +14OC and the 
temperature  of t h e  upper atmosphere, which radiates t o  space, ia 
about -6OOC. From our t a b l e  (page 4)  of t h e  radiat ion emitted 
by a black body we see t h a t  the e a r t h  e m i t  on t h e  average, 
almost 24 x w a t t s  cm=2 (21.2 watts f to3 j ,  The ear th-emi t te  
r a d i a t i o n  i n c i d e n t  on a sphere of u n i t  c ross -sec t ion  area as a 
f u n c t i o n  of alt i tude is shown in Figure 7 .  The ear th-emi t ted  
r a d i a t i o n  inc iden t  on a f l a t  p la te  is shown i n  Figure 8,  where 
the ang le  between t h e  normal t o  the plate and t h e  p l a t e -ea r th  
c e n t e r  l i n e  is a parameter. 
on a sphere  at 20,000 m i l e s  is less t h a n  2% of the direct solar- 
radiat Ion. 

Our. cal .culat ion gave T - 250°K (-230C). 

The ear th-emit ted r a d i a t i o n  i n c i d e n t  

. .  - 11 - 
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Fac to r s  Affect ing Radiation Properties Required f o r  Coating . 

In t h e  preceding d i s c u s s i o n  we  have seen  t h a t  t w o  radio- 
metric p r o p e r t i e s  of spacec ra f t  su r f aces ,  t h e  s o l a r  absorptance 
and thermal  emi t tance ,  p lay  a major r o l e  i n  e s t a b l i s h i n g  t h e  
thermal balance i n  orb i t .  
a f e w  examples of coa t ing  mater ia l s  were mentioned, In t h e  re- 
maining po r t ion  of t h i s  half  of the l e c t u r e ,  I propose to  con- 
sider,  q u a l i t a t i v e l y  or semi-quant i ta t ively,  the f a c t o r s  i n f lu -  
encing t h e  va lues  of so-lar absorptance and..thermsl emit tance 

ra t ios  as w e l l  as t h e i r  absolu te  values ,  

The range of p r o p e r t i e s  a v a i l a b l e  and 

... 
. which' are 'seleZted, * We w i l l '  be' cbn'cerhed wi th '  both t h e  a/e 

. -. -(1) - X e -  cons ide r -  Birst :tlie' effects 6f ths temperature 
... 

._ l i m i t s  which may..be to le ra ted . .  . I n  .genera-lk.a h i g h  temperatures'.' 
. 

- w i l l  tend to r e q u i r e  high r a t i o s  of a /e  and low t enpe ra tu res  
O u r  previous examples of w i l l  c o n t r i b u t e  to  l o w  a/e values.  

sphe res  i n  equi l ibr ium w i t h . s o l a r  radiation showed t h a t  tempera- 
t u r e s  of -610, 60 and 122OC correspond t o  d e  va lues  of 0.3, 1.0 
and 4.0, r e s p e c t i v e l y ,  
l o w  or h igh  absolute v i l u e s  of a and e. 

(2) 
i n t e r n a l  d i s s i p a t i o n .  
c r e a s e s ,  h ighe r  emit tance values  are needed. 
i n t e r n a l  p o w e r  d i s s i p a t i o n  on t h e  average temperature can be ob- 
t a i n e d  f o r  simple conf igura t ions  i n  equ i l ib r ium as follows: 

This factor sugges t s  n o  preference for 

We cons ider  next  t he  e f f e c t  of t h e  magnitude of the 
As t he  value of i n t e r n a l  d i s s i p a t i o n  in- 

The e f f e c t  of the 

I .  

: :p 

In t roducing  t h e  definit ions ,, 4 
I 
i 

where Pi is t h e  i n t e r n a l  power d i s s i p a t i o n  per u n i t  su r f ace  area 
and k describes the i n t e r n a l  p o w e r  d i s s i p a t i o n  dens i ty  i n  terms- 
of the  so la r  radiation dens i ty ,  equat ion  ( 5 )  c a n  be w r i t t e n  



and for t h e  case of t h e  sphere ,  A,/A - 1/4,  and 
0 

. . . . .  . The_,*re+at.<oq between ..... e foq .any i n t e r n a l  d i s s i p a t i o n  and 
tempkrature 
t h e  same temperature T is obtained by equat ing  T4 from equat ion  

to .  eo, the c a s e  for' z e r o  " i n t e r ~ a l ' d i s s i p a t i ~ n '  and ' 

. . . . . . . . . . . .  . . .  . . .  * :- . . .  . - -  .. (3) t o  T4, e q u a t i o n  (8). - .  
. . .  . .  + . .  . - . . . . . . . . . . . . .  . . 3  .. .... a..+ k.\ ..s ..., .:..=., a .. s . . . .  - 7 ae, 

9 . . .  1 .  . ('9j.. . . .  
, . .;:.+: 

- 1 + &  (10 1 - e 4 0  a '  

It also follows for a s here of g i v e n  a and e t h a t  the re- s l a t i o n  between the  T4 and To , corresponding t o  t h e  cases w i t h  
and without i n t e r n a l  d i s s i p a t i o n ,  is 

T4/ 4 - 1 + 4k/, 
To ', 

(11) 

The e f f e c t s  of i n t e r n a l  d i s s i p a t i o n  on temperature and on 
therwal emit tance for the  case of a sphere  are shown for a few 

- g '  

. ->-A$ .-:.+ 
+:'c 

" *  5"5 

.. _- va lues  of a and k in t h e  table on page 14. . .7*> 

.**j 
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The t h i r d  f a c t o r  to be considered is t h e  temperature g rad ien  

ove r  the s p a c e c r a f t ,  I n  general ,  the  i n c i d e n t  and absorbed 
e n e r g i e s  on  each element of t h e  s p a c e c r a f t  w i l l  vary wi th  posi-  . t i o n  on the  surface.  The g rad ien t  is  a f f e c t e d  by many f a c t o r s :  
s p i n  o r  zero s p i n ,  o r i e n t a t i o n  of s p i n  a x i s  with respect to  t h e  . 
sun, p o s s i b i l i t y  of radiant heat t r a n s f e r  w i th in  t h e  s p a c e c r a f t ,  
thermal  conduction between high and  l o w  energy absorbing surface 
elements ,  and i n t e r n a l  d i s s i p a t i o n  d i s t r i b u t i o n ,  To ga in  a 
l i t t l e  i n s i g h t  i n t o  t h e  problem, w e  s h a l l  examine t h e  temperature  
d i s t r i b u t i o n  of a simple con t igu ra t ion ,  

i t s  a x i s  p a r a l l e l  to the  sun's rays) i n  equi l ibr ium wi th  solar 
r a d i a t i o n .  Three r e s t r i c t i o n s  wil l .  be made:  (1) no g rad ien t  

"i.n t h e  gadia1 -dirt?c+,io'ii t x i s t s ; .  <2)' tne .  inner :  su r f ace  of t h e  - . 

conduct ion in t h e  t a n g e c t i a l  d i r ec t . i on  is neg l ig ib l e .  Restric- 
g .  t i o n  (1) is commonly r e a l i z e d  i n  t h i s  sh-elled s p a c e c r a f t ,  Re- 

s t r i c t i o n  (2) is approximated by many su r faces .  Restriction (3) 
is n o t  realistic f o r  m e t a l  s t r u c t u r e s ,  bu t  it may be observed 

~. t h a t  conduction i n  t y p i c a l  thin-skinned spacec ra f t  can p e d t  
gradients of the order of 100°C or l a r g e r .  

. 

.. 
d o n k i d e r  a*&&kc'al 'shei 'l  w.itho6t"'spin '(dr 'sp'ihhid'g 'Wth *. * 

- e.- 
. .  
-.. - - - - - s h e l I - . n m i t - c  (and redlecxs] diiffuse.Ly ... and 4 3 )  heat. transfer by.-. .. 

The s o l a r  absorptance and 'emi t tance  of the o u t e r  surface 
are a and e1;the emittance of t h e  i n n e r  s u r f a c e  is e2, 
Figure 9, a sphere is  shown which d e f i n e s  t h e  geometry of the 
thermal  balance, Because of symmetry, t h e  temperature w i l l  be a 
f u n c t i o n  of angle  8 ,  and isotherms w i l l  be def ined by t h o s e  clr- 
c u l a r  s t r i p s  f o r  which ? is a cons t  n t  as shown i n  the figure, 
The a r e a  of a c i r c u l a r  s t r i p  is 2ar' s i n  6 de. The solar radia- 
t i o n  absorbed b y  it is given b y  2 r r 2  s i n  6 cos 6 sa de, 
i n n e r  s u r f a c e  of t h i s  element w i l l  r ece ive  and absorb r a d i a t i o n  . 
from t h e  remainder of t h e  sphere,  Because of t h e  s p h e r i c a l  shape 

area i n c i d e n t  on a l l  i nne r  surface e l e m e n t s  is i d e n t i c a l ,  This 
i n c i d e n t  radiation per u n i t  a r e a  on t h e  inne r  surface is black  

In 

The 

l and t h e  d i f f u s e l y  emi t t i ng  inner  s u r f a c e ,  t h e  rad ia t ion  per unit 

- 1 s - '  
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T *, t h t  I C V J ~  : . . ( - . I ~ I  i tirt!l p>wcr of the a sphere, can be ob- 
ta ined  f ro r !  ic,ua*-ion (6!  sett ing k =.(I,. . .  .& 

-1Cel 

and substitrifing (13j in <12) g i v e s  
4 sa cos 3 + sae2 = . G  (el + e2) T - 

4 e ~  . . . . . . . . .  h -. . z . . .  " .-.:--. .. ... ......\ 0 . .  . .... .... . . . . . . . . .  

. ........... . . . . . . . .  . . .  . . . . . . . . .  . . .  .:. * , .:. ,.e.'. . -. ,,- .. ' 

The masinurn t a1 ,pera turc  occurs for 0 = 0 ,  corresponding to 
t h e  spacecraft subsolar poin t ,  The hemisphere def ined  by 
8 = a12 t o  @ = s; is Ltn i s o t h e r m 1  one at  t h e  minimum. temperature; 
this result iol1oP;'s from-the fact t h a t  no external r a d i a t i o n  is 
received by t h i s  region and the  i n t e r n a l  r a d i a t i o n  is uniformly 
i n c i d e n t .  
can b e  expressed as the ratio of 

The magnitude of the v a r i a t i o n  for t h i s  s p h e r i c a l  she l l  

-4 A 

as follows lion equation ( 1 4 ) .  

The ra1.10 for a fcw i n t e r e s t i n g  cases is hown i n  t h e  next _ _  
t a b l e .  
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- * -  T ~ e .  .tal& In&cates  t h a t  l o w  abso lu t e  va lyes  of the .ex- - 

l a ~  c LGbifieci 'u;i%h a high' a b s o l u t e  va lue  for surfzce 'g *3&*- .d -*--- 
..... 

t h e  emittance of i n t e r n a l  su r f ace  y i e l d  the  s m a l l e s t .  g rad ien ts .  
The column a t  t h e  extreme r i g h t  corresponds r o u g h l y  t o  t h e  con- 
d i t i o n s  app l r cab le  t o  the  Echo 'I satel l i te .  For. t h i s  case, t h e  
assumption of neg l ig ib l e  t a n g e n t i a l  conduction is realistic, 
and  a gradien t  of  t h e  order  of  3OoC was an t i c ipa t ed .  Without 
i n t e r n a l  r a d i a t i o n  exchange, t h e  g rad ien t  could have exceeded 
3 OO°C . 

. .-+* 

.... .. 

The fou r th  f a c t o r  t o  be considered for its e f f e c t  on t h e  
r a d i a t i o n  p rope r t i e s  requlred for t he rma l  balance is t h e  period 
of t i m e  spent i n  t he  shadow of t h e  earth and its r e l a t i o n  t o  t h e  
h e a t  capac i tance  of :he Epacecraf t or s p a c e c r a f t  subsystem. 
S a t e l l i t e s  a r e  i n  orbit o r  w i l l  be placed in o r b i t  i n  t h e  next 
t w o  yea r s  withdsbadow times racging from approximately 30 minutes 
to six hours. While in the shade, t h e  s p a c e c r a f t  l o s e s  energy 
at a r a t e  depending  on t h e  thcrmal emit tance of t h e  e x t e r n a l  
su r f ace .  
w h i c h  depends, i n  addi t ion .  on t h e  thermal impedance between t h e  
component and t h e  surface.  TFe use of vacuum i n s u l a t i o n  composed 
of a number of layers  of aluminized m y l a r  is one technique e m 4  

* 

ployed to increase  t h e  t i m e  constant. 
r a d i a t i o n  p rope r t i e s ,  it is evident  t h a t  low abso lu te  v a l u e s  of 
t he rma l  e m i t t a n c e  are suggested by long periods i n  e a r t h  shadow. 

Components i n  the i n t e r i o r  w i l l  l o s e  energy a t  a rate 

From t h e  s t andpo in t  of 



D u r i z g  the  launch phase, t h e  spacecraf t  is p r o t e c t e d  by t h e  
f a i r i n g  of t h e  vehic le .  
and ,  'in t u r n ,  heats t h e  spacecraf t  by r ad ia t ion .  A f t e r  removal' 
of t h e  f a i r i n g ,  t h e  spacecraf t  is  exposed t o  d i r e c t  aerodynamic 
h e a t i n g  at a r a t e  which  depends on t h e  a l t i t u d e  and v e l o c i t y  of. 
t h e  spacec ra f t .  I n  t he  first of t hese  two launch phases,  t h e  
e f f e c t  of hea t ing  from t h e  f a i r i n g  suggests  a l o w  abso lu t e  ther- 
m a l  emi t tance  f o r  t h e  sur face  of the satel l i te .  The second 
phase of direct aerodynamic hea t ing  suggests  a high emittance in 
order t o  a .ccelerate  t h e  re-radiation of absorbed energy, 

:he f a i r i n g  is heated aerodynamically 

- 

There a r e  s e v e r a l  f a c t o r s  which may be designated as genera l  . des ign  cons ide ra t ions  which w i l l  have a direct  bear ing  on t h e  
s e l e c t i o n  of s o l a r  .absorp:ance. and thermal emi t tance .  p rope r t i e s ,  

ment of a c t i v e  temperature control; (2) t h e  use of a d e s i g n  
which  l a r g e l y  insulates t h e  interior gf t h e  s a t e l l i t e  from the 

t u r e s  i n  the i n t e r i o r  of the  spacecraf t .  

bne or more of three parameters: t h e  solar absorptance,  t h e  
the rma l  e m i t t a n c e ,  the thermal impedance between t h e  temperature- 
c o n t r o l l e d  region and  the e x t e r i o r  of t h e  spacecraf t .  Adjustment 
of t h e  solar absorptance or thermal emit tance may be accomplished 
by  a var ie ty  of mechanical schemes. In genera l ,  these make it 

r a d i a t i o n  as absorbers  of s o l a r  radiation or emitters of long- 
wave thermal r a d i a t i o n .  Ac t ive  temperature c o n t r o l  s y s t e m s  
generate a need for coa t ipgs  w i t h  high and l o w  absolute-solar 
absorp tances  a n d  for high '  and low thermal emi t t ances ,  

.. . .. . * .  
:-.*% ~ ~ . ' - * g & e ~ ~ l '  d&*st*.q- ..tzEf&g* *aF& '&on&der*&d hike:  (13 * ih2-eIiiploy 

- : . . e x t e r n a l  r a d i a t i p n  .arid.attempts -tu aadjusr t h e '  r a t e ' a t  whicli t h e  * - 
.'i . -. . i . ..$ n t e r e a l .  .heat i s  remqved in. orde r  . to achieue accep tab le  .tempera-. 

An a c t i v e  temperature con t ro l  system is one which  a d j u s t s  

- p o s s i b l e  t o  p resen t  one of t w o  su r f aces  t o  the e x t e r n a l  incident 

The use of a t h e r m a l  design which at tempts  t o  i n s u l a t e  t h e  
. i n t e r i o r  from the exterm5 r a d i a t i o n  r equ i r e s  both h igh  and lor 

thermal  e m i t t a n c e  sur faces .  No preference for low o r  high absor 
tance is made by t h i s  des/-. 

accuracy w i t h  which the  r ad ia t ion  p rope r t i e s  can be determined, 
(2) t o  t h e  degree with which t h e y  can be reproduced, and (3) to  
t h e  extent to  which they  change before, during, and a f t e r  launch, 

me last group of f a c t o r s  t o  be considered relates (1) t o  the 
e 
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a b s o l u t e  values .  When an o p t i c a l  method is used, t h e  q u a n t i t y  
measured is t h e  r e f l e c t a n c e  as a func t ion  of wave length.  For 
opaque materials, t h e  r e f l e c t a n c e  i s  equal to  (1 - absorptance) ,  
I f  care is e x e r c i s e d ,  r e f l e c t a n c e  can be measured to about one 
percent for rrormal incidence a n d  specu la r  su r f aces .  For h i g h l y  
r e f l e c t i n g  s u r f a c e s  such a s  evaporated gold  and evaporated 
aluminum, an error of one percent  i n  reflectance corresponds to 
a n  error of 5 t o  10 p e r c e n t  in-. 
i n  t h e  measurement of thermal emit tance genera te  a s i m i l a r  pre- 
f e r e n c e  f o r  c o a t i n g s  w i t h  high absolute va lues  o f  emittance, 

The problems of coatings' r e p r o d u c i b i l i t y  and freedom from 
contaminat ion due t o  pre-launch handl ing,  as w e l l  a s  launch. 
f a i r i n g  outgassing, a lso  suggest a preference for c o a t i n g s  with ... 

Spacec ra f t  T h e r m a l  'Balance 

n a l  d i s s i p a t i o n  def ined ,  we can  i n i t i a t e  t h e  g ross  thermal  bal- 
ance needed for determining t h e  average t.emperature. This part 
of t h e  l e c t u r e  w i l l  conclude w i t h  a b r i e f  s ta tement  of t h i s  pro- 
cess, I n  practice, ex tens ive  and d e t a i l e d  ana lyses  r e q u i r i n g  
t h e  use  of l a r g e  d i g i t a l  computers a r e  employed ta s o l v e  t h e  
numerous hea t  t r a n s f e r  equat ions  which describe a s p a c e c r a f t  in 
s u f f i c i e n t  d e t a i l ,  as w i l l  be shown by hfr.  K i d w e l l  i n  t h e  second 
half  of t h i s  l e c t u r e .  

The r e l a t i o n - f o r  t he  isothermal heat balance is obta ined  by 
combining t h e  r a a i a t i o n  absorbed a t  t h e  o u t e r  boundary and t h e  
i n t e r n a l l y  generated heat as follows: 

.m e u n c e r t a i n t i e s  

............... -.....- .*. . . . .  -. . . . . . . . . . . .  .: . . . .  * * . e -  . ... . . . . .-  

- *  . .. 
1 .  

..._ . . . . . .  . . C  . . . . . . .  .F. ... 
_ . a _ .  . . . . . . . . . . . . .  .* .. . _ e _ .  - . Titgh- abgolu te  'values,  . 
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When t h e  e x t e r n a l  r a d i a t i o n  sources are spec- i i ied  . and  i n t e r -  

Ps a + Pa a + P e + Pi = A,T4 e 
where t h e  new symbols are: 

(1W 

'Ps = so lar  r a d i a t i o n  i n c i d e n t  

Pa = e a r t h - r e f l e c t e d  s o l a r  radiation 
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The in t roduc t ion  of t he  earth-emitted radiation and i n t e r -  

n a l  power d i s s i p a t i o n  terms m o d i f i e s  t h e  dependence of mean 
temperature  on t h e  a/e r a t i o .  
on a/e is shown i n  Figure 5 for s p h e r i c a l  s a t e l l i t e s  w i t h  negl i -  
gible i n t e r n a l  d i s s i p a t i o n .  The s i g n i f i c a n c e  of Pa plus Pe com- 
pared t o  Ps depends on t h e  size and i n c l i n a t i o n  of t h e  orbit, 
Pa p l u s  P 
is n e g l i g f b l e  when t h e  normal t o  the orbital  plane is coinc ident  
with the  earth-sun l i n e .  For l o w  o r b i t s ,  e.g,, 200 m i l e s ,  and 
when 60% of the orbit is s u n l i t ,  Pa p l u s  Pe can approach 40 per- 
cent of Ps, A t  1000 m i l e s ,  Pa p l u s  Pe has  dropped to  19 percent  

The dependence of mean temperature- 

w i l l  be n e g l i g i b l e  a t  a l t i t u d e s  of 20,000 m i l e s ,  Pa 
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PART I1 

Spacecraft  T h e r m a l  Design 

-. 

.i'... 

. .* . .  

.... 

The purpose of t h i s  p a r t  of the  l e c t u r e  is t o  describe 

The func t ion  of a thermal des ign  is to  
i n  some d e t a i l  how a t h e r m a l  design i s  executed and t o  d i scuss  
some of the'problems. 
maintain s p a c e c r a f t  temperatures wi th in  s a f e  l i m i t s .  Tempera- 
t u r e  t o l e r a n c e s  are not always known a c c u r a t e l y ,  b u t  t y p i c a l  
v a l u e s  are O°C t o  4OoC f o r  b a t t e r i e s  and olO°C t o  +5OoC f o r  

temperature.  

ac t ive ,  which a r e  used to cont ro l  spacec ra f t  t e m p e r a t u r e s .  With 
pas s ive  c o n t r o l ,  temperature is determined p r i r r i r i l y  by t he  
p r o p e r t i e s  o f '  t h e  e x t e r n a l  surfaces and the o r b i t a l  epvlroynept.. 

' .  e - ;  As'  t h e  'environieiit"x9ianges the' t i npe ra tu res '  a l s o  change. Active 

s u r f a c e  p r o p e r t i e s  o r  the  i n t e r n a l  poKer d i s s i p a t i o n .  

i n  t h e  mean o r b i t a l  temperature of a sa te l l i t e .  
t i m e  in s u n l i g h t ,  and a t t i t u d e .  F o r . o r b i t s  close to  the  e a r t h ,  
t h e  X t i m e  i n  s u n l i g h t  can v a r y  from 60% t'o 100% wi th  t h e  
r o t a t i o n  of t h e  o r b i t a l  plane about t h e  e a r t h  and the  r o t a t i o n  
o f  t h e  e a r t h  about t h e  sun. Average albedo i n p u t s  are max imum 
for t h e  minimum s u n l i g h t  o r b i t  and v ice  v e r s a ,  whereas t h e  i n p u t s  
from ear th  radiation are independent of the o r i e n t a t i o n  of t h e  
o rb i ta l  p lane .  The % sunl ight  f a c t o r ,  inc luding  e a r t h  radiation 
and albedo,  c a n  cause approximately 2OoC v a r i a t i o n . i n  t h e  mean 
temperature of a pass ive ly  c o n t r o l l e d  satel l i te  i n  a n e a r  earth 
orbit. 

The solar energy absorbed by a satell i te is proportional 

. 
- 
P mosi e l e c t r o n i c  c i r c u i t s .  The median, 20 C, is normal  room 

. -  ,. . .. . . There ,ace. t.ulo.;gepe.ral.netbds., 9ne-g.assive . a n d  t h e  .other. 

...r . . I  
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'There are two p r i n c i p a l  f a c t o r s  which can cause changes 
They are % 

t o  its pro jec t ed  area normalto thesun If t h e  s p a c e c r a f t  s t r u c t u r e  
is non-spherical ,  t h e  absorbed sun l igh t  is a func t ion  of solar 
aspect or a t t i t u d e .  Since the absorbed energy is t h e  product of 
t h e  solar cons t an t ,  solar absorptance and p ro jec t ed  area, 

proper  a p p l i c a t i o n  of coat ings  with d i f f e r e n t  absorptances.  Thi 
a t t i t u d e  effects on t e m p e q t u r e  can be p a r t i a l l y  compensated by 



compensation cannot be complete. As an i l l u s t r a t i o n ,  a cube 
w i t h  a uniform c c a t i n g  w i l l  absorb about  40% more energy a t  a 
4 5 O  aspect than  a t  a n  aspect normal i o  any face. T h e r e f o r e , .  
w i th  compensation s o a t h a t  t h e  maximum change  i n  absorptance 
p ro jec t ed  area product is ?Os,  the mean temperature of a 
p a s s i x e l y  c o n t r o l l e d  non-spherical  s a t e l l i t e  can  vary a s  much 
a s  30 C w i t h  a t t i t u d e  i n  a n  o r b i t  far away from t h e  earth. . 

Other f a c t o r s  which can c o n t r i b u t e  to u n c e r t a i n t i e s  
or f l u c t u a t i o n s  i n  mean temperature  a r e  t o l e r a n c e s  i n  the a/e 
of the  thermal  c o a t i n g s ,  v a r i a t i o n s  i n  the so la r  cons t an t  and 
changes i n  i n t e r n a l  power d i s s i p a t i o n .  A 210% tolerance for 
the  c o a t i n g s  agd a 53.5% seasona l  v a r i a t i o n  i n  the solar con- 
s t a n t  cause  15 C and 5OC, r e s p e c t i v e l y ,  t o t a l  changes i n  mean 
temperature.  . .Simnlar g.t?nerq 1. estimates.. f.or. i q t e rna l ,  pewer-..- - 

"'di"SSip$tion cannot  be made . because t h e  temperature change 
depends on t h e  * t o t a l  surface a rea  and s u r f a c e  emit tance.  
However, a n  example can  be given. 

. 

The terpger.at.ure, of-..a ?;-f.og$ 
. : diameter-sphere wi th  'an' emittarice 'of 20%"w311 vary about 0.5 C . . .  .. . 

The mean . temperature factors can be summarized b r i e f l y .  
. .  

X S u n l i g h t  (3W)' 2O0c 

Att i tude  (40%) 3OoC 
Coa t ings  ( 2 0 9  lS°C 
Solar Constant  (n) SOC 

I n t e r n a l  Power - i n d e f i n i t e  

If a l l  e f f e c t s  are assumed to be cumulat ive under worst 
cond i t ions ,  t h e  fo l lowing  g e n e r a l i z a t i o n s  may be made regarding 
temperature  l i m i t s  of i n t e r n a l  components, when i n t e r n a l  power 
d i s s i p a t i o n  is neglected.  
to operahe w i t h i n  a 2OoC temperature  range away from t h e  earth 
and a 40 C range n e a r  t h e  earth. S i m i l a r l y ,  a non-spherical  
sa te l l i te  can be des iped  to operate in a SO°C range away from 
the ear th  and i n  a 70 C range near t h e  earth. 
are  on ly  g e n e r a l i z a t i o n s  and refer p a r t i c u l a r l y  to p a s s i v e l y  

mean temperature is on ly  o n e  c o n s i d e r a t i o n  i n  a t h e r m a l  design. 

A spherical  sa te l l i te  can be designed 

These, of course, 
0 c o n t r o l l e d  satellites under  worst c o n d i t i o n s .  On the  other hand, 

I. 
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A t  t h i s  p o i n t ,  I would l i k e  t o  d i s c u s s  the t h e r m a l  
des igns  of two sa t e l l i t e s ,  t h e  23-6 Atmospheric Structures 
S a t e l l i t e ,  a n d  t h e  j o i n t  British-American Sa te l l i t e ,  A r i e l  I, 

S-6 Atmospheric Structur 'es S a t e l l i t e  

3 f t .  diameter s t a i n l e s s  s t e e l  s h e l l  crammed f u l l  of mostly 
e l e c t r o n i c s ,  b a t t e r i e s ,  and suppor t ing  structure.  The orbit 
parameters are 250 km perigee,  900 km apogee, and 64.3% t o  
100% s u n l i g h t .  

' s i s a i s  *from t ' rakking s ta t ions"and  'can"vary' .$ram zero' to a maxi2 
mum of 100 watts for 250 seconds,12 t i m e s  a day .  T h i s  i s  
equiva len t  t o  from 0 t o  3.5 watts average power, .  The space- 

an'opaque c o a t i n g  of evaporated aluminum p l u s  an o v e r l a y  of . 
. 10 q u a r t e r  wave l eng ths  a t  0.55  microns of evaporated s i l i con  A 

area is pol i shed  s t a i n l e s s  steel (a - .40 +, .02 ,  e = .12 f . O l > .  
The average a/e  is 1.04. Hemispheric va lues  of absorptance and 
emit tance are used. 

I 

Figure (10) shows t h e  phys i ca l  c o n f i g u r a t i o n  which is a 
0 

In te rna l .  . powe4r. .. .. . d i s s i p a t i o n  depends on command 

. - .. --craft is :.spin stabilized and'ks .ti'o- have 'an '  expected-  ' lk fe t -he '  ... 
. : - . .  *.....-. . of.  120 -days..= .... 78,4%..af. the..,Wherical.-. surface is ..coated. w i * h  . . -. . . . 

. .  . monoxide (a - .17 f . O l ,  e = '  .235 f .01).  The  remaining 21.6% 

Figure (11) shows mean temperature  as a f u n c t i o n  of a/e 
f o r  maximum and minimum s u n l i g h t  orbits.  
are estimated to  be k 6.5% by a root mean square  c a l c u l a t i o n  
of i nd iv idua l  t o l e r a n c e s  r a t h e r  t k a n  t h e  w o r s t  combination of 
minimum and maximum values ,  When t h i s  t o l e r a n c e  is combined 
wi th  t h e  2 3.5% seasonal v a r i a t i o n  i n  solar c o n s t a n t ,  t h e  
combined to l e rance  is +lo%. 
i nc rease  mean temperature about 1.5 C ,  so t h a t  f l i g h t  tempera- 
t u r e s  areopredicted to remain w i t h i n  l i m i t s  of approximately 
O°C t o  30 C .  

Tolerances  on a/e 

In t e rn81  power of 3.5 watts w i l l  

The s t a i n l e s s  steel a r e a s  are d i s t r i b u t e d  in eight 
circles centered  about su r face  mounted electron temperature 

non uni formodis t r ibu t ion  of  t h e  c o a t i n g s  should  no t  cause 
more t h a n  3 C change i n  mean temperature wi th  s o l a r  aspect. 

probes,  -pressure gages a n d  mass spectrometers. T h i s  s l i g h t l y  
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The choice of t h e r m a l  coa t ings  w a s  restricted b y  t h e  
experimenters '  requirements for a c l e a n  a n d  conducting o u t e r  
surface. Thei r  preference was for a po l i shed ,  s t a i n l e s s  
steel sphere sea l ed  so t h a t  i n t e r n a l l y  generated contaminants 
could not reach t h e  instrument po r t s .  The aluminum s i l i c o n -  
monoxide coa t ing  was acceptable  except  f o r  its electrical 
i n s u l a t i n g  p rope r t i e s .  The uncoated areas n e a r  t h e  ins t ruments  
satisfied the minimum requirements f o r  a conducting surface. 
The coa t ings  were app l i ed  by Dr. H a s s  of USAERDL, F o r t  Belvoi r ,  
Vi rg in ia ,  who f i r s t  developed t h i s  technique f o r  t h e  Vanguard 
satellites. 

.... .-* . ;. . * ..-. .. -Although mean .-temperature .Q€. Lhe. - S t 6  ..is a)most. .iqds?pepde 
of  a t t i t u d e ,  s k i n  temperatures are not.  Skin temperature g rad i  
w e r e  minimized by b l a c k e n i n g  i n t e r i o r  sphere s u r f a c e s  and i n t e r -  

are 25OC betweenothe equator and  t h e ' p o i e s  when the  sun s h i n e s  

the s p i n  axis. 

. , .... n a l  corSpo.oeuts t o  maximize radia-tion .,transfer. Comput.ed g r a d i e q t s  . . .  ' 

. . . 'L ..-- ureai%'ide 264 90 C'bet3&e'tt tliie?poI&s PWfD 't&' *suzz. ,cfi,i%teS%?9rn. --* . 

A r i e l ,  I 

Figure (12) is a photograph of A r i e l  I .  I t  has an 
'a lmost s p h e r i c a l  epoxy-f i be rg la s s  s t r u c t u r e ,  and it is powered 
by s o l a r  ce l l s  mounted on f o u r  paddles,  The o r b i t  parameters  
are per igee  370 km, apggee 1027 km, % s u n l i g h t  63% t o  l o a ,  
and solar a s p e c t ,  k 45 from t h e  satellite equator .  The major 
problems were: (1) temperature c o n t r o l  of three experiments,  
t h e  mass spectrometer which is t h e  small sphere located forward 
of t h e  main s t r u c t u r e ,  t h e  cosmic ray experiment which is 
loca ted  i n s i d e  t he  dome beneath the mass spec t rometer ,  and the 
e l e c t r o n  temperature e l e c t r o n i c s ,  which  is inside a large b o o m  
mounted cy l inde r ,  (2) t h e  c a l c u l a t i o n  of absorbed s u n l i g h t  as 
a func t ion  of a t t i t u d e  because of t h e  shading  of one p a r t  by 
another ,  and (3) t h e  thermal coa t ings .  

The coat ings.  were l imi t ed  by t h e  experimenters '  require- 

A 

. ment ' for  a highly conducting su r face  t o  gold  or r'hodium with 
a minimal area pa in t ed  for temperature con t ro l .  The f i n a l  coat- 
ings were 75% evaporated g o l d  and 25% black  a n d  wh i t e  paint. 



second r e q u i r e m e n t  w a s  for a n  antenna ground p lane  of s e v e r a l  
m i l s  of copper between the f ibe rg la s s  s t r u c t u r e  and the t h e r m a l  
coa t ings .  F igure '  (1318 S)IOKS how these . c o a t i n g s  were b u i l t  up. 
S t a r t i n g  from t h e  f i b e r g l a s s ,  t h e  layers are (1) a s e a l i n g  
v a r n i s h ,  (2) a m e t a l l i z i n g  lacquer ,  (3) conducting s i l v e r  paint, 
(4) e l e c t r o p l a t e d  copper,  ( 5 )  a n d  ( 6 )  t h e  va rn i sh  and lacquer  
aga in ,  ( 7 )  evaporated gold,  and ( 8 )  the  p a i n t .  There is more 
a r t  than  sc i ence  i n  c o a t i n g  techniques,  bu t  t h i s  p rocess  w a s  
developed to s o l v e  problems of adhesion, s u b s t r a t e  b o i l i n g  
through o u t e r  l a y e r s  when heated, and of providing a mir ror  
l i k e  f i n i s h  f o r  t h e  gold. 

error basis 

F igure  (14) shows a plot of % t i m e  in s u n l i g h t ,  solar 
a s p e c t ,  and mean temperatur2 of A r i e l  I as a func t ion  of days 
af ter  launch. I t  should be noted how c lose ly  the  temperature 
follows t h e  % t i m e  i n  s u n l i g h t  and a l so  t h a t  t h e  tempera tures  
r u n  from about room temperature t o  nea r ly  5OoC. These temper- 
atures are running about  4OC higher  than  the maximum values 
computed on t h e  basis  of +lo% to l e rance  for t h e  coaAing 
properties and solar cons tan t  combined and about  12 C higher 
than computations based o n  measured va lues .  
interest  t h i s  is one of t he  sa tel l i tes  which was exposed t o  
r a d i a t i o n  from t h e  high a l t i t u d e  atomic tes t  l a s t  July. 

As a matter of 
. 

I 
. The Thermal Model 

.The h e a r t  of a t h e r m a l  des ign  i s  t h e  thermal  model ,  an 
approximate mathematical r ep resen ta t ion  of t h e  spacecraft,. It 
c o n s i s t s  of a set of from one t o  50  or more equa t ions  d e s c r i b i n g  
t h e  hea t  t r a n s f e r  among t h e  selected p o i n t s  o r  nodes of a 
st ructure .  
venience i n  working  around i n t e r f a c e s ,  p a r t l y  by accuracy 
requirements ,  and p a r t l y  by a desire to minimize eng inee r ing  
and computer t i m e .  

The s e l e c t i o n  of nodes is governed p a r t l y  by con- 

F igu re  (15) shows a cutaway drawing of 
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. .  Explorer XI and Figure (16) shows the location of nodes i n  . 

The heat.  flow at  each node may be d e s c r i k d  by the . . 

the thermal model. 

following equation. 

P dZ 
dt (mc& - = (Zi.4 + %  QL 

n/ 

....... ..+ ..:, .. ......................... ... ........ 

. . . . . . .  ...... .*. 

where 
th and j- nodes : th i ,  j = i- 

.. 

- 

(mc)i = thermal capacity - temperature, absolute ‘i 
t = time 
a = solar absorptance 

pS 

*a 

pe I 
p, 

* incident solar power 
= incident azbedo . e 

= incident earth radiation - internal power d i s s i p a t i o n  
A 

A - surface area 
P = Stefan-Boltzmann constant 

= emittance 
= thermal conductance 
5 radiation exchange fac tor  
= number of n o d e s  or equations 
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1.t is  nozed that t h i s  equat ion  a l lows  for heat  s to red ,  . 
i n p u t s  f r o m  s u n l i g h t ,  albedo, ear th  r a d i a t i o n  and i n t e r n a l  power, 
r a d i a t i o n  to spa te ,and  both conduction a n d  r a d i a t i o n  among nodes .  
Most of t h e s e  c o e f f i c i e n t s  a r e  w r i t t e n  symbolically.  The major 
e f f o r t  i n  a thermal a n a l y s i s  is to  supply t h e  numerical  va lues  

e for these c o e f f i c i e n t s .  

Equation (16) rep resen t s  a s y s t e m  of N equat ions  i n  N 

a n a l y t i c  s o l u t i o n .  Ucder equi l ibr ium cond i t ions  a n d  when 
cor,duction may be necrlected each dT/dt  a n d  IC equals zero and 

. unknowns to t h e  f i r s t  and f o u r t h  powers f o r  which there is no 

. . .  . . . . . . . . . .  . . . . . . . .  . . . . . . . .  
% . . . . . . .  ., . . .  . . * . . -  : -. - .. 

. . . .  i‘. :. r e q u l t s .  .$p a. .syst.em .of -algebraj,c,.eilua.~ans...in. z. . w h i s h  can. be. .. . . .  
so lved  by matrix a lgebra .  However; in general ,  conduction . 
is apprec iab le  and non-equilibrium s o l u t i o n s  are requi red  so 
that approximate methods must be used., If . t he  f o u r t h  power 
t e r m s  are approximated b y  t h e  f i r s t  two te&s of a Taylor  
expansion 

If 

( 19) y=.  z 

Then under equi l ibr ium cond i t ions  equat ion  (16) reduces  
also to  a system of a lgebra i c  equa t ions  of the form 
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The s o l u t i o n  of equat ion  (21) i s  only  a c c u r a t e  as the 
approximation of equa t ion  (20). 
' t o  any accuracy simply by the fo l lowigg  i t e r a t i v e  process. 
I n i t i a l l y  a r b i t r a r y  va lues  of say  300. K are assumed for each  
Y., t h e n  t r i a l  va lues  of Ti are obtainect from the first 
sglutioil. . 
f i rs t  s o l u t i o n  are used f o r  t h e  Y i ' S .  Three i t e r a t i o n s  are 
r e q u i r e d  t o  reduce t h e  'error within 0.loC i f  the i n i t i a l  
estimates are not o f f  more than about 50°C. 

The s o l u t i o n  can be obtained' 

Then for t h e  second so lu t ion ,  t h e  T j ' s  from the 

Trans i en t  s o l u t i o n s  can be obtained i n  a s i m i l a r  manner 
w i t h  matrix a l g e b r a  simply by approximating t h e  d r iva t ives  by 

df 
I t  is  not  necessary  to use  t h e  i t e r a t i v e  technique to  gain 
accuracy, and equat ion  ( 2 5 )  becones simply . 

. A f  - where Y is the s o l u t i o n  for T. for the  previous  t i m e  i n t e r v a l .  
The m a t h x  method has  an  advantage over  the u s u a l  f i n i t e  differ-  
ence methods i n  t h a t  i t  is always stable. 

- 28 - 
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These equations are e a s i l y  programed f o r  a d i g i t a l  
computer. Once  a pfogram is a v a i l a b l e  a l l  that should be 
necessary for t h e r m a l  design s t u d i e s  is t o  f e e d  i n  t he  non- 
zero c o e f f i c i e n t s  of equat ion (16) and w a i t  for t h e  answers. 

Temperature G r a d i e n t s  - Explorer XIV 

p h y s i c a l l y  almost i d e n t i c a l  to Explorer  XIV. The o r b i t  is  
h ighly  e c c e n t r i c  and t h e  s a t e l l i t e  is in s. .al ight almost a l l  

(1) the  t r a n s m i t t e r  which is mounted on a plate a t  t h e  base  of 
the s p a c e c r a f t ,  (2) the magnetometer which was l oca t ed  at the 
end of the  forward bcom, (3) l a r g e  changes i n  power d i s s i p a t i o n ,  
(4) t h e  p o s s i b i l i t y  of up t o  5 hours  i n  shadow, and (5) l a r g e .  

., 9.o4r aspe&t- .changes cmupled;witiw-a .-~igh1.~.~n..sp~erical-l-" * .:*+' . 
s t r u c t u r e .  The o n l y  r e s t r i c t i o n s  o n  t h e  thermal c o a t i n g s  w a s  
t h a t  e l e c t r i c a l  conduction p a t h s  which circle t h e  magnetometer 

. . . . . . .  .. ..". .... ...... :'.''e 

. . . . . . . .  -. ...... - . , ..-.; ., .-. 

- 

Figure (17) sliows a p i c t u r e  of ExplorerXII which was 

of t h e  t i m e .  The problem areas in t h e  thermal  des ign  were 

x 

. . . . .  . -. .-\: . .  
~ be. broken.. , .  . e .  

-.. ........ ~ i y r e  (18; ' ~ t o a ~  %he X ~ i ! i ~ & i u r e s  a t  four .iocations, . 
t h e  magnetometer, t r a n s m i t t e q  b a t t e r y  and encoder for the 
.first 150 d a y s  i n  orbit .  The b a t t e r y  and encoder are located 
on an equipment shelf which is the reg ion  i n s i d e  t h e  octagon 

r e f e r r e d  to  the forward d i r e c t i o n  of t h e  s p i n  axis. It should 
be noted t h a t  t h e  t r a n s m i t t e r  and magnetometer temperatures  
vary much more than  the b a t t e r y  and encoder.  'Figure (19) 
shows t e m p e r a t u r e  t r a n s i e n t s  du r ing  a two hour shadow per iod .  
Thus far, including both solar a s p e c t  and shadow gffects, t h e  
t r a n s m i t t e r  has experienced tempera tures  from +60 C t o  -35'C. 

' shaped area. The solar aspec t  v a r i e d  from 25 t o  l65O 

Launch Phase 

Trans ien t  h e a t i n g  or cooling and contamination of 
temperature  c o c t r o l  s u r f a c e s  and surface-mounted equipment 
are t h e  two major problems dur ing  launch. 
from nose cone i n n e r  w a l l s  dur ing  a scen t  t h r o u g h  t h e  dense r  
air and then after nose cone e j e c t i o n ,  t h e r e  is direct aero- ~ 

dynamic hea t ing  on t h e  s p a c e c r a f t ' s  forward surfaces. Then 
there can be a t rans i t l ion  period where  t h e  v e h i c l e  may coast 

Tbe-e i s  radiation 
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'for minutes or hours u n t i l  the l a s t  stage is f i r e d  (or re- 
s tar ted)  t o  i n j e c t  t h e  s a t e l l i t e  i n t o  orbit .  
c a l c u l a t e d  temperatures  of the  s o l a r  paddles  on Explorer X I 1  
while tied down aga ins t  t h e  s ides  o f  the t h i r d  s t a g e ,  

payload s u r f a c e s  and s u b s t a n t i a l l y  alter t h e  p r o p e r t i e s  o 
o p t i c a l  surfaces and sensors, Figure 21 shows the Explor 

thermal coatings of evapora ted  aluminum and aluminum p a i n  
which w e r e  designed w i t h  an a/e of 1.6 to  operate the mag 

,, , m e p .  .S.P& <e ,at. +Qyc, iq.:a, .i;ghl E ...eccen t r iq- l0z.b it.. -..- The -=w=eo-. 
'meter malfunctiongd in o r b i t  when i t s . t e m p e r a t u r e  reached 
e q u i l i b r i u q  at  60 C, Later ,  from s imula ted  tests w i t h  heated 
nose cone samples,' it .was demonstrated t h a t  coptamipqtiop, . ,. 

* iipproximateZy double'd t E e .  absorptance .o'f the"evap0rated alu- 
. .... -mFnm:aad..t.hepeby- &awed me- failure; . . Fee -I?xpI&&s* XlX*, *XZ**. 

. . ' and XV, ei ther  Te f lohor  'an a b l a t o r  G a s  a p p l i e d  t o  t h e  outer .- 

- 

Figure  20 shows 

0 The outgassing from a heated nose cone may condense on 

0 magnetometer i n s i d e  t h e  Delta nose f a i r i n g .  It  also show 

, ~ ~ .... 

- .- .- * . 
e .: 

f a i r i n g  s u r f a c e s  t o  reduce contamination l e v e l s ,  For Ariel I,  
both an a b l a t o r  on the ou t s ide  and a Tef lon  shield on t he - in - '  
s i d e  w e r e  used, 

Design Ver i f i ca t ion  

tests f o r :  
(2) observing temperature g r a d i e n t s  i n  complex equipment and 
s p a c e c r a f t  s t r u c t u r e s ;  and (3) checking the rma l ly  o p t i c a l  . 
measurements of .coating proper t ies .  In a d d i t i o n ,  there should 
be f u l l  systems tests of a complete sa te l l i te  i n * a  s imula ted  
space environment, To v e r i f y  t h e  thermal design,solar simula- 
t i o n  is required, U n h r t u n a t e l y ,  the accuracy of c u r r e n t  solar 
s imula t ion  f a c i l i t i e s  is not s u f f i c i e n t  f o r  t h i s  purpose, 
Telemetered da ta  from orbi t ing s p a c e c r a f t  provide t h e  only  in- 
dependent v e r i f i c a t i o n  of a thermal design. 

Many a s b c t s  of a thermal des ign  r e q u i r e  experimental  
(1) eva lua t ing  conduct ion a c r o s s  i n t e r f a c e s ;  

*Reg, Trade Mark 



- .  

I 

. .  

. .  

. I  ' 

...... 'I.# .a,..: ..... r ;  

. . . . . . . .  . . ,- . .  
. -  ,- ............... - .  

t .  . .  

. . _  

. . .  . .  
. ...a .. , 

...... 
....... 

.i 

I '  

0 
k d  



.+ . 

... 

. 
Multiple Reflection and Absorption by a Wedge 

.............. - . . . . . . . .  ... .. . . . . . . . . . . . . . . . . . . . . . . . . . .  ... ........... Figure 2 . . . . . . . .  

I I 1 I 
. .  . .  . . . . . . . . . . . .  

i 
I 
/ 
t 1 I 

y;* ......... ..:...:.I . ' . . ' f .  .................. 



PERCENT TIN€ IN SUNLIGHT 
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Figure 6 - Incident Earth-re f l ec ted  Solar Radiation 

.. 

per U n i t  C r o s s - s e c t i o n a l  Area of a 
Spher ica l  S a t e l l i t e  P l o t t e d  as a hnction 
of Altitude for the Range 200-32,000 Ism 



. . .  . . .  

I' * -& ' . 0 

i, 
. - .  . . . . .  . .  . .  

'L . .  

I..,... . .  I .  ......... .. t C . .  

1 I I I 

f L.2 1 

. .  . .  

re. . . .  5 .. G' . : . :.. 
. :, 0, . . . . . . . . . . . . . . . . . . . .  

. .  

Figure 7 

. . . . .  - ....... 

. . . . .  . r  

.* _. * . ....... 



....... *.,.a- k . S .  

.% 

. . .  * 

.. .r. . . . . .  
. . . . . . .  .. 

. .  
. .  . . .  

.. 

. .  ....... t.....:., '9.. 

. -.- . . . . . . .  
- .  ..-.. ..- _.. 

. . .  . . . . .  



0 

. .  

a 

. .. 

.. 

. *. .' ' . -. . .. - &.. . : . ... . . . \. ... - 
. . .  - **;$-: * -  . J e':. . - .  .. .- . 

. . .  

- .. . . . . ._.. .. . . .  . . ... . 

. .  

. -  

. 



. ... . . .  



. - -  

.._. . 

8 

u 
. 0 . * r . . . . . . . . .  . 1.  . . . . . . . . .  

: ..:. \ .......... 1- . . . .  

. . . . .  

. . .  . ... .'* - * .  - 0  -+. 1 5.. . 8 ,  

..-. ......... -)1L- . C. -....a. c .,.. . 
I 

20 1' 
. . . .  

s */ 0 

O t  / 
/ 



. ,.. .* ...-. : 

. .  .... . .. . . b  ._ . _. . 



*. . . . . .  ._. 

I . . 

.......... 

. . .  
. . . .  . . 2.. 

. .  

-. 

.. 
. .  .. 

. c  . 

. . . . . . .  . -  . .- * '. 
. .  : .. f ...... ..?.+ .. .:: 

I 

....... ..*. ................ . . . .  ,a. . * .-.& .* 

. . . . . . . . .  . .  . . . .  
... ......... * .... c ..: ..... . .  . . t  .c .. .;;.-*:. i 

. .  . .  

. .  
.- 

I -  . - 



0 0 0 

v cv -4 
& uj 0 

I I I 

t 1 

k 

I 
f 
t 
I 
I 
I 
I 

< 

f 

I- O 
8 
00 

# 
0 Q 
8 

I 

ii 1 

. 



I 



t-1 33 
31 t - 

30 
. . 1. 

1 

I 

. . . . .  2 . . . . .  . . . " a  :: ... *r . (... . q .............. .. 

... 

- 
7 

. . . . .  

. -  . . . . .  .. . '. . . . . . .  . .  
. . ' .  . . . . . .  

a .  . . .  . . :  
. . . . . . . . .  . . . .  

3 

. *  . .  . *  

. . . . . . .  ... .......... 

4 

.. 



..’_ 

,.... .. . .’...... .- .. ~ . *  .:..-e .... .. ...... . ...- 

P. -.. . .  ._. . . . .  . - .  . .  . .  -. :; * .  .. . .- - 1 1 . 1 .. \:. --, : ..;. . - . 1 
. .* ..̂  . , 

/ 
-4 i. 



e:. ........... 

. ., . . . . . .  . * * .  ~ e. ' .. z . 
i . . . . . . . . .  e.-.. . - .... 20-. u . . . . . . . .  ....... .; .............. 



, .  . - .  . . _. . .; . .  U '  _... ' .  .,. -'-. . .. 
. ,.. 

. .  . .  

. _  . 

. .  . .  
. .:.. 

. .  

' .r. .- . . . ... . 

0 , ,. .- . 
e>'' & 
h F-.- 1 4. '0 . ., 2. -.. - 
O S  



~ . ,  . . .  . . '  

. . . . .  

,-g -.r ......... 
4 

P 

7 

. . .  . . . . .  . . .  - . ' . A _  . . . .  . . E . ; .  .... ..: - 5  .... -_ . , . . . .  . .* . .  
. -  

. -  . .  
_ .  
. .  

I ,  

-.* . .  * . e .  ...,... A . *  ...... ..-I.' . , \  V. ... - : - n ; . r . r . . . * : * *  

.. .... , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

I 

N 

cp 

........ .... ...a. 

* 
c 

CD 

N 

. *  



.. . 

&. 

t .. . .  
, < .  

: . 

’ . .  



- 
. 

. A  

REFERENCES . 

. .  1, Francis S, Johnson, The Solar Constant, Journal of Met 

. ’ 2. . John C’.. -Johnson; Wysical’Yeteorology, John Wiley and Sa 

. rology, Vole 11, NO-6, EE-1954, p. 431-439. 

N.Y. ,  1954, Chapters 2, 4 and 3. / 

-_ 

4. J, Siry, R. Wilson, et al., NRL Report 5066, Mar, ,1958, 

5.. Go - Bass.,.. L. Drummeter and 3- Schach, Temperature S t a b i l i -  

- 
* 6. F’, Cunningham, Earth Reflected Solar’Radiation Input t o  


