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INTRODUCTION 

A pass ive-ac t ive   thermal   cont ro l   sys tem  for   use  on spacec ra f t  was descr ibed  
and  analyzed i n   t h e   p r e v i o u s  two con t r ac to r   r epor t s  NASA CR-91 and NASA CR-155 
( r e f .  1,2). This   cont ro l  s y s t e m  i s  shown i n   F i g u r e  1 and c o n s i s t s  of a f inned  
sur face   which   has   f ins  made of   thermostat ic   mater ia l .  The basic  concept  of  opera- 
t i o n  of the   cont ro l   sys tem i s  t h a t   t h e   f i n s  w i l l  r e a c t   t o   t h e i r   l o c a l   t e m p e r a t u r e  
causing a v a r i a t i o n   i n   t h e   r a t i o  o f   t h e   s o l a r   a b s o r p t a n c e   t o   t h e   t e r r e s t i a l  e m i t -  
tance. 

Two f i n   p o s i t i o n s   d e s c r i b e   t h e  l imits on the  aS/et r a t i o  which may be  
obtained.  These two p o s i t i o n s   a r e  shown i n   F i g u r e  2. I n   t h e  open p o s i t i o n  
the  uS/ct   ratio  depends on the   spacec ra f t   su r f ace   coa t ing  and the   coa t ing  on 
the   inner   sur faces  of t h e   f i n s .  For the   c losed   pos i t i on ,   t he   r a t io  
depends  on the   coa t ing   used   for   the   back   or   ou ter   sur face  of t h e   f l n s .  One o the r  
c o n t r o l l a b l e   v a r i a b l e   i n   t h e   l i m i t i n g   v a l u e  of the  aC/ct   values i s  t h e   f i n   s p a c -  
i n g   r a t i o  H/W as  shown i n   F i g u r e  1. L 

Analysis  of the  groove  formed by t h e   f i n s '   i n n e r   s u r f a c e  and  the  spacecraf t  
sk in  when t h e   f i n s   a r e   i n   t h e  open p o s i t i o n  was r epor t ed   i n  NASA C R - 9 1  ( r e f .  1) 
assuming tha t   t he   sk in   coa t ing  i s  a d i f f u s e   r e f l e c t o r  and t h e   f i n   i n n e r   s u r f a c e s  
a r e   s p e c u l a r   r e f l e c t o r s .   T h e s e   r e s u l t s   a r e  shown i n   F i g u r e s  3, 4, and 5 f o r   t h r e e  
values  of H/W. I n   o r d e r   t o   p r e s e n t   t h i s   i n f o r m a t i o n   i n   t h e  most  usable  format 
t h e   r a t i o  of t h e   e f f e c t i v e   r e f l e c t a n c e  Pe t o   t h e   r e f l e c t a n c e  of t h e   s k i n   c o a t i n g  
pb i s  shown a s  a func t ion  of s o l a r   p o l a r   a n g l e  cp (see F i g u r e   2 )   w i t h   t h e   f i n  
inne r   su r f ace   r e f l ec t ance ,  as a parameter .   S ince   th i s  i s  the   t yp ica l   pos i -  
t i on  of t h e   f i n s  when i n  sun   I r rad ia t ion ,   the   curves  may be  used to   de te rmine   the  
solar   absorptance  for   vsr ious  combinat ions of base   coa t ing ,   f i n   coa t ing ,  and f i n  
spac ing   r a t io .   F igu res  3, 4, and 5 were  prepared  assuming  the  length  of  the  groove 
formed by t h e   f i n s  and the   spacec ra f t   sk in  was i n f i n i t e .   I n   o r d e r   t o   a s s e s s   t h e  
e f f e c t  of a f in i t e   l eng th   fo r   t he   g roove ,   s imi l a r   cu rves  are presented  from NASA 
CR-155 ( r e f .  2) i n   F i g u r e s  6 and 7 f o r   r a t i o s  of  length D (see Figure  1) t o   f i n  
he ight  H e q u a l   t o  5 and 25. 

PW, 

I n   t h e   f i n  open p o s i t i o n ,   t h e   t e r r e s t i a l   e m i t t a n c e  i s  a l so   r equ i r ed .   Th i s  
quan t i ty  was a l s o   r e p o r t e d   i n  NASA CR-155 ( r e f .  2).  I n   t h i s   c a s e   t h e   e m i t t a n c e  
f a c t o r  was de f ined   r a the r   t han   t he   e f f ec t ive   emi t t ance .   In   t h i s   ana lys i s   t he  
emi t t ance   f ac to r  was d e f i n e d   a s   t h e   r a t i o  of a l l   t h e   e n e r g y   l e a v i n g  a f i n i t e   l e n g t h  
groove to   the  energy  which would leave  a black  surface  which  had  an  area  equal  to 
t he   spacec ra f t   sk in  area. Since  energy i s  a l so   emi t t ed  by the   f i n s ,   t he   emi t t ance  
fac tor   can   be  a va lue   l a rge r   t han   un i ty .  However, t h i s  i s  t h e   q u a n t i t y   r e q u i r e d  
by a des igner ,   s ince   the   energy   f lux   l eav ing   the   spacecraf t   sk in  i s  normally 
required.  The r e s u l t s  of t h e s e   c a l c u l a t i o n s   a r e  shown i n   F i g u r e s  8 and 9 with 
emi t t ance   f ac to r   p lo t t ed   a s  a func t ion  of f i n   i n n e r   s u r f a c e   r e f l e c t a n c e   w i t h   t h e  
spacecraf t   sk in   coa t ing   emi t tance   as  a parameter .   In   these two sets of curves  i t  
was assumed tha t   t he   spacec ra f t   sk in   t empera tu re  and the   f i n   t empera tu re  were 
equal.  This  assumption i s  n o t   v a l i d   b u t  may r ep resen t  a reasonable  approximation 
f o r   t h i s   c a s e .  

The o t h e r   l i m i t i n g   v a l u e  of t h e  r a t i o  would o c c u r   w i t h   t h e   f i n s   i n  
t he   c losed   pos i t i on  as shown i n   F i g u r e  2 - p a r t  b. When i n   t h i s   p o s i t i o n ,   t h e  



NASA  SPACECRAFT  THERMOSTAT  SURFACE 

THERMOSTATIC STRIP .003" THICK 
STRAIGHT AND PERPENDICULAR AT llO°F 

F i g u r e  (1) 



( a )  F ins  Open (b)   Fins   Closed 

Figure  (2 )  Extreme Pos i t i ons  of Fins .  

e n t i r e   s p a c e c r a f t   s k i n  i s  sh ie lded  by t h e   i n f i n i t e   l e n g t h   f i n s  and may be  effec-  
t i v e l y   s h i e l d e d   i n   t h e   f i n i t e   l e n g t h   c a s e  by end   c losures .   S ince   th i s   pos i t ion  
o c c u r s   p r i m a r i l y   w i t h   n o   s o l a r   i r r a d i a t i o n ,   t h e   t e r r e s t i a l   e m i t t a n c e  i s  t h e   p r i -  
mary v a r i a b l e   r e q u i r e d   f o r   a n a l y s i s .   T h i s   v a l u e  i s  cons idered   in   the   next  sec- 
t ion .  

Emittance of F i n s   i n   C l o s e d   o r   P a r t i a l l y   C l o s e d   P o s i t i o n  

When t h e   f i n s  are in   t he   c losed  o r  p a r t i a l l y   c l o s e d   p o s i t i o n ,   t h e  back  sur- 
f a c e  of t h e  two f i n s   a t  a given  posit ion  forms a V-groove. This  V-groove  has a 
maximum to t a l   i nc luded   ang le  8 of 60" ( see   F igu re  2 )  when the  H/W r a t i o  i s  one. 
For   o ther  H/W r a t i o s   t h e  maximum angle  w i l l  be   g rea te r   o r   smal le r   than  60"; how- 
ever   for   p rac t ica l   geometr ies ,   they   a re   mos t   l ike ly   to   be   l ess   than  60". When 
i n   t h e   c l o s e d   p o s i t i o n ,   t h e   f i n s   a p p r o x i m a t e  a specular  V-groove enc losu re   s ince  
t h e   r a d i u s   o f   c u r v a t u r e   f o r   t h e   f i n s  i s  l a r g e  compared t o   f i n   l e n g t h .   F i n  mate- 
r i a l  a s   supp l i ed   has  a smooth ro l l ed   me ta l   su r f ace   wh ich   fo r   t he   l ong  wave emis- 
s ion   t o   be   cons ide red  i s  more near ly   specular   than   d i f fuse .  

3 

An a n a l y s i s  of specular  V-groove surfaces   for   absorptance  has   been  presented 
t o  NASA by E. M. Sparrow  and S. H. L i n   ( r e f .  3 ) .  The r e s u l t s   p r e s e n t e d   i n   t h i s  
pape r   were   no t   o f   su f f i c i en t   r ange   fo r   u se   w i th   h igh ly   r e f l ec t ing   ma te r i a l s   o r  
for   groove  angles  less than 30". For   t h i s   r ea son   t he   ana lys i s  w a s  ex t ended   r e su l t -  
i n g   i n   t h e   f o l l o w i n g  two expressions:  

360" even,  with n = - 180" f o r  e e 



Effective  Reflectance  Ratio 
H/W = 0.667 

I .o 

0.9 

0.8 

0.7 

0.6 

o;l! & 0.5 

0.4 

0.3 

0.2 

0. I 

0 IO 20 30 40 50 60 7 0  80 90  

Solar  Polar  Angle # 

Figure  ( 3 )  
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Effective  Reflectance Ratio 
H/W= 1.0 
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Figure (4) 
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Effective  Reflectonce  Ratio 
H/W = 2 
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Figure (5 )  

6 



Effect ive  Reflectance Ratio 

D/H = 5 W / H =  I 
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Figure ( 6 )  
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Figure ( 7 )  



Emittance  Factor 
D/H = 5 
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Figure ( 8 )  
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Emittance Factor 
DIH = 25 
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SUGGESTED  DESIGN TECHNIQUE 

It w i l l  be  assumed t h a t   t h e   s p a c e c r a f t   d e s i g n e r   h a s   a v a i l a b l e   t h e   f o l l o w i n g  
d e s i g n   c r i t e r i a :  

1. E n e r g y   f l u x   t o   b e   r a d i a t e d   t o   s p a c e  q: in   Btu /hr  - f t  

2. Spacecraf t   sk in   t empera ture  Ts i n  OR 

3 .  Sola r   cons t an t  Gs i n  Btu/hr - f t  . 

2 

2 

Of course,   any  or a l l  of t hese  may be   va r i ab le   du r ing  a mission. It  i s  recom- 
mended tha t   t he   expec ted   va lues  be  searched  and  from  the  expression 

t h e   l a r g e s t   v a l u e  of e '  be  determined.  This  value of e '  w i l l  be  one l i m i t  
which s p e c i f i e s   t h e  material coa t ings   r equ i r ed   fo r   t he   spaEec ra f t   sk in  and f i n s .  
A s  shown i n  NASA C R - 9 1  ( r e f .  1) 

r 

so w i t h   e '  maximum  known and G maximum known, t h e  t e r res t ia l  emittance  and 
so lar   absorp tance   va lues  are relaTed. From the  known types  of  base  coatings 
ava i l ab le   (wh i t e   pa in t s  of various  types)  the  values  of  et   and cys f o r   p o s s i b l e  
coa t ings  may be  used  with  Figures 3 through 9 to   de t e rmine   t he   r e f l ec t ance   r equ i r ed  
fo r   t he   f i n   i nne r   su r f ace .   Conver se ly ,   fo r  known c o a t i n g   m a t e r i a l s ,   t h e   f i g u r e s  
plus   equat ion (4 )  may be   used   to   de te rmine   the   spacecraf t   sk in   t empera ture  
when t h e   f i n s   a r e   w i d e  open. TS 

Thermal Model of Thermostatic  Finned  Surface 

In   t he   ove ra l l   t he rma l   ana lys i s  of a spacec ra f t ,  a thermal model i s  usua l ly  
required  for   each  e lement  of the  system. The thermal model f o r   t h e   f i n n e d   s u r -  
f a c e  may be  determined as follows. It i s  assumed that   thermal   conductance and 
thermal   capac i tance   a re   the   va lues   requi red   for   the  model. 

The  geometry f o r   t h e   c a l c u l a t i o n  of the  conductances of t he   i nne r   su r f aces  
i s  shown i n   F i g u r e  11. The following  assumptions  were made: 

( a )  The  system  has i n f i n i t e   l e n g t h   n o r m a l   t o   F i g u r e  11. 
(b )  The f i n s   a r e   s p e c u l a r   r e f l e c t o r s  and d i f f u s e   e m i t t e r s .  
( c )  The base   o r   spacec ra f t   sk in  i s  a d i f f u s e   r e f l e c t o r  and a d i f f u s e  

(d).  The f in s   have  a s t r a i g h t   p r o f i l e   r a t h e r   t h a n  a curved   prof i le .  
emitter. 



. 
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Surface 2 7 

Figure  (11) Geometry for  Inner  Surface  Conductances.  

( e )  The base and f in   t empera tu res  can  be  represented as a uniform  and 
cons tan t   va lue ,  i .e . ,  each  surface  can  be  represented  as  a s i n g l e  
temperature  node. 

In  the  usual  thermal  analysis  the  energy  exchange  between two nodes i n   t h e  
system i s  expressed as q i  j Ki j  (Ti - T j ) ,  where Kij 
between t h e  two  nodes.  For t h i s  model the  energy  exchange  between  nodes w i l l  be 
by  both  conduction  and  radiation. The  conduct ion  t ransfer  i s  r e l a t i v e l y  w e l l  
known and w i l l  be  considered last .  Fo r   t he   r ad ia t ion   t r ans fe r ,   t he   bas i c  method 
of H. C. H o t t e l  was used.  This  method  uses  qij - 3.. Ai (Ebi - E b j )  f o r   t h e  

radiant  energy  exchange  between  surfaces.   In  the  expression Sij is t h e   r a d i a n t  
exchange  factor,  Ai i s  the   su r f ace   a r ea  of su r face  i, and Ebi i s  the  
t o t a l   e m i s s i v e  power  of a b lack  body a t  the  temperature  of su r face  i. By 
equat ing   the   l inear   conductance   equat ion  and Ho t t e l ' s   exp res s ion   fo r   q i j J   t he  
conductance  for   radiant   exchange i s  given by equat ion ( 5 )  , 

- - i s  the  conductance 

- 
1J 



In   equa t ion  ( 5 )  the  only  quantity  which  must  be  obtained  for  most  thermal  analyses 
i s  2fij o r   t h e  a i j A i  product. 

Evaluat ion  of  Z i j  f o r   t h e  Thermal  Model 

The evaluat ion  of  3 . .  f o r  a specular   system was done  using  the image  method 
as presented by Ecker t  and" Sparrow ( r e f .  4) us ing  a two bounce o r  two image 
l i m i t .  This   analysis   could  be made more accu ra t e  by us ing  more  images  but  the 
i n c r e a s e   i n   a c c u r a c y  i s  n o t   j u s t i f i e d   c o n s i d e r i n g   t h e   l a c k   o f   p r e c i s i o n   i n   p r o p -  
e r ty   eva lua t ion .  

For   the two bounce  approximation  the  f in   system  of   Figure 11 wi th  two images 
i s  shown i n   F i g u r e  12. I n   t h i s   c a s e   t h e  two opposed f i n s  are numbered 3 and 3 

Figure  (12)  Fin  System  with Two Images. 

r e s p e c t i v e l y   t o   i n d i c a t e   t h e  method  of ana lys i s .  The b a s i c   q u a n t i t i e s   r e q u i r e d  
t o   o b t a i n   t h e  sij va lues   a r e   t he   i r r ad ia t ion   equa t ions   fo l lowing .  

14 

+ E-A- 3 3 L  rFg3 + p3p5 F~II , ]  



where 
Gi i s  t h e   i r r a d i a t i o n  of su r face  i. 

Ei i s  t h e   t o t a l   e m i s s i v e  power  of s u r f a c e  i. 

pi  i s  the   r e f l ec t ance  of su r face  i. 

Fij i s  the   d i f fuse   conf igu ra t ion   f ac to r   f rom  su r face  i t o   s u r f a c e  j. 

Equations (6), (7),  and (8) can   be   wr i t ten   in  a much more  compact  form i f   t h e  
m u l t i p l i e r s  of the  EiAi and JiAi terms are   denoted  as where i 

rep resen t s   t he   r ad ia t ing   node  and j r e p r e s e n t s   t h e   i r r a d i a t e d  node,  e.g., i n  
equat ion (6)  

Fij t o t '  

would be  used.  Rewriting  equations (6), ( 7 ) ,  and (8) i n   t h i s  form r e s u l t s   i n   t h e  
fo l lowing   i r r ad ia t ion   equa t ions :  

Evaluation  of 
u s i n g   t h e   n e t   h e a t  
t r a n s f e r  are given 

o r  

t h e   s c r i p t  3 o r   r a d i a n t   t r a n s f e r   f u n c t i o n s  was accomplished 
t r ans fe r   equa t ions  as follows. The bas ic   equa t ions   for   energy  
a s   e i t h e r  

q'!A = a.G .A - E A 
~j J J ~  j j  

I f   q i .  i s  to   be   eva lua ted ,   equa t ions  (12) and (13) may be   used   wi th   sur face  i 
an  ene2gy  source  and a l l  o the r   su r f aces   r ece ive r s .   Th i s  i s  accomplished 



a n a l y t i c a l l y  by s e t t i n g  Ebi = 1.0 and a l l  o the r  Eb va lues  a t  zero. For example: 

q i j  = qyjAi = 3. 1 J  .A. 1 (1.0 - 0.0) ( 14) 

and qyjAi = aiGiAi - EiAi (15) 

where GiAi i s  determined  using Ebi = 1.0 and a l l  o the r  E va lues   equal  
zero.  b 

Using  this   technique  with  equat ions (g ) ,  ( l o ) ,  ( l l ) ,  (12) ,  
t r ans fe r   func t ions  were determined  to  be:  

3 3 5  - - €3 '2 F25 t o t  
€3 F35 tot " 1 - p, F2, tot 

The eva lua t ion   of   these   equat ions  was carr ied  out   assuming 
a p e r f e c t  window, i. e., c5 = 1.0 and T5 = 0. 

In   o rde r   t o   eva lua te   t he   ene rgy   l o s s  by the  back  of a 

and (13) the   r ad ian t  

t h a t   t h e   s u r f a c e  5 was 

f in   t o   t he   su r round ings  
the   fo l lowing   reasoning  was used.  The  back of two f i n s  forms a V-groove wi th   t he  

groove  opening  equal  to 2A s i n  - o r  2A s i n  y. The  energy  loss   through  this  

a r ea  i s  given by  eaEb3 (2A3 s i n  y) where e i s  the  apparent   emit tance of t he  

groove.  Then the  energy  loss  from  the  back of a s i n g l e   f i n  i s  e E A s i n  Y. 

E q u a t i n g   t h i s   t o  q,, where  the window over  the  groove i s  i d e n t i f i e d   a s   s u r f a c e  
4 to   d i f fe ren t ia te   the   energy   f low  f rom  inner   o r   ou ter   sur faces  of t h e   f i n ,   t h e  
r e s u l t  i s ,  

0 
3 2 3 

a 

a b3 3 

3 = e s i n  Y 
3 4  a ( 19) 

Equations (16), ( l 7 ) ,  (18), and (19) r e l a t e   t h e   d i f f u s e   e n e r g y   r a d i a n t   t r a n s f e r  
func t ions   necessary   to   eva lua te   the  low tempera ture   o r   t e r res t ia l   energy   exchange  
i n   t h e   f i n  system.  Since  the  solar   energy  incoming  to   the  system w i l l  be c o l l i -  
mated o r   d i r e c t i o n a l ,  a d i f fe ren t   approach   mus t   be   t aken   for   these   energy   ga ins .  
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Solar  Energy  Fluxes 

The fo l lowing   de r iva t ions  and d i scuss ions  assume  normal  incidence  of  the 
solar   energy.  

F igure  13 shows the  geometry  considered  for   the  evaluat ion of t h e   s o l a r  
energy   input   to   the   f in   sys tem.  A s  may be  noted,   the   analysis   assumes  that   the  
two f i n s  on e i t h e r   s i d e  of   the   base   a rea  A have moved inward  symmetrically. 
This w i l l  be   t rue   on ly   for   normal   inc idence   so la r   energy .  2 

Figure  (13) Geometry for   Solar   F lux   Evalua t ion .  

In   t h i s   ca se ,   t he   so l a r   ene rgy   i nc iden t  upon s u r f a c e  2 p e r   u n i t   l e n g t h  i s  
Gs (L2 - 2L3 s i n  u). Since  w e  a re   cons ider ing   the   so la r   energy   separa te   f rom  the  

.17 



terrestial  ene rgy ,   t he   r ad ios i ty  of s u r f a c e  2 may b e   w r i t t e n   a s  J2A2 = p2G2A2 
where   the   emi t ted   por t ion  i s  cons ide red   t o   be   ze ro   i n   t hese  wave lengths.  Then 
us ing   ou r   p rev ious ly   ob ta ined   conf igu ra t ion   f ac to r s  we can w r i t e   t h e   t o t a l   i r r a -  
d i a t ion   o f   su r f ace  2 a s   t h e  sum of t h e   s o l a r   i r r a d i a t i o n   p l u s   t h e   e n e r g y  
r e f l e c t e d  back t o   s u r f a c e  2  from t h e   s o l a r   i r r a d i a t i o n .  

&A2 = Gs (& - 2 5  s i n   y ) ( u n i t   d e p t h )  + J 2 A 2  FZ tot. 

F i n a l l y   u s i n g  J2A2 = ~ 2 G & 2  , t h e   t o t a l   i r r a d i a t i o n  i s  given by the  fol lowing:  

Gs (b - 2L3 s i n   y ) ( u n i t   d e p t h )  
G2A2 = 

1 - p2 F22 t o t  

In   equat ion   (20)   the   va lue   o f   re f lec tance  p2 and o t h e r   r e f l e c t a n c e s   i n  F22 tot 
a r e   r e f l e c t a n c e s   t o   s o l a r   e n e r g y   o r  (1 - as). Then t h e   t o t a l   s o l a r   e n e r g y  
absorbed by t h e   s u r f a c e  2 i s  given by Q = a2G2A2 or  p e r  u n i t   l e n g t h   a s  

s01.2 

By t h e  same reasoning  process   the  solar   energy  absorbed by the   i nne r   su r f ace  of 
t h e   f i n s  i s  given by 

In  equat ion  (22)  a3 inner i s  the   so l a r   abso rp tance  of t h e   m a t e r i a l  on t h e   i n s i d e  
o f   t h e   f i n   o r   t h e   s l d e   f a c i n g  A2. This   sur face  may be  any vacuum p l a t e d   s u r -  
f a c e   o r   t h e  "as rece ived"   inner   sur face  of t h e   f i n s .   T y p i c a l l y   t h i s  i s  t h e  low 
expansion  mater ia l  of t h e   b i m e t a l l i c   f i n   m a t e r i a l .  

The solar  energy  absorbed by the   ou ter   sur face   o r   back  of a f i n  i s  obtained 
d i r e c t l y  from  the  apparent  absorptance  curves and i s  given  by 

Qso1.3  outer Gs as ou te r  L3 s i n  y 

"3 outer  i s  the  apparent   absorptance of t h e  V-groove obtained  from  Figure 
14 us ing   t he   so l a r   abso rp tance  of t he   ou te r   f i n   su r f ace   ob ta ined   f rom 
monochromatic  reflectance  measurement. 

Preparation  of  the  Thermal Model for  the  Experimental   System 

A f t e r   t h e   d e r i v a t i o n s  of the  previous two s e c t i o n s  were completed, a thermal 
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Figure  (14) Apparent  Absorptance  for Normal Inc idence  
f o r   S o l a r  Energy. 

model  of the  experimental   f inned  surface was prepared. The technique  descr ibed 
from t h i s   p o i n t  on requi res   def in i te   d imens ions  and material p r o p e r t i e s .   I n   t h i s  
case the  dimension of t h e   f i n   s y s t e m  was = 2 inches,  L3 = 2 inches.  The 
f i n s  were made of thermosta t ic   mater ia l   suppl ied  by the  Metals and  Controls 
Divis ion  of   Texas  Instruments   Corporat ion.   This   mater ia l  i s  completely  described 
i n  NASA CR-91 ( r e f .  1). Us ing   t he   manufac tu re r ' s   spec i f i ca t ions   fo r   t he   ma te r i a l  
t he   ang le  y o r   f i n  movement can   be   re la ted   to   the   f in   t empera ture  Tao This  
expression i s  given  in   the  fol lowing  equat ion  where T3 i s  i n  OR f o r   f i n s  
p e r p e n d i c u l a r   t o   t h e   s p a c e c r a f t   s k i n   a t  6 1 0 ~ ~  (150°F), 

T o t a l   c o n f i g u r a t i o n   f a c t o r s   F i j  tot as used   i n   equa t ions  (16), ( l7), and (18) 
depend  on  the  posi t ion  of   the  f in   given by These  values were calcu-  
l a t e d  and   f rom  the   resu l t ing   va lues  a polynomial was used   t o  f i t  the   va lues .  The 
r e s u l t s  of t h e   e q u a t i o n   f i t t i n g   f o r   t h e  script  3 va lues  are g iven   i n   t he   fo l low-  
ing  equat ions.  

"_____ 
' -7". , " 

"- 



33, = 0.0323 - 0.06168 (27)  

I n  later work, these  expressions  have  been  improved by us ing  a quadra t i c  
equat ion   for   bo th  323 and 3z5. 

The ac tua l   va lues  of the  conductances  required  for   the  thermal   analysis   are  
nonl inear   equa t ions   in  T3 and T2. A typ ica l   express ion   for   the   conductance  i s  
given by equat ion (28) : 

but  T, i s  assumed t o  be OOR, e.g. , 

or  

I n  

K25 rad. = 1.231 x + 4.0113 x T3 - 3.2086  x T23 (28)  

a s i m i l a r  manner K23 ,-ad., K35 rad. ,  and KS4 rad.   were  obtained.  In any 

conductance  involved  with  surface 3 the   sur f   ace  of two f i n s  was considered, 
i. e. , t he  two f i n s  were lumped a s  a s i n g l e  node i n   t h e  model. 

A diagramat ic   representa t ion  of t h e  two nodes i s  shown in   F igu re  15. Con- 
ductances K 2 3  rad., & rad. , K35 rad. , and K34 rad. were evaluated  as  
ind ica ted .  The tlqo conductances KZ4 rad.  and K35 rad.  can  be  added i n t o  a 
s ingle   conductance   s ince   they   bo th   connec t   the  same thermal   po ten t ia l s .  As 
expla ined   prev ious ly ,   th i s  was no t  done i n   o r d e r   t o  make c l e a r   t h e  loss  of  energy 
from the   i nne r  and o u t e r   f i n   s u r f a c e s .  

The two energy  sources Qsolar  ,3 and Qso la r  ,2 
€in  temperature  T3. Using  equations  (21),   (22),   and  (23)  with  equation  (24)  the 
energy  sources are eva lua ted .   In   th i s   case  

a r e   a l s o   f u n c t i o n s  of the  

Qsol .3   inner  S O L S  ou te r  and Q 

were added t o   g i v e  The conductance  between  surfaces 2  and 3-  by s o l i d  

conduct ion   hea t   t ransfer  was evaluated  using  the  mid-point of t h e   f i n   a s   t h e  
nodal  lump and t h e   e n t i r e   b a s e   a r e a  as a nodal  lump. 

Qso la r , s*  

A s  an  example  of  the  results  obtained  from  this  thermal model, an a n a l y s i s  
was made us ing  a spacec ra f t   sk in   coa t ing   ma te r i a l   w i th  terrest ia l  emit tance of 
0.88 and so lar   absorp tance  of 0.248 w i t h   t h e   f i n   i n n e r   s u r f a c e  assumed t o  be 
vacuum deposi ted aluminum wi th   cons t an t   p rope r t i e s  of r e f l e c t a n c e  and absorptance 
of 0.93 and 0.07 respec t ive ly .  The f i n   o u t e r   s u r f a c e  was assumed to   have  a 
t e r r e s t i a l   e m i t t a n c e  of 0.1 and  a so l a r   abso rp tance  of 0.353. Solar   absorp tance  
was determined  from  monochromatic  reflectance  measurements. 
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Figure  (15) Thermal Model f o r  a F i n  System. 

With  the  thermal  model  as  described,  the  skin  temperatures of a f i n   s y s t e m  
o r i e n t e d   s u c h   t h a t   t h e   s o l a r   i n p u t  was always  normal t o   t h e   s u r f a c e  was ca lcu-  
l a t e d .   T h e s e   r e s u l t s   f o r   v a r i o u s   s o l a r   i n p u t s   ( e x p r e s s e d  as sun   equiva len t )   a re  
p re sen ted   i n   F igu re  16 f o r  two i n t e r n a l   h e a t   g e n e r a t i o n   v a l u e s .   I n   t h e  low  power 
case,  10 Btu/hr-ft2  or  2.93  $atts/ft2  were assumed t o  be   d i s s ipa t ed   and   i n   t he  
high power case  50 Btu /h r - f t   o r  14.65 w a t t s / f t  were used.  The  base  plate 
tempera ture   for   the  same power d i s s i p a t i o n   r a t e s   f o r  a wh i t e   pa in t   su r f ace   w i th  
as = 0.248  and  et = 0.88 a r e   a l s o   p r e s e n t e d .  A comparison  of  the two curve 
sets i n d i c a t e   t h e  amount  of tempera ture   cont ro l   poss ib le   wi th   the   thermal  model 
assumed. 

2 

The the rma l   ana lys i s   o f   t he   mode l   p re sen ted   i n   t h i s   d i scuss ion   i nd ica t e s  
t h a t   t h e   f i n s  are nea r ly   no rma l   t o   t he   su r f ace   fo r  a l l  so l a r   i npu t s   o the r   t han  
the  low so la r   i npu t s .   Th i s  i s  r e f l e c t e d   i n   t h e   r e s u l t s   f o r   t h e   r e g i o n   f r o m  0.5 
sun   equ iva len t s   t o  1.0 s u n   e q u i v a l e n t .   I n   t h i s   r e g i o n   t h e   f i n   s y s t e m  i s  e n t i r e l y  
passive.  A t  t he   l ower   so l a r   i npu t s   t he   f i n s   beg in   t o  move r e s u l t i n g   i n   a n   a c t i v e  
system.  This is  most   s t rongly   ind ica ted  by the   h igh  power d i s s i p a t i o n   c u r v e  
between 0.5 and 1.0 sun   equ iva len t s .   I n   t he  case of   the low power d i s s i p a t i o n  
sys tem,   the   ac t ive   pos i t ion  of the   curve  i s  l imi ted   due   to   the  more  sudden c l o s -  
i n g  of t he   f i n s   ove r   t he   su r f ace ,   t he   sys t em  aga in  becomes a pass ive  system. 
This   pass ive   sys tem i s  f a i r l y  low, depending on t h e   f i n   b a c k   s u r f a c e  and  thermal 
conductance ,   emi t tance   sur face   rad ia t ing   to  space. 
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EXPERIMENTAL  SYSTEM 

I n  an a t t e m p t  t o   v a l i d a t e   t h e   t h e r m a l   a n a l y s i s   t e c h n i q u e ,  a tes t  model  of 
the   f inned   spacecraf t   sur face  was prepared.  This tes t  spacec ra f t   su r f ace  and t h e  
a s soc ia t ed  test system were d e s c r i b e d   i n  a p rev ious   r epor t   t o  NASA; however, f o r  
completeness a po r t ion   o f   t he   r epor t  i s  repea ted   here in .  

Test Sect ion  Construct ion 

I n   o r d e r   t o   p r o v e   t h e   a n a l y t i c a l   r e s u l t s   o b t a i n e d   i n   t h e   p r e v i o u s   i n v e s t i g a -  
t i ons ,  a tes t  s e c t i o n  was des igned   fo r   ac tua l   t e s t ing   o f   t he  spacecraft sys t em  in  
the  simulated  outerspace  environment.  The  assumptions on which  the  previous 
ana lys i s  were based  and  which  had t o   b e  m e t  by t h e  model  were: (1) t h e   w a l l s  must 
b e   s p e c u l a r l y   r e f l e c t i n g   w a l l s ,  (2) the  base  should  be a d i f f u s e   w h i t e  material, 
and (3) t h e   f i n s   s h o u l d   b e   s t r a i g h t   a t   a b o u t  150°F. From information  obtained 
from  the  grantor,  i t  was de termined   tha t   the   s ize  of t he  t e s t  system  should  be 
approximately 1 square  foot .   Therefore ,  a 1 squa re   foo t   b ra s s   p l a t e  was chosen 
a s   t he   base  upon  which t o  mount t h e   f i n s .  The f i n s  were  assumed i n   t h e   a n a l y s i s  
to   be   cons t ruc ted   o f  a b imeta l l ic   mater ia l   which   cons is ted   o f  an Invar  low- 
expansion  s ide material and a high-expansion  side  material   which  had  manganese 
as   the  pr imary  a l loying  ingredient .   These  f ins   were assumed to   be  0.003 inch  
t h i c k  and f o r   t h e  1 s q u a r e   f o o t   p l a t e   s e c t i o n  i t  was dec ided   the   f ins   should   be  
made 2 inches   i n   l eng th   w i th  a spacing of 2 inches  between  adjacent   f in   layers .  
The f i r s t  p rob lem  invo lved   i n   t he   cons t ruc t ion   o f   t he   t e s t  s y s t e m  was to   shape  
t h e   m a t e r i a l   i n   s u c h  a way t h a t   t h e   f i n s  would b e   s t r a i g h t   o r   v e r t i c a l  a t  approxi- 
mately 150°F. A s  t h e  material  was de l ivered ,  i t  had only a s l i g h t   l o n g i t u d i n a l  
cu rva tu re  and a strong  crossbow  or a curvature   in   the  2- inch  dimension of t h e  
m a t e r i a l .   I n i t i a l l y  a r o l l i n g   d e v i c e  was cons t ruc t ed   i n   t he   hope   t ha t   t h i s   cou ld  
be   used   to   shape   the   f ins   bu t   ro l l ing   d id   no t   p roduce   the   des i red   f in   shape .  
S i n c e   r o l l i n g   d i d   n o t  work, a method involv ing   hea t   t rea tment  was devised  and 
t h i s  s y s t e m  was the  ul t imate   system  which was used   in   f in   shaping .   Bas ica l ly   the  
heat   t reatment  method cons i s t ed  of t h e   r i g i d   a p p l i c a t i o n  of t h e   f i n   m a t e r i a l   t o  
a curved  mandrel  and  then  heat  treating  to  obtain  the  proper  curvature.   Several  
t r i a l s  a t  d i f f e ren t   t empera tu res  and wi th   d i f fe ren t   mandre l   shapes  were made and 
t h e   f i n a l   s h a p e  was obtained by  wrapping  the  s t r ip   t ight ly   around a piece  of   tube 
with an outer  diameter  of  about two inches  and  heat ing  for   about  two hours a t  
370°F. Th i s   r e su l t ed   i n   app rox ima te ly   t he   co r rec t   cu rva tu re   i n   t he   l ong i tud ina l  
d i r ec t ion   o r   t he   l eng th  of t h e   f i n  material; however, t h e   f i n  material s t i l l  had 
the  crossbow  in  i t  which  had t o   b e  removed. A f t e r   c u t t i n g   t h e   f i n s  from t h e  
long  2-inch  wide material, t h e   f i n s  were again wrapped  around  about a 2- inch 
d iameter   mandre l   such   tha t   the   d i rec t ion  of  bending was o p p o s i t e   t o   t h e   d i r e c t i o n  
of  the  crossflow  and  they were then   hea t ed   i n   t h i s   pos i t i on   fo r   an   hour  a t  250°F. 
These two hea t   t r ea tmen t s   r e su l t ed   i n  a f i n  which   had   the   cur rec t   curva ture   to   be  
used on t h e  tes t  surface.  The completed  f ins  were c u t   i n t o  a 2 1/4-inch  length 
and 3/16 of  an  inch on one  end was bent  backwards i n   o r d e r   t o   a v o i d   t h e   c r o s s -  
bowing e f f e c t  which  develops as the  temperature  of the   f ins   increases   above   the  
ambient  temperature.   This i s  shown i n   F i g u r e  17 where a t y p i c a l   f i n   w i t h   t h e  
upper  end  bent  backward i s  i l l u s t r a t e d .   I n   t h i s  case, the   connota t ion  of bent  
backwards  means t h a t   t h e   f i n  material  was ben t   i n   t he   d i r ec t ion   t owards   t he   Inva r  

I 



Figure  (17) Typical  Fin. 

s i d e   o r  low-expansion  side.  The  fins as shown i n   F i g u r e  18 have  the bend  which 
they  normally  would  have a room tempera ture   which   of   course   for   these   f ins  i s  a 
r e l a t i v e l y  low temperature.   After  bending  the  3/16-inch s t r i p  back  along  the  top 
of t h e   f i n ,   t h e   f i n   l e n g t h  i s  2 1/16 inches of width of   which  the  las t  1/16 inch 
i s  used   fo r  mounting. 

Previous   inves t iga t ions   repor ted   in   the   o ther  two p rogres s   r epor t s   i nd ica t ed  
t h a t   t h e   r e f l e c t a n c e  of the  high-expansion  s ide was n o t   a s   h i g h   a s  would  be 
required  for   the  s imulat ion  of   the  analysis ;   therefore ,   the   high-expansion  or  
manganese s i d e  of t h e   f i n s  was vacuum p la t ed   w i th  a t h i n   l a y e r  of  aluminum. This  
aluminum overcoat ing was t h i c k  enough to   be   opaque   and   should   resu l t   in   essen-  
t i a l ly   t he   r e f l ec t ance   o f   pu re   evapora t ed  aluminum on the   h igh-expans ion   s ide   o r  
the  s ide  facing  the  grooves  of   the  spacecraf t   system. 

The base of t he   spacec ra f t   su r f ace ,  a 1 square   foo t   b rass   p la te   about  1/8 
of  an  inch  thick,  was s l o t t e d  by a m i l l i n g   o p e r a t i o n   w i t h   f i v e   s l o t s  2 inches 
apart   approximately 1/16 of an  inch  deep.  Then, two iron-constantan  thermocouples 
were i n s t a l l e d  by d r i l l i n g   f r o m   t h e  back as   near   to   the   exposed   sur face  as poss i -  
ble .  The back  of t h i s   p l a t e  was coated  with a h ighly   absorb ing   b lack   pa in t   s ince  
i t  would receive  energy  f rom  the  heater  p la tes  by r ad ia t ion .  The f r o n t   s i d e  of 
t he   p l a t e ,   t he   ou te r   o r   spacec ra f t   su r f ace   s ide ,  was coated  with  Cat-a- lac   white  
p a i n t ,  No. 463-1-500. C h a r a c t e r i s t i c s   f o r   t h i s   e x a c t   p a i n t  were n o t   a v a i l a b l e ;  
however, a s imi la r   pa in t   f rom  the  same manufacturer  had  been  examined  experimen- 
t a l l y .  The c h a r a c t e r i s t i c s  of  Cat-a-lac No. 463-1-8 which  were  used  in  the  analy- 
s i s  a r e  shown i n   F i g u r e  19. A s  can  be  seen  from  Figure 19, th i s   Ca t - a - l ac   wh i t e  
p a i n t   h a s  a r e l a t i v e l y  low so la r   abso rb tance  and a high te r res t r ia l  emittance.  
However, i t  i s  n o t   a s  good a s  some of t h e  modern wh i t e   pa in t s  now a v a i l a b l e .   I n  
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t he   a s sumpt ions   o f   t he   ana lys i s   fo r   t h i s   sys t em,  i t  was assumed t h a t   t h e   w h i t e  
b a s e   p a i n t  was a d i f f u s e   s u r f a c e ;  however, the  Cat-a- lac   white   paint   gave a s l i g h t  
g los s  upon appl icat ion.   Careful   sanding was used   t o  remove t h i s   g l o s s ,  and it  
i s  assumed tha t   t h i s   does   no t   change   t he   r e f l ec t ance  of the   sur face .  Of course,  
t h i s  i s  no t   exac t ly   t rue ;  however, t h e   p a i n t  was n o t   d i f f u s i n g  enough as appl ied  
to   approximate   the   condi t ions   o f   the   ana ly t ica l  work. Af te r   the   base  p l a t e  was 
p r e p a r e d   i n   t h i s  manner, t h e   f i n s  were p l a c e d   i n   t h e   s l o t s   i n   t h e   b r a s s   p l a t e   i n  
t h e i r   p r o p e r   p o s i t i o n s ;  and  then a small amount  of  Eastman 910 adhesive was allowed 
t o   f l o w   i n t o   t h e   s p a c e  between  the f i n s  and   t he   s lo t   edges .   Th i s   r e su l t ed   i n  a 
s t rong  bond  between t h e   f i n s  and the  base  and i s  t h e  method suggested  for   the  con-  
s t ruc t ion   o f   spacec ra f t   su r f aces   o f   t h i s   t ype .  A p i c t u r e  of  the  completed tes t  
s u r f a c e   i n s t a l l e d   i n  a por t ion   o f   the   requi red  t e s t  system i s  shown i n   F i g u r e  18. 
A s  can  be  seen,   the   procedure  used  in   the  construct ion  of   the t e s t  s u r f a c e   r e s u l t e d  
i n   v e r y   u n i f o r m   c u r v a t u r e   f o r   t h e   f i n s  and a system  which  would  appear  to  be  very 
c l o s e   t o   t h e   s y s t e m  assumed i n   t h e   a n a l y t i c a l  work. 

Construct ion of t h e  Test System 

The bas i c  t es t  system i s  shown i n   F i g u r e  20. A s  can  be  seen  from  this  f igure,  
the  tes t  sys tem cons i s t s   p r imar i ly   o f   an   i n su la t ed  box t o   c o n t a i n   t h e   t e s t   s u r -  
f a c e   p l u s  a h e a t   s o u r c e   t o   s i m u l a t e   t h e   i n t e r n a l   h e a t   g e n e r a t i o n   o f   t h e   s p a c e c r a f t .  
Below the   hea t   sou rce  a s ing le   l aye r   o f  aluminum f o i l  i s  used as p a r t  of a hea t  
meter   to   de te rmine   the   energy   t ransfer red   f rom  the   hea te r   p la te   th rough  the   t es t  
system  other  than  through  the t e s t  sur face .  The hea t   source   cons is t s  of a p iece  
of t r ans i t e   1 /4 - inch   t h i ck ,  1 s q u a r e   f o o t   i n   s i z e .  On t h e   p l a t e  i s  wound the  
heater  element  which i s  made of 30 gage Chrome1 A h e a t e r  w i r e .  T h i s   r e s i s t a n c e  
wire was chosen  such  that   approximately 40 wat t s   could   be   d i ss ipa ted  when a poten- 
t i a l  of 110 v o l t s  i s  appl ied   to   the   hea te r   windings .  The heater  windings  were 
placed  on  the  upper  face of t h e   t r a n s i t e   b o a r d  and   covered   wi th   Saure isen   e lec t r i -  
c a l  cement. I n   o r d e r   t o   c o n t r o l   t h e   e n e r g y   i n p u t   t o   t h e  t e s t  sur face ,   the   hea te r  
temperature w i l l  be   con t ro l l ed   w i th  a p ropor t iona l   con t ro l l e r   based  on the  tem- 
p e r a t u r e  of the plate .  A small   bead  thermistor  temperature  sensor was imbedded 
on the   upper   s ide  of t he  p l a t e  and  covered  with  Saureisen  cement.   In  order  to 
reduce  the amount of  energy l o s t  f rom  th i s   p l a t e ,   t he   en t i r e   l ower   s ec t ion  of t h e  
t e s t  sys tem  cons is t s   o f   r ig id   po lys tyrene   b locks   covered   wi th  aluminum f o i l .  The 
r ig id   po lys tyrene   b locks   se rve   bo th   to   suppor t   the   hea te r   assembly   and   the   t es t  
su r f ace  and to   provide  insulat ion  between  the  heated  sect ion  and  the  metal   wal l  
c o n t a i n e r   f o r   t h e   i n s u l a t i o n  and tes t  surface.  The me ta l   wa l l   con ta ine r   cons i s t s  
of two sepa ra t e   con ta ine r s   w i th   t he   r eg ion  between  the two c o n t a i n e r s   f i l l e d   w i t h  
ve rmicu l i t e  powder. By p lac ing   su i t ab le   space r s ,   t he   i nne r   and   ou te r   me ta l  wal l  
con ta ine r s   a r e   t he rma l ly   i n su la t ed  away from  each  other. The ou te r   su r f ace  of 
t h e  metal  wall c o n t a i n e r ,   t h a t  i s  the   ou t s ide   su r f ace ,  i s  covered  with aluminum 
f o i l  cemented on wi th   contac t   cement   on   a l l   sur faces   except   for   the   sur face  p r e -  
sumed t o   b e   i r r a d i a t e d  by t h e   s o l a r   s i m u l a t o r .   T h i s   s u r f a c e  i s  pa in t ed   w i th  Cat- 
a - l a c   w h i t e   p a i n t   i n   o r d e r   t o   m a i n t a i n  a r e l a t i v e l y  low t empera tu re   i n   t h i s   r eg ion .  

D i rec t ly  below t h e   h e a t e r   p l a t e  a s i n g l e  aluminum f o i l   s h e e t  i s  mounted  which 
se rves  as a h e a t  meter. This  aluminum f o i l   p l a t e   a c t u a l l y   c o n s i s t s  of two s h e e t s .  
of  aluminum foi l   wi th   three  thermocouples   connected  in   paral le l   sandwiched  between 
t h e  two p la tes ,  and  the two p la tes  are jo ined  by con tac t  cement.  This aluminum 
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f o i l   r a d i a t i o n   s h i e l d  i s  d i r e c t l y  above a Styrofoam  insulation  block  which i s  
also  covered  with 'a luminum  foi l .   The  outer   surface  of   the  Styrofoam  insulator  
h a s   i n s t a l l e d   i n  i t  a copper  constantan  thermocouple  such  that   the  temperature 
of   the aluminum fo i l   cove r ing   can   be   de t e rmined .   In   t he   appa ra tus   bu i l t ,   t he  
spacing  between  the  aluminum f o i l   r a d i a t i o n   s h i e l d  and t h e  aluminum f o i l  on the  
outer   surface  of   the  Styrofoam  block i s  approximately 112 inch,  and  these two 
p l a t e s   a r e   a p p r o x i m a t e l y  1 s q u a r e   f o o t   i n   s i z e .  Two pa ra l l e l  p l a t e s   w i t h   t h e s e  
dimensions  very  nearly act  as two i n f i n i t e   p a r a l l e l  p la tes .  F o r   t h i s   r e a s o n ,   t h e  
two p a r a l l e l   p l a t e s  can  be  used as a h e a t  meter. The bas i c   i dea   o f   t h i s   hea t  
meter i s  t h a t   t h e   t o t a l   e n e r g y   p a s s i n g   i n   t h i s   d i r e c t i o n  away f rom  the   hea t   p l a t e  
w i l l  be  approximately 10 p e r  c e n t  of the  total   energy  generated.   Therefore ,   even 
through  the   exac t   emi t tance   o f   the  two p a r a l l e l  aluminum p l a t e s  i s  n o t  known, t h e  
est imated  value of t he   emi t t ances  w i l l  r e s u l t   i n   e n e r g y   t r a n s f e r  ra tes  which  are  
perhaps f 10 p e r   c e n t  of t he  10 pe r   cen t   wh ich   goes   i n   t h i s   d i r ec t ion .   S ince  
about 10 times more energy   goes   in   the   d i rec t ion   th rough  the  tes t  sec t ion ,   an  
e r r o r  of 10 p e r  cen t   in   the   eva lua t ion   of   the   energy   pass ing  downward from  the 
h e a t e r   p l a t e  w i l l  r e s u l t   i n   a b o u t  a 1 p e r   c e n t   e r r o r   i n   t h e   e n e r g y   c a l c u l a t e d  as 
pass ing  up f r o m   t h e   h e a t e r   p l a t e   t h r o u g h   t h e   t e s t   s e c t i o n .   S i n c e   t h e   t o t a l   e n e r g y  
be ing   d i s s ipa t ed  by the   hea t e r  p l a t e  i s  e a s i l y  measured by e lectr ical  methods,  the 
amount of energy  passing upward through  the t e s t  sect ion  can  be  determined  with 
very good accuracy   u s ing   t h i s  system. 

A s  a mat te r  of g e n e r a l   i n t e r e s t   i n   e v a l u a t i n g   t h e   e n e r g y   l o s s e s  from the  
e n t i r e   t e s t  system,  thermocouples   are   located  in  numerous posi t ions  around  the 
i n s u l a t i n g   w a l l s .  



TEST  PROGRAM 

The e n t i r e   t e s t   s y s t e m  was i n s t a l l e d   i n  a space  s imulat ion chamber a t  Goddard 
Spacef l igh t   Center   under   the   d i rec t ion   of  Mr.  Robert  Kidwell.  This  space  simula- 
t i o n  chamber used a w e l l  col l imated  mercury-zenon  solar   s imulator .   In   the tests 
run   t o   da t e  an approximate   so la r   cons tan t  of 0.9  and  no solar  input  have  been  run. 
It i s  an t i c ipa t ed   t ha t   t he   sys t em w i l l  b e   t e s t e d   a t   v a r i o u s  power inpu t s   w i th  a 
v a r i e t y  of s o l a r   p o l a r   a n g l e s   i n   t h e   n e a r   f u t u r e .  

A l l  t es t   da ta   to   da te   have   been   ob ta ined   us ing   the   t empera ture   cont ro l led  
h e a t e r   p l a t e   a s  shown i n   F i g u r e  20,  item 5. This  technique was used  in  an  attempt 
to   reduce   the   thermal   l ag   o f   ind iv idua l   t es t s .   S ince   the  t es t  sec t ion   has  a 
r e l a t i v e l y   s m a l l  mass, t h e  main thermal   lag of t he   t e s t   sys t em i s  caused by the  
conta iner  and in su la t ion   u sed   t o   d i r ec t   t he   ene rgy   gene ra t ed   t h rough   t he   t e s t  
sec t ion .  By us ing  a c o n t r o l l e d   h e a t e r   p l a t e  and  a rad ian t   hea t   meter  below the  
p l a t e ,  an  instantaneous power f low  through  the  tes t   sect ion  can  be  determined 
when t h e   t e s t   s e c t i o n   h a s  come to   equ i l ib r ium.  

Us ing   t h i s   bas i c   t echn ique   t he   fo l lowing   bas i c   t e s t   da t a  were  obtained: 

Table  1 

Preliminary  Test   Data 

Tes t  Number Power Input   Solar   Constant   Base  Plate  
Watts Equivalent  Suns  Temperature,OF 

1 
2 
3 
4 

11.25 - 0. go 
19.0 Lv 0.90 
26.0  off  
33.0 of f  

135 
15 2 
99 

119 

Tes t  Number Nominal Heater  Heat  Meter  Opposite  Heat  Meter 
Temperature  Temperature  Temperature 

O F  OF O F  

1 
2 
3 
4 

98 
92 
19 
36 

From t h i s   d a t a  i s  was p o s s i b l e   t o   c a l c u l a t e   t h e   v a r i o u s   q u a n t i t i e s  of energy 
l e a v i n g   t h e   h e a t e r   p l a t e   i n   v a r i o u s   d i r e c t i o n s .  The i n i t i a l   t e s t s  had th ree  main 
paths  for  energy  f low from the   hea te r   p la te .   These   cons is ted  of energy  flow by 
r a d i a n t   t r a n s f e r  from t h e   h e a t e r   t o   t h e   t e s t   s e c t i o n ,   r a d i a n t   t r a n s f e r  from  the 
h e a t e r   t o   t h e  aluminum f o i l   h e a t   m e t e r  and conduct ion  t ransfer   f rom  the  heater  
p l a t e   t h rough   t he   t e s t   s ec t ion   p l a t e   ou t   t o   t he   su r round ings   t h rough   t he   t r ans i t e  
support   p ieces .  The ene rgy   t r ans fe r   i n   t hese   t h ree   d i r ec t ions   fo r   each  of t he  
t e s t s  were  approximated  and  are   l is ted  in   Table  2. Since a l l  proper t ies   were  
es t imated ,   these   va lues  may be i n   e r r o r  by a t  least  f 25 per  cent.  
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Table 2 

Energy  Transfer From the  Heater 

T e s t  Number Radiant  Energy  Transfer  Radiant  Energy 
t o   t h e  Heat Meter T r a n s f e r   t o   t h e  

B tu/hr  Test Section  Btu/hr 

1 
2 
3 
4 

0.89 
1.50 
1.56 
1.80 

330 5 
56.7 
75.9 
97.9 

Test Number Conduction  Energy  Transfer  Energy  Flux 
to  the  Surroundings  Through a F i n  

Btu/hr  System  Btu/hr-f t2 

1 
2 
3 
4 

4.0 
6.6 

11.2 
13.0 

35 
59 
65 
88 

The t o t a l   r a d i a n t   e n e r g y   t o   t h e  t e s t  sec t ion  was d iss ipa ted   th rough  four  
2- inch  f in   systems  which  were  equivalent   to   the  system  descr ibed  in   the  Thermal  
Model s ec t ion   o f   t h i s   r epor t .  On each   s ide  of t he   fou r   2 - inch   f i n   sys t ems  a 
2-inch  base p l a t e  segment was p a r t i a l l y   c o v e r e d  by a s i n g l e   f i n .  When the  t e s t  
s e c t i o n  was n o t   i r r a d i a t e d   w i t h   t h e   s o l a r   s i m u l a t o r ,   t h e s e  two sec t ions  would  not 
be   typ ica l   f in   sys tems.   This  i s  because  one  s ide of the  2-inch  groove  had  an 
a c t i v e   f i n   w a l l  and t h e   o t h e r   s i d e  was  an  aluminum fo i l   cove red   po lys ty rene   i n su -  
la t ing   b lock .  When the   so l a r   s imu la to r  w a s  turned on, t h e   f i n s  would  assume a 
near   perpendicular   wal l   for   the   g roove ,   thus   the  two-edge  grooves  would  be t y p i c a l  
systems  and  can  be  treated as such.   Using  these  concepts   the  energy  diss ipated 
by the  two a typ ica l   g rooves   i n   t he   ze ro   so l a r   i npu t   runs  3 and 4 were ca l cu la t ed  
t o  be  32.8  Btu/hr  and 38.9 Btu/hr   respect ively.  With th i s   in format ion ,   the   energy  
f lux   th rough  any   f in   sys tem w a s  ca lcu la ted   for   each  of the  four   runs  and i s  given 
i n   T a b l e  2. 

The ca l cu la t ed   va lues  of sur face   t empera ture   a re   about  l5OF lower  than  the 
measured  values   in  t es t s  1 and  2. T h i s   e r r o r  i s  be l i eved   t o   be  wel l  w i th in  
exper imenta l   e r rors .  

When t h e   s o l a r   i r r a d i a t i o n  was turned   of f ,   the   va lues   o f   spacecraf t   sk in  
temperatures  measured  for tes ts  3 and 4 were 99°F  and  120°F  respectively.  In 
these  cases the   ca l cu la t ed   sk in   t empera tu res  were very much h igher .   This   e r ror  
i s  not  within  experimental   accuracy  and i s  b e l i e v e d   t o  be  caused  by  inabi l i ty  
to   accu ra t e ly   p red ic t   t he   ene rgy   pas s ing   t h rough   t he   f i n   sys t ems .   In   bo th  of 
t hese  cases, the   exper imenta l  tes t  f i x t u r e  had  soaked in   the   co ld   envi ronment  
u n t i l   t h e   i n t e r n a l   t e m p e r a t u r e s   o f  the i n s u l a t i o n  were i n   t h e   r a n g e  of  50°F 
t o  6 0 0 ~ .  These  temperatures   exis ted a l l  around  the  edges  of  the  heater  plate.  
Since  these  temperatures  were not   expected,   the   energy  losses  were not  expected. 
These  losses,   al though small, become very   impor tan t   in   p red ic t ing   the   space-  
c r a f t   s k i n   t e m p e r a t u r e   w i t h  no so lar   input .  When t h e   s o l a r   s i m u l a t o r  was 



opera t ing ,   the   in te rna l ' t empera tures   were  much h igher  making t h e s e   l o s s e s  much 
smaller. For t h i s   r e a s o n ,   t h e   t e s t   r e s u l t s  do no t   ag ree   w i th   t he   ca l cu la t ed  
r e s u l t s   f o r   t h e   n o  sun  condition. 

CONCLUSIONS 

A s  a r e s u l t  of the  
t h a t   t h e  test  apparatus  
the  NASA r e p r e s e n t a t i v e  
a r e  run. 

pre l iminary  tests and c a l c u l a t i o n s  i t  has  been  concluded 
should  be  changed.  This  change w i l l  be discussed w i t h  
a t  Goddard S p a c e f l i g h t   C e n t e r   b e f o r e   a d d i t i o n a l   t e s t s  

It  has   a l so  been  determined  that   the   f ins  of the   sys tem  a re   no t   thermal ly  
coupled  to  the  base  plate.   This  problem w i l l  be  examined  during  the  next  phase 
of the   p ro jec t .   This  w i l l  be  done by cons ide r ing   coa t ings   fo r   t he   ou te r   su r f aces  
of t he   f i n s   wh ich  w i l l  decoup le   t he   f i n s   f rom  the   so l a r   i r r ad ia t ion  and by using 
s h o r t e r   f i n s   t o  improve   conduct ion   coupl ing   to   the   base   p la te .   Severa l   poss ib i l -  
i t i e s  e x i s t   i n   t h i s   s y s t e m   f o r  improvement of t h e   c o n t r o l   c h a r a c t e r i s t i c s .   T h e s e  
w i l l  be  examined  both  analytically and exper imenta l ly   in   the   fu ture .  

References 

1. Wiebelt, J. A. , and J. F. Parmer , "Spacecraft  Temperature  Control by 
Thermostatic  Fins-Analysis" , NASA CR-91  , August 1964. 

2. Wiebelt, J. A. , J. F. Parmer  and G. J. Kneissl ,   "Spacecraft   Temperature 
Control by Thermostat ic   Fins-Analysis   Par t  II", NASA CR-155,  January 
1965 

3. Sparrow, E. M. and S. H. Lin,  "Absorption of Thermal  Radiation  in V-Groove 
Cavi t ies" ,  NASA r e p o r t  on g ran t  NsG-137-61, A p r i l  1962. 

4. Eckert ,  E. R. G. and E. M. Sparrow,  "Radiative  Heat  Exchange Between 
Surfaces   wi th   Specular   Ref lec t ion ,"   In to  J. Heat Mass Transfer ,  V. 3, 
pp. 42-54, 1961. 

32 NASA-Langley, 1966 CR-500 


