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ABSTRACT 

An experimental   program was conduc ted   t o   de t e rmine   behav io r  
of d u s t   p a r t i c l e a  a s  p o s a i b l e   s t r u c t u r e d   a r r a y s  f o r  thermal   and 
e l e c t r o m a g n e t i c   r a d i a t o r s   i n   t h e   s p a c e   e n v i r o n m e n t .  The mater ia18  
employed have been i n  t h e  forms of d u s t   p a r t i c l e s  w i t h  massea of 
lo-* g r a m ,   a n d   l o n g   u l t r a - t h i n   f l a t t e n e d   s t r i p s .  The impor tan t  
c h a r a c t e r i s t i c  of these m a t e r i a l s  i s  their l a r g e   a u r f a c e   a r e a - t o -  
mass r a t i o .  This work haa examined  experimental ly  the i r  p e r t i n e n t  
p a r a m e t e r s   f o r  a number of a p p l i c a t i o n s  a s  a p a c e   s t r u c t u r e s .  

T h e r m a l   r a d i a t i o n   t o  be expected  f rom 8 d u s t  r a d i a t o r   h a s  
been  experimenta l l y  aimula ted u s i n g  a h igh -  tempera ture  d u s t  8 t ream 
r a d i a t i n g  t o  a low-temperature   absorbing  background.   Graphi te  
p a r t i c l e s  w i t h  a d iameter   range  from 50 m i c r o n s   t o  200 microns . 

were hea tad i n  vacuum t o  approximate ly  800"~  and a s t ream  of  t heae  
h o t   p a r t i c l e s  was p r o j e c t e d  t h r m g h  the vacuum  volume r e p r e s e n t i n g  
the space   background.   Average   dus t   par t ic le   t empera ture   before  
and a f t e r  the t r a v e r s e   t h r o u g h  t h i s  r e g i o n  w 8 8  noted.  Comparison 
wi th  the  t h e o r e t i c a l   a n a l y a i e  shows good agreemen t ,   i nd ica t ing  
t h a t   e a c h   p a r i t i c l e   r a d i a t e s   t o  free space .  This is a n   i m p o r t a n t  
r e a u l t   s i n c e  $t i m p l i e a   t h a t  t h e  advantage  of the  l a r g e   a u r f a c e  
a r e a  of s m a l l h i d u s t   p a r t i c l e s  can be f u l l y  r e a l i z e d .  

X-band r a d i a t i o n   i n t e r a c t i n g  wi th  random m e t a l l i c   d u s t  
volume d i s t r i b u t i o n s   a n d  long t h i n   m e t a l l i c   a t r l p   a r r a y 8  wa3 
a l s o  measured. The e x p e r i m e n t a l   r e s u l t s   h a v e   b e e n  compared wi th  
the t h e o r e t i c a l   p r e d i c t i o n   a n d  the two a r e   f o u n d   t o  agree. - 

- 
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SECTION 1 
- Genera l   Cons ide ra t ions  

1.1 I n t r o d u c t i o n  

Th l8  report  d e a l s  w i t h  the r e s u l t s  of a n   e x p e r i m e n t a l  
i n v e s t i g a t i o n   i n t o  the p r o p e r t i e s  of d u s t   p a r t i c l e s   i n  
c o n f i g u r a t i o n 8  which may o f f e r   s i g n i f i c a n t   a d v a n t a g e s  for 
a p p l i c a t i o n  t o  s p a c e   s t r u c t u r e s .  The i n v e s t i g a t i o n   h a s   b e e n  
concerned with the i n t e r a c t i o n s  of these dust c o n f i g u r a t i o n s  
with e l e c t r o m a g n e t i c   r a d i a t i o n .  The m a t e r i a l s  employed  have 
been i n  t h e  form of dust p a r t i c l e s  w i t h  masse8 i n  t h e  range  
of low8 gram,  and l o n g   u l t r a - t h i n   s h a p e s  su,h a s  f l a t t e n e d  
a t r i p a .  The i m p o r t a n t   c h a r a c t e r i s t i c  of these s p e c i a l   f o r m s  
is  the i r  l a r g e   s u r f a c e   a r e a - t o - m a s s   r a t i o .   I n  a p rev ious  
i n v e s t i g a t i o n ,   a d v a n t a g e s  t o  be r ea l i zed   f rom the  use of 
m a t e r i a l s   h a v i n g  t h i s  proper ty  in s p a c e   s t r u c t u r e   d e v i c e  
app l i ca t ions   have   been   po in t ed  out:  Methods of dep loy ing  
d u s t   s t r u c t u r e s  i n  space  have also been sugges ted .  The work 
here haa examined  experimental ly  t h e  p e r t i n e n t   p a r a m e t e r s  
for  a number of these a p p l i c a t i o n s .  The a r e a s  of expe r imen ta l  
i nves t iga t ion   have   been  the f a l lowing :  

1. T h e r m a l   r a d i a t i o n   p r o p e r t i e s  of d u s t   p a r t i c l e s   r a d i a t i n g  
from a high i n i t i a l   t e m p e r a t u r e  t o  a space   ewi ronmen t  

2. R e f l e c t i v e   p r o p e r t i e s  of random d i s t r i b u t i o n s  of d u s t  
p a r t i c l e s  for e lec t romagne t i c   ene rgy  i n  tk.a microwave 
range  

3. R e f l e c t i o n  prgperties of arrays of p a r a l l e l  strips of 
m e t a l l i c   c o n d u c t o r s  of' f i n i t e  length f o r  e lectro-  
magnet ic  energy i n  the microwave  range.  Such a r r a y s  Bra 

p a r t i c l e  shapes.  
. of i n t e r e s t  a s  s i m u l a t i o n s  of long u l t r a - t h i n  d u s t  

1 



The fo l lowing   gene ra l   r e su l t s   have   been  na ted  w i t h  r e g a r d   t o  
the importance of d u s t  i n  the h igh-per formance   space   s t ruc ture  
a p p l i c a t i o n s :  

First, the high s u r f a c e   a r e a - t o - m a s s   r a t i o  or d u s t  p a r t i c l e s  
can e f f e c t i v e l y   p r o v i d e  an e f f i c i e n t  low t o t a l  ma88 thermal  
r a d i a t o r   f o r   s p a c e   e n g i n e s .  The the rma l   r ad ia t ion   expe r imen t s  
have confirmed the e s t i m a t e 8  made p r e v i a u a l y r  f o r  such  thermal 
r a d i a t o r s   a n d   a l s o  the advan tages   t o  be gained from d u s t  
p a r t i c l e   u t i l i z a t i o n   f o r  t h i s  a p p l i c a t i o n .  

Second,  microwave r e f l e c t i o n  from f i n i t e - l e n g t h   m e t a l l i c  
s t r i p a ,   e v e n  a s  short a s  one or two wavelengths,   can s t i l l  be 
reaaonably high, p r o v i d e d   t h a t  the gap8 between them a r c   s m a l l  
compared t o  a wavelength.  An i m p o r t a n t   r e s u l t  of t h i s  obse rva t ion  
t h e r e f o r e   i a   t h a t  t h e  i n d i v i d u a l   u l t r a - t h i n  s t r ips  farming an  
array r e f l e c t o r  need no t  be long, cont inuouu  conductors  b u t  can 
be b r o k e n   i n t o   i n d i v i d u a l   p a r t i c l e s .  For some s p a c e   a p p l i c a t i o n 8  
t h i s   p r o v i d e s   a n   i m p o r t a n t   r e d u c t i o n   i n  the s t r u c t u r a l   d e s i g n  
requi rements .  

Thi rd ,   the   microwave   re f lec t ion  of d u s t   p a r t i c l e   d i a t r i b u t i o n s  
i a  very  low if' di rec t  i n t e r f a c e   r e f l e c t i o n  ia examined. On the  
other   hand,  d u s t  p a r t i c l e   d i a t r i b u t i o n s   f o r m   e f f e c t i v e   e q u i v a l e n t  
d i e l e c t r i c   m a t e r i a l s   a n d  8 8  such p e r m i t  auper-large s i z e  low-mass 
mic rowave   l enses ,   t o t a l   r e f l ec t ive   dev ices   fo r   wavegu id ing ,   and  
fo r  r e f l e c t o r s  which use the t o t a l   r e f l e c t i o n   p h e n m e n a .  These 
d e v i c e s  will thus   possese  t h e  p r o p e r t i e s  and advantages  of A u t  
s t ruc tu res .  

The results of each of t h e  experiments will be b r i e f l y  
desc r ibed   w i th in  the fo l lowing   pa rag raphs   o f   t h i a   s ec t ion .  A 
more d e t a i l e d   d e s c r i p t i o n  of t he  experiments  and their  resul ts  
will be p r e a e n t e d   i n   l a t e r   s e c t i o n s .  
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1.2 Resu l t8  Of Dust  Thermal-Radiation  Experiments 

The t h e r m a l   r a d i a t i o n   t o  be expec ted  from a d u s t   r a d i a t o r  
ha8   been   exper imenta l ly   s imula  ted us ing  a high- tempera ture  d u s t  
s t r e a m   r a d i a t i n g   t o  8 low temperature  abaorblng  background. 
G r a p h i t e   p a r t i c l e a  with a diameter   range  from 50 microns to  200 
microns were first h e a t e d   i n  vacuum t o   a p p r o x i m a t e l y  800°C.  A 
ertream of' thaae  h o t  p a r t i c l e s  was t hen   p ro j ec t ed   t h rough  the vacuum 
volume r e p r e s e n t i n g   t h o   a p a a e  background. Average d u s t   p a r t i c l e  
t empera tu re   be fo re   and   a f t e r  the t r a v e r s e   t h r o u g h  this r e g i o n  was 
noted. For   example ,   t yp ica l   t empera tu re   d i f f e rence  was of the o r d e r  
of 6OoC . Comparison wi th  the  t h e o r e t i c a l  ana lys i s  for' 
t h i s  caae shows f a i r l y  good agreement.  Even  though the d u s t   s t r e a m  
was s p a t i a l l y  dense, v i s i b l y   f o r m i n g  a dense dark r e g i o n  of 
p a r t i c l e s ,  the agreement with the t h e o r e t i c a l   r e s u l t s   i n d i c a t e s  
t h a t  eaoh p a r t i c l e   r a d i a t e s   t o  free space.  This i s  an impor tan t  
r e s u l t   s i n c e  i t  i m p l i e s  t h a t  the advantage of the  l a r g e   s u r f a c e  
a r e 8  of a m 1 1  dust p a r t i c l e s   c a n  be f u l l y   r e a l i z e d .  
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1.3 R e s u l t s  of Planar   Array Microwave R e f l e c t i o n  
-. U6iW Ult ra-Thin   Shor t   Conductor   S t r ipa  

The x-band r e f l e c t i o n  f rm a a e r i e s  of d iacon t inuous   a r r ay  
r e f l e c t o r s  waa meaaured  and  compared w i t h  t h a t  of a p e r f e c t l y  
conduc t ive   ahee t .   Such   b roken   a r r ays   can   r ep resen t   an   o rde red  
t r a J e c t o r y  of l o n g   u l t r a - t h i n   r e f l e c t i n g   p a r t i c l e s ,  which may 
be termed "duat   needles" .  These dus t   needles   have  t h e  l a r g e  
su r face - to -mass   r a t io   advan tage  of o t h e r   d u e t   p a r t i c l e s ,  A 
microwave test range  using two horns  which  could  meaaure the  
r e l a t i v e  power r e f l e c t i o n  from the a r r a y s  waa uaed.  Each of the 
a r r a y s   c o n s i a t c d  of a r egu la r   p l ane r   a r r anqemen t  of p a r a l l e l  
strip8 of f l a t   t h i n   c o n d u c t o r s .  The conductors  were 1/16 i n c h  
wide and of n e g l i g i b l e   t h i c k n e s s .  The a t r i p s  were o r i e n t e d  w i t h  
their f l a t  a i d e  c o i n c i d e n t  w i t h  the e f f e c t i v e   r e f l e c t o r   p l a n e  
and p e r i o d i c a l l y   s p a c e d  wi th  a p e r i o d i c i t y  of 1/4 i nch .  The 
strip8 were of f i n i t e  length, va ry ing  from two wavelengths down 
to  less than  0.2 wavelength. Gaps between strip8 i n  the d i r e c t i o n  
a long  their  l eng th   va r i ed   be tween  1/25 t o  1/11 wavelength. 

The f o l l o w i n g   r e s u l t s  were noted.   Unless  the lengthwise  
gap i s  l a rgo ,   s ay  v 4 ,  the e f f e c t  of the f i n i t e  s i ze  of t h e  
strips i s  t o   c a u s e  a r e d u c t i o n   i n   r e f l e c t i o n  1088 of the o r d e r  
of 4 db o r  less ,  e v e n   f o r  s t r ip  l eng ths   aa   sma l l  a s  h/2. F w  
a gap l e n g t h  or 3/25, strips even a a  smal l  at4 0.3 & s t i l l  
only give l e s a   t h a n  3 db r e f l e c t i o n  loss. However, a gap which 
becomes a s  l a r g e  a s  i\/4 causea a l a r g e   r e f l e c t i o n  lass going  
f r m  6 db a t  s t r ip  l e n g t h  of 2,X t o  11 db a t  a a t r i p  length 
of 3 . Notable  however, was the s p e c i a l  A/2 s t r ip  l e n g t h  
which f o r   a l l   c a s e 8  ahowed a l a r g e   e f f e c t i v e   r e f l e c t i o n   e v e n   f o r  
the A/4 3ap  length   case  . 

It can therefore be a t a t a d   t h a t   a r r a y 8  of conduct ive  strips - 
can   r ep resen t  good e f f e c t i v e   r e f l e c t o r s   e v e n  with sma l l - l eng th  
conduc to r s .   Fo r   space   a t ruc tu res  a t r ade -o f f   be tween   t o t a l  
ref lector  a i z e   a n d   i n d i v i d u a l   r e f l e c t o r   c o n d u c t i v e  s t r i p  i s  
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r e a s o n a b l e  if auch f i n i t e  strips r e p r e s e n t  a structural 
c o n s t r a i n t .   F i n i t e   s t r i p - s i z e  r e f l ec to r  loss can be 
compensated f o r  by the  larger t o t a l   r e f l e c t o r  a r e a .  
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1.4 Resul t8  of Dust-Microwave I n t e r a c t i o n  

The i n t e r a c t i o n  of X-band r a d i a t i o n  w i t h  random m e t a l l i c  
d u s t  volume d i s t r ibu t ions   has   been   meaaured .  The exper imenta l  
r e su l t s   have   been  compared w i t h  t h e  t h e o r e t i c a l   p r e d i c t i o n   u s i n g  
mul t ip l e   i ndependen t   s ca t t e r ing   t heo ry   and  t h e  two a r e   f s u n d   t o  
ag ree .  As a r e s u l t  the  m e t a l l i c   d u a t  volume d i s t r i b u t i o n  
r e p r e s e n t s   a n   e q u i v a l e n t   d i e l e c t r i c   m a t e r i a l  whose d i e l e c t r i c  
cons t an t  e icil g iven  by the expres s ion  

€ = 1 + 3 C J  

where i s  the  l o a d i n g   f a c t o r   o r  the f r a c t i o n  of the t o t a l  
volume occupied by the d u s t   p a r t i c l e s .   T h i s  permits one t o  
a n a l y z e   a n y   d u s t   d i s t r i b u t i o n   i n  a s tandard  way fo r  i t s  e f f e c t  
on  microwave  radiat ion.   Thus  vol tage  ref lect ion  and  t ransmission 
c o e f f i c i e n t s   a 8  well a8  phase  delay  can be eas i ly   found  f o r  
a r b i t r a r y   d i s t r i b u t i o n a .  

The   expe r imen ta l   r e su l t s  were o b t a i n t 3   i n   s t a n d a r d  X-band 
waveguide w i t h  measurements or v o l t a g e   r e t ' l c c t i m   a n d   i n s e r t i o n  
loas. The d u s t  d i s t r i b u t i o n s  were formed and  suspended i n  a 
p e t r o l e u m   j e l l y  medium which was then   l oaded   i n to  the  waveguide 
test  s e c t i o n .  Th i s  permitted a c o n t r o l l e d   d u s t   d i s t r i b u t i o n  of 
desired density  and  form  which  could  maintain the p a r t i c l e  
d i s p e r s a l   i n d e f i n i t e l y .   C o r r e c t i o n  for the d i e l e c t r i c   c o n s t a n t  
of the petroleum j e l l y  c a r r i e r  rneflium was made, g i v i n g  the  
r e s u l t s   i n d i c a t e d   a b o v e   f o r   d u s t   s u a p e n d e d  i n  vacuum. 
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t SECTION 2 
I n t e r a c t i o n  of Microwaves With Random Dust D i s t r i b u t i o n s  

2.1 Dust-Microwave I n t e r a c t i o n  

I n   t h i s   s e c t i o n ,  the r e su l t s   o f   expe r imen t s   on  the r e f l e c t i o n  
oZ', microwave r a d i a t i o n   f r o m  a volume c o n t a i n i n g  a s p a t i a l l y  random 
d i a t r i b u t i o n  of d u s t   p a r t i c l e s   a r e   g i v e n   a n d  compared w i t h  
p r e d i c t i o n s   u s i n g   m u l t i p l e   i n d e p e n d e n t   s c a t t e r i n g   t h e o r y .  This  
conpa r i son  i s  i n  good  agreement  and permits the  replacement  of? a 
d u a t   r e g i o n   h a v i n g   a n y   g e o m e t r i c a l   c o n f i g u r a t i o n  by a n   e q u i v a l e n t  
d i e l e c t r i c   . h a v i n g  the same geomet r i c   con f igu ra t ion .  Microwave 

r - r a f l e c t i o n  knd t r a n s m i s s i o n  devices u s i n g   d u s t   d i s t r i b u t i o n s   a r e  
t h e n   e a s i l y   d e s i g n e d .  

As will be shown below, the e q u i v a l e n t   d i e l e c t r i c   c o n s t a n t  
of a m e t a l l i c   d u a t - l o a d e d  volume  c8n be g i v e n  by t h e  r e l a t i o n  

. 
E = I +  3 p  

where (5, the l o a d i n g   f a c t o r ,  is the p r o p o r t i m   o f  the  t o t a l  volume 
occupied by t h e   d u a t   p a r t i c l e s .  This r e l a t i o n   h o l d s   f o r   s m a l l  /3 
o n l y ,   b u t   f o r   p r a c t i c a l   d e v i c e s  t h i s  i s  the  damain of i n t e r e s t  if 
the d u s t   s p a c e   s t r u c t u r e   a d v a n t a g e s   a r e   t o  be realized.  For  example,  
i f  10s of t he  volume i s  occupied by t h e  d u s t  p a r t i c l e s ,  t he  
e q u i v a l e n t  d i e l e c t r i c  co rLs tan t  ia 1.3. 

As a cansequence  of the above   resu l t ,   dua t   vo lumes  wi th  low 
l o a d i n g   f a c t o r  p a re   poor  d i r ec t  r e f l e c t o r s  of microwave 
r a d i a t i o n .  For p = .lo, t he  i n t e r f a c e   b e t w e e n   s e m i - i n f i n i t e  f ree  
space  and the s e m i - i n f i n i t e   d u s t   l a d e n   s p a c e   p r g v i d e s  l i t t l e  mme 
t h a n  4% power r e f l e c t i o n .  On the  o t h e r  hand, when s p e c i a l  
c o n s i d e r a t i o n s   s u c h  a s  t o t a l   r e f l e c t i o n   a t   d i e l e c t r i c   i n t e r f a c e s   a r e  
& k e n   i n t o   a c c o u n t ,   d u s t   p a r t i c l e s  can be made t o   p r o v i d e   e f f i c i e n t  
r e f l e c t i o n  of microwaves.   Thia  concept,   along with the use of the 
dbst a 8   a n   e q u i v a l e n t   r e f r a c t i v e   d i e l e c t r i c   m a t e r i a l ,   a l l o w s  for 
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the d e s i g n  of many t y p e s  of d u s t  microwave  antennas,   lenses ,  wave- 
g u i d e s ,   g r a t i n g $ ,  e t c .  A number of these will be a e s c r i b e d   i n  a 
l a t e r   s e c t i o n .  

All of the  s p e c i a l   s t r u c t u r e  t y p e s  mentioned  can  serve a s  
b a a i c  d e v i c e s  f o r  dus t   space   s t ruc tu re -camponen t s   hav ing  the 
Spec ia l   advan tages   t o  be r e a l i z e d   f r o m   s u c h   s t r u c t u r e s .  These 
advantages  arc, b r i e f l y ,  low t o t e l  mas8 for s u o e r - l a r g e   s t r u c t u r e  
s ize  a n d   a t r u c t u r a l   i n t e g r i t y   u n d e r   s e v e r e  conditions of thermal  
r ad ia t ion ,   me teo ro id   impac t ,   e t c .  

The d u s t   p a r t i c l e s   i n  the experiments  here a re   mic ron- s i zed  
m e t a l l i c   p a r t i c l e s  and a r e   t h u a  many times smal le r   then  the wave- 
l e n g t h s   a t  microwave  f requencies .  The experiments  were performed 
wi th  x-band r a d i a t i o n .  The d u s t   s p a t i a l   d e n s i t y  was s u f f i c i e n t l y  
h i g h  t o   p r o v i d e  many p a r t i c l e s  per wavelength .   Each   par t ic le  
s c a t t e r s  an amount o f . e n e r g y  which i s  p r o p o r t i o n a l  t o  the  volume 
of the p a r t i c l e .  The c o l l e c t i v e  e f f e c t  of  many s u c h   s c a t t e r e r s  i s  
p r o p o r t i o n a l  t o  the t o t a l  volume occupied by a l l  t h e  p a r t i c l e s .   F o r  
a low d u s t   l o a d i n g   f a c t o r   t h e   t o t a l   s c a t t e r e d   e n e r g y  i s  e q u i v a l e n t  
t o   t h a t  reflected f r Q m  a d i e l e c t r i c  m a t e r i e l   r a t h e r   t h a n  a m e t a l l i c  
one. The important   point   however ,  i s  t h a t  even  though d u s t  s c a t t e r e r  
a r e  randomly  located  throughout the  volume, t h e  coherent  component 
of resu l tant  ref lected and   t ransmi t ted  waves i s  v e r y   l a r g e  compared 
w i t h  the incoherent  compoaent. An e s t i m a t e  of t he  r e l a t i v e  amounts 
of each component h a s  prev ious ly   been  made in   Re fe rence  1. The 
e x w r i m e n t a  described i n   t h i a   r e p o r t   g i v e  the v a l u e  of t h e  VSWR 
f o r  t he  coherent  component ob ta ined   f rom  an   i n t e r f ace   be tween  a 
dus t   l aden   space   and  free s p a c e   a n d   r e l a t e   t h i a   v a l u e   t o  t h e  
e q u i v a l e n t  d i e l e c t r i c  c o n s t a n t .  

I 
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2.2 Method of  Experimental  Measurement of Dust   Reflect ion - .- 

The measurement of dust r e f l e c t i o n  i s  of the amount of coherent  
r e f l e c t i o n  of microwave r a d i a t i o n   a t  a f l a t   i n t e r f a c e   b e t w e e n  a d u s t -  
f ree  region  and a d u s t - l a d e n   r e g i o n   o f   s i m i l a r  croas s e c t i o n a l  
geometry, the i n t e r f a c e  being p e r p e n d i c u l a r   t o  the d i r e c t i o n  qf t h e  
imping ing   r ad ia t ion .  A t  s u c h   a n   i n t e r f a c e ,  i f  b Q t h  r e g i o n s   a r e  
s e m i - i n f i n i t e ,  o r  e q u i v a l e n t l y  wall matched, acr l  if' b o t h   r e g i o n s  
a r e  1C)S81@89, than  a s ing le   r e f l ec t iQn   measu remen t  is s u f f i c i e n t  
t o   d e t e r m i n e  t h e  e q u i v a l e n t   d i e l e c t r i c   c o n s t a n t  of t he  dus t - l aden  
r eg ion .  The r e f l e c t i o n   p r o p o a r t i e s  of the i n t e r f a c e   c a n  be r e l a t e d  
t o  t h e  normalized  input  impedance a t  the i n t e r f a c e   l o o k i n g   i n t o  the 
d u s t - l a d e n   r e g i o n .  'Rds inpu t   impedance   i n   t u rn  i s  r e l a t e d   t o  the 
e q u i v a l e n t   d i e l e c t r i c   c o n s t a n t .  If' Zin i a  the  normalized  input  
ilkpedance, t h e  v g l s a g e   r e f l e c t i o n  coefficient i s  

For the  c a s e  of a medium of i n f i n i t e   c r o s s   s e c t i o n   w h i c h  has a 
r e l a t i v e   d i e l e c t r i c   c o n s t a n t  d2 , t h e  input  impedance a t  t h e   i n t e r -  
f a c e   f o r  the TEM mode i s  Zo/^/T' where 7, i s  t h e  f r ee  space  
cha rac t e r i s t i c   impedance .  The v o l t a g e   r e f l e c t i o n   c o e f f i c i e n t  i s  
t h u s  

T 

For a prac t i ca l   measu remen t ,  it i s  more c m v e n i e n t   t o  use a 
s t a n d a r d  X-band rec tangular   waveguide  a s  t he  t r a n s m i s s i o n   l i n e  
s l r u c t u r e   r a t h e r   t h a n  the p l a n e  c)r T E M  waves i n  i n f i n i t e   s p a c e .  
The lowes t  mode i n   r e c t a n g u l a r   g u i d e   h a s  a c h a r a c t e r i s t i c   i m p e d a n c e  
Z", with 
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where h I s  t he  free apace  wavelength,  2, again t h e  free 
s p a c e   c h a r a c t e r i s t i c   i m p e d a n c e   e q u a l   t o  377 ohms, and 
t h e  cu to f f   wave leng th   fo r  the  d i e l e c t r i c  f i l l e d  g u i d e .  

hCS = 'ha 
C 

W - i  t h  A,= 2a where a i s  t h e  broad 
dimension of t h e  waveguide.   Put t ing p = x /  A the vo l t age  
r e f l e c t i o n   c o e f f i c i e n t   d u e   t o  t he  impedance d i s c o n t i n u i t y   a t  the  
i n t e r f a c e   i n  t he  waveguide is n8w 

c, 

Again i t  has   been assumed t h a t  the guide  i s  well-matched  and t h i t  
on ly  the lowelst mode i s  p r e s e n t .  I n  terms of the vol tage   a tanding  
wave r a t i o  r, where r =G + Irvk - p i )  , the  d i e l e c t r i c  
c o n s t a n t   i a   g i v e n  by 

where w e  can write p = A/2a. Thus i n  t h e  non- lossy   case ,  
the  s ingle   meaaurement  of r in t h e  waveguide  can serve t o  
de te rmine  € . Xf e i a  comlcx,  a8  i t  i s  fo r  tho  l o a s y  case ,  

* 
the msarurement i s  more complicated.  However, the meaeurementa of 
i n a e r t i o n   l o s s   i n  t he  ac tua l   expe r imen t8  were s u f f i c i e n t l y  low t o  
permit the u ~ e  of t he  above  formula  a8 B good appraxlmation.  

* Loan may be cauaed by twa mechanisms. F i r a t ,  loa8 may be due td  
the f i n i t e   c o n d u c t i v i t y  of t h e  par t ic les   themaelvea ,   and  may be 
l a r g e  for poor conduct ive  mater ia ls .   Second,  l oa8  may be t h e  
r e s u l t  of the  incoherent ly   scat tered  component .  This however, i'rr 
m a  11. 
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One aE38umption mentioned  above  used i n  the input  impedance 
e x p r e s s i o n  is t h a t   o n l y  the lowes t   rec tangular   waveguide  mode is 

d p r o p a g a t i n g  so t h a t  the  c h a r a c t e r i s t i c  impedance for t h a t  mode 
can be used. T h i s  i s  a s s u r e d  in the empty  guide s imply  by the 
use of x-band  guide a t  x -band  f requencies .  However, the  i n t r o -  
d u c t i o n  of the d i e l e c t r i c  f i l l i n g  the  guide lowers the gu ide  mode 
c u t o f f   f r e q u e n c i e s ,   e a c h  by the  f a c t o r  l/fi . S i n c e   v a l u e s  
of € 5 2.0 Were d e t e r m i n e d   ( t h o   r e s u l t  of the  e q u i v a l e n t   d u s t  
d i e l e c t r i c  p l u s   t h e   c a r r i e r  medium t o  be d e s c r i b e d   l a t e r )   a n d   s i n c e  
the nex t  higher mode cutof f   above  the  fundamental  m d e  for the 
unloaded  guide i s  about  13 Gc/sec, the c u t o f f  of the loaded   gu ide  
f o r   t h a t  mode would be c l o s e  t o  9.5 Oc/sec. Therefwe g r e a t   c a r e  
was t aken  t o  a v o i d   e x c i t a t i o n  of the higher o r d e r  modes, bo th  
p ropaga t ing  and non-propagat ing,  by a v o i d i n g   a n y   s p e c i a l   i r r e g u -  
l a r i t i e a  in the geometry of the syetem o ther  t h a n  the  s h a r p   i n t e r -  
f a c e s .  

lk 

A second  assumpt ion   in  t he  above   d i scuss ion  waa t h a t  the  gu ide  
was well-matched.  This means t h a t  t h e  inpud  impedance a t  the 
i n t e r f a c e   c o u l d  be taken  as t h e  c h a r a c t e r i s t i c   i m p e d a n c e  of the 
dus t - laden   gu ide   and  d i d  not  depend upon the length  of the dus t - l adon  
gu ide  test  s e c t i o n  o r  any guide  component8  beyond  the tes t  s e c t i o n .  
While t h i s  is n o t   a b m l u t e l y   n e c e s s a r y ,   s i n c e  the r e f l e c t i o n s   a t  
bo th   boundar ies  of a known f i n i t e   s i z e   s a m p l e   c o u l d  be t a k e n   i n t o  
a c o o u n t   i n  the e x p r e s s i o n  f o r  the VSWR, i t  was more c o n v e n i e n t   t o  
o p e r a t e  with a n   e f f e c t i v e l y   s e m i - i n f i n i t e  t es t  s e c t i o n   ( t h e  well- 
matched s e c t i o n ) .  One s i m p l e  way ~f ach iev ing   such  a match over  a 
f i n i t e  length of test  sample  was t o  g r a d u a l l y   t a p e r  the d i e l e c t r i c  

* The cu tof f   wavelengths  f o r  a d i e l e c t r i c - f i l l e d   r e c t a n g u l a r  
waveguide a r e   g i v e n  by 

. 
r) 

where m, n a r e   t h e  mode i n d i c e s ,  a i s  the Wide guide dimension, 
b the  narrow  guide  dimension,  and € the  d i e l e c t r i c   c o n s t a n t  of' the 
m a t e r i a l   c o m p l e t e l y  f i l l i n g  the gu ide  
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S a m p b  a t  one   boundary   o r   in te r face   back   to  the  unloaded  guide.  
A matched load or  any  other  matched  components  can t h e n  be used 
beyond the test a c c t l o n .  If the  t a p e r  is made long enough, l i t t l e  
overa l l  r e f l e c t i o n  occurs f o r  t h e  t a p e r   d i s c o n t i n u i t y   a n d  the system 
Is matched. A schematic  drawing of t he  tes t  s e c t i o n  is  show i n  
F igure  1. 

To a tmure   t ha t  a good match w i t h  the t a p e r  was obta ined ,  t es t s  
were first  made on the VSWR due t o  the t a p e r .  Ragarl g i v e s  

the VSWR expected from a t a p e r  of g i v e n   l e n g t h  i n  a p a r a l l e l   p l a t e  
t ranamisa ion  line. For a t a p e r  l eng th - to -wave leng th   r a t io  of 1 o r  
more t h e  VSWR i s  bet ter  than 1.06. S i m i l a r   c o n s i d e r a t i o n s  
hold f o r  the rectangular   waveguide.  A t  9500 Mc/sec the f r ee  
space  wavelength is  3.15 cm and the wavelength of the guide  
( R G 5 Z / U )  i s  4.36 cm. I n   p a r t i a l l y  Qr c o m p l e t e l y   d i e l e c t r i c  
f i l l e d  guide,  t h e  g u i d e  wavelength i a  s m a l l e r .  The t a p e r  tes t  section 
used wag 2 i n c h e s  (5 c m )  and   therefore  t he  t a p e r - t o - w a v e l e n g t h   r a t i o  
was greater t han  1. The taper t e s t  s e c t i o n  was a d i e l e c t r i c  loaded 
waveguide  sect ion w i t h  a s i m i l a r   t a p e r   a t  e i ther  end. The VSWR 
from auch a s e c t i o n  would be a f u n c t i o n  of t h e  taper   dimensions  and 
the l e n g t h  of the  completely f i l l e d  sec t ion   be tween t h e  two t a p e r s .  
By v a r y i n g  the section between t h e  t w 9  t a p e r s ,  i t  was found   t ha t  
the maximum VSWR a t t a i n a b l e  was always less  than  1.08*. It could 
eafe ly  be conc luded   t he re fo re   t ha t  the s ingle-  taper r3r1 t h e  test s e c t i o n  
of F igure  1 would  produce a mismatch w i t h  a VSWR of  1 . 0 4  o r  l ess .  
For p r a c t i c a l   p u r p o s e s ,  the  l i n e   c a n   t h e r e f o r e  be cons idered  t ~ 9  be a 
metched  one. Because of  the  n a t u r e  of t h e  c a r r i e r   d i e l e c t r i c  medium 
auoh s e c t i o n s   c o u l d  be made e a s i l y .  

*If two impedance  mismatches arc present ,   each   producing  8 VSWR of T 
separat  ly, t hen  the  VSWR d u e   t o   b o t h   i n  the l i n e  can  vary  between 
1 and s dependent  on the l e n g t h  of sect ion  between the  two. 
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Figure 1. E P lane   Sec t ion  of X-3anA Waveguide 
for VSWR Measurement from Dust Region- 

Free Space I n t e r f a c e  
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The f i n a l  tes t  s e c t i o n s   f o r   d e t e r m i n i n g  VSWR a n d   i n s e r t i o n  loss 
were made wi th  a s i n g l e   t a p e r   a n d  a f l a t   i n t e r f a c e   ( p e r p e n d i c u l a r  t o  
the  a x i a   o f  the g u i d e )   a t  the oppos i te   end .  The t e s t  bench  schematic 
i s  shown i n   F i g u r e  2. A l l  measurements were made a t  9500 Mc/sac. 

A number of d i f f e r e n t   d e s i g n s   o f  tes t  sample   s t ruc tu res  were 
tr ied.  For example,  one  was a suspens ion  of' d u s t   p a r t i c l e a   i n  oil 
conta ined  i n  a p l a s t i c  box f i t t e d  t o  the  i n s i d e   o f  t he  waveguide 
wal ls .   This   however ,   suffered  f rom  problems  of   maintaining a 
u n i f o r m   a p a - t i a l   d i s t r i b u t i o n  of p a r t i c l e s   d u r i n g  t h e  t e s t .  I n  
a d d i t i o n ,   e x t r a   a p p r o x i m a t i o n s   a r e   r e q u i r e d   b e c a u s e   o f  the p l a s t i c  
c o n t a i n e r   w a l l s .  

The f i n a l ,  mos t   p rac t i ca l ,   and  extremely s-imple des ign  was 
a suspenainn  of p a r t i c l e s   i n   p e t r o l e u m  j e l l y  (Vase l ine ) .  A proper  
mixture   could  be made, t h e  waveguide  completely f i l l e d  without   any 
i r r e g u l a r i t i e s   s u c h  a-s l a r g e   a i r   b u b b l e s ,   a n d  t h e  f l a t   f a c e  o r  the 
t a p e r  Formed wi th  e a s e .  Once p repa red ,  the sample  maintained i t s  
ahape  and the  p a r t i c l e s   r e m a i n e d   s u s p e n d e d   i n d e f i n i t e l y .  

A u n i f o r m   s p a t i a l   d i s t r i b u t i o n   o f   d u s t   p a r t i c l e s  w i t h  t h e  
desired s p a t i a l   d e n s i t y   c o u l d  be made by mixing a s p e c i f i c  weight 
of d u s t   p a r t i c l e s  w i t h  a g iven  volume of Vase l ine .   Th i s   mix tu re  was 
mechanical ly  st irred u n t i l  a v e r y   u n i f o r m   d i s t r i b u t i o n   r e s u l t e d .  
Un i fo rmi ty   cou ld   ea s i ly  be checked v i s u a l l y   u n d e r  the microscope. 
Furthermare, s e v e r a l   d i f f e r e n t   b a t c h e s  w i t h  t h e  same r a t i o s  were 
made and   checked   e lec t r ica l ly .   These  all r e s u l t e d  in the  same 
exper imenta l   va lues .  The t e s t   f i x t u r e  which wa-s f i l l e d  w i t h  t he  
mixture  and  shaped was a s t anda rd  6 inch  

Comparison of' the d u s t - l a d e n   c a r r i e r  
w i t h  the same c a r r i e r   w i t h o u t   d u s t .   T h i s  
has  a d i e l e c t r i c   c o n s t a n t   g r e a t e r   t h a n  1. 
c o n s t a n t   f o r   d u s t   d i s t r i b u t e d   i n  vacuum  ca 
de te rmining  the p e r t u r b a t i o n  e f fec t  of the  
compared with t h a t  f a r  the p u r e   c a r r i e r .  
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length of  RG52/U waveguide. 

(Vase l ine )  had t o  be made 
i s  so s i n c e  t h e  c a r r i e r  

The e q u i v a l e n t   d i e l e c t r i c  - 
n then  be eval-ua t e d  by 
d u s t   i n  t h e  c a r r i e r  
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Von Hippe13 g i v e s  the  p r o p e r t i e s  of V a s e l i n e   a t  l o lo  cps 
as  E = 2.16 and  tan 8 z (Tan c9 is t he  loss t a n g e n t r )  
The t o t a l   l e n g t h  of sample was- 4 t o  6 inches .  T h i s  l e n g t h  would 
provide  le88 then  0.2 db  loss w i t h  t h i s  l o s s   t a n g e n t   a n d   t h e r e f o r e  
can be neg lec t ed .  

The l i s ted  va lue  of the  Vase l ine  d i e l e c t r i c  cons tan t   could  
no t  be uaed i n  the c a l c u l a t i o n s .   O b t a i n i n g  a u n i f o r m   d i s t r i b u t i o n  
of dus t   t h roughou t  t h e  V a s e l i n e   r e q u i r e d   s t i r r i n g  them t o g e t h e r ,  
T h i s   s t i r r i n g   i n t r o d u c e d  a d i s t r i b u t i o n  of v e r y   t i n y   a i r   b u b b l e s  
throughout  t he  m i x t u r e ,   r e s u l t i n g   e s s e n t i a l l y   i n   a n   a i r - d u s t - V a s e l i n e  
mixture .  The s t a n d a r d   c a r r i e r   m a t e r i a l  which s e r v e d   a s  t he  
r e f e r e n c e  was t h e r e f o r e   V a s e l i n e  st irred s u f f i c i e n t l y   a n d   i n  a 
s i m i l a r  manner a s   t h a t   u s e d  far t h e  f i n 8 1   d u s t   m i x t u r e .  The 
r e s u l t a n t   b u b b l e s  were of small   enough s i z e  and dispersed through 
the Vase l ine  w i t h  s u f f i c i e n t   u n i f o r m i t y  t o  p rov ide  a r easonab le  
u n l o a d e d   ( f r e e   o f   d u s t )   c a r r i e r   s t a n d a r d .  The ac tua l   measured  
d i e l e c t r i c  c o n s t a n t  of the c a r r i e r  medium (a i r   bubb le -Vase l ine   mix tu re )  
was E = 1.5. The loss was n e g l i g i b l e ,  a s  expected.  
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s c a t t e r i n g  of e l e c t r o m a g n e t i c   r a d i a t i m   t o  the  problem  of d u s t  
d i s t r i b u t i o n s .  The theo ry  of m o l e c u l a r   o p t i c s   e x p l a i n s  the d i e l e c t r i c  
cona tan t  of a medium a s  due t o  the  s c a t t e r i n g   p r o p e r t i e s  of t he  
molecules.   For  such a problem,  as  well a s   i n  the p r e s e n t   c a s e ,  
t h e  range  of' i n t e r e s t  i s  t h a t  f a r  which t h e  s c a t t e r e r s   a r e   v e r y  
sma l l  compared t o  the  wavelength of t h e  r a d i a t i o n   a n d   a l s o   f o r   w h i c h  
there a r e  many s u c h   s c a t t e r e r s  per wavelength.  The s c a t t e r i n g  i s  
t h e n   c h a r a c t e r i z e d  by the p o l a r i z a b i l i t y   f o r  a s i n g l e   p a r t i c l e  
which i s  p r o p o r t i o n a l  t o  the f i e l d  a t   t h a t   p a r t i c l e .   B e c a u s e   o f  
the s m a l l   s i z e  of t h e  p a r t i c l e  compared t o  t h e  wavelength,  the 
e x c i t i n g  f i e l d  can be t aken   cons t an t   ove r  t he  p a r t i c l e   r e g i o n .  The 
e x c i t i n g  f i e l d  a t  a n y   o n e   p a r t i c l e  i s  the  t o t a l  f i e l d  due t o  the 
i n c i d e n t  f i e l d  p l u s  t h a t  d u e  t o  the s c a t t e r e d  f i e l d  from a l l  t he  
o t h e r   p a r t i c l e s .  For l a r g e  numbers of p a r t i c l e s  per  wavelength 
the s t a t i s t i c a l   e f f e c t   o f   a l l  t h e  p a r t i c l e s   g i v e s  rise t o  the  Lorentz-  
h r e n z   f o r m u l a 4  of molecular  o p t i c s .  This g i v e s  the  r e l a t i o n s h i p  
between the  index  of r e f r a c t i o n  n = e and the  p o l a r i z a b i l i t y  
a s i n g l e   p a r t i c l e  ~ a s  -~ ~ ~~~ ~~~ ~~ 

where N is the  number of p a r t i c l e s  per u n i t  volume,  and f o r  
which the p a r t i c l e s  or s c a t t e r e r s   a r e   t h o u g h t   t o  be suspended i n  
vacuum. n i s  r e a l  i f  t h e  p a r t i c l e s   a r e  lossless, which i m p l i e s  
t h a t  OC i s  r e a l .  T h i s  r e s u l t  would ereem to i n d i c a t e   t h a t  there 
i s  no loss through a p a r t i c l e  medium a s  l ong  a s  the p a r t i c l e  i t se l f  
i s  loasless. However, even wi th  p e r f e c t l y   c o n d u c t i n g   p a r t i c l e s ,  
the  p a r t i c l e   p o l a r i z a b i l i t y  may have a s m a l l  component o u t  of phase 
with t h e  i n c i d e n t   r a d i a t i o n   r e s u l t i n g   i n   a n   o v e r a l l   l o s s y  term. 
Thia  however, is of higher o r d e r   t h a n   t h o s e  terms cons ide red  here 
and i s  n o t   i n c l u d e d   i n  the approximat ion  t o  the e f f e c t i v e   d i e l e c t r i c  
c o n s t a n t  
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The Loren tz -h renz   fo rmula  i s  derived  assuming t h e  e x c i t a t i o n  
of a n   e l e c t r i c   d i p o l e   o n l y  where the e l e c t r i c d i p o l e  i s  
p = &Eo = a 3' E, where E, i s  t h e  e x c i t i n g   e l e c t r i c   f i e l d ,  
a t he  8phe r iCa l   pa r t i c l e   r ad ius ,   and  Dr t he  p o l a r i z a b i l i t y .  For 
a p e r f e c t l y  c o n d u c t i n g   p a r t i c l e ,  besides the su r face   cha rge   g iv ing  
r i a e   t o  the  e l e c t r i c   d i p o l e  moment p,  there a r e   s u r f a c e   c u r r e n t s  
which   provide   an   equiva len t   magnet ic  d i p o l e .  The magnetic d i p s l e  
ha$ the va lue  m = -&a 3- H, where KO is t he  exc i t i ng   magne t i c  
f i e l d .  The  minus' s i g n   a d d s   e x t r a  power i n t o  t h e  b a c k s c a t t e r i n g  
ang le .  However, even i f  a l l   p a r t i c l e s   a r e -  assumed t o  c o n s t i t u t e  
e l e c t r i c  and  magnetic  dipoles  and  then the r e s u l t a n t   e q u i v a l e n t  
d i e l ec t r i c  c o n a t n a n t   f o r  the random c o l l e c t o r  i s  eva lua ted ,  
s i g n i f i c a n t l y   d i f f e r e n t   v a l u e s   o f  n from t h a t  above f o r   r e a s o n a b l  
duat d e n s i t i e s   a r e   n o t   o b t a i n e d .  

- - - 

- 
- - 

One fundamen ta l   co r rec t ion  i s  needed f o r  t h e  exper imenta l  
r e s u l t s .  I t  i s  the f a c t   t h a t  i f  a s imilar   formula  shQulci   apply,  
n o t e   x u s t  be made t h a t  the  a c a t t e r e r s   a r c   n o t   s u s p e n d e d   i n  vacuum 
bu t  i n  a d i e l e c t r i c  medium ( i n  t h i s  ca-se ,   Vasel ine) .  P fo rmula   fo r  
t h i a   l a t t e r   c a s e  can be de r ived  and g i v e s  t h e  f o l l o w i n g   r e s u l t   ( s e e  
Appendix I) .  

where 8' i s  the  e f f e c t i v e   r e l a t i v e  d i e l e c t r i c  cons t an t  of the 
c a r r i e r - s c a t t e r e r   m i x t u r e ,   i a  t he  r e ~ l a t i v e  d i e l e c t r i c  cons t an t  
of t he  c a r r i e r ,  N i s  the number o f   s ca t t e r e r - s   pa r   un i t   vo lume ,  
and a i s  the s c a t t e r e r   r a d i u s .  Here the s c a t t e r e r  ha8 been  taken 
t o  ba a p e r f e c t l y  conduct ing sphere of r a d i u s  a and the p o l a r i z a b  
of' the p a r t i c l e  h a s  been   i n se r t ed - - in  the formula. 

Each d u s t   p a r t i c l e  i s  of' small   enough  size  compared wi th  the 
wavelength and there a r e   s u f f i c i e n t   p a r t i c l e s   p e r   w a v e l e n g t h  t o  
ineure t h a t  t he  above r e s u l t  should hold t r u e  here. 
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2.4 Exper imen ta l   Resu l t s  f o r  Dus t   Ref lec t ion  

Be d e s c r i b e d   i n   S e c t i o n  2.2, v a r i m s  am3unts of powders were 
mixed i n t o  the pet ro leum jelly and lDaded and   shaped   in  tho waveguide 
t e s t  s e c t i o n .  The VSWR i n   e a c h   c a s e  was measured.   Est imates  of 
the l oad ing  r a t i o  ( 4  K / 3 )  (a3N) were made and a comparison was 
obtained  between the  expe r imen ta l   va lue  of the e f f e c t i v e  d i e l e c t r i c  
c o n s t a n t   a n d   t h a t  computed by the  formula of sec t ion   2 .3 .   Tab le  1 
lists the exper imenta l ly-de termined  r e s u l t s  f o r  some t y p i c a l   c a s e s .  

Table  1 
Measured VSWR for Various  Dust-Vasel ine  Mixtures  

M a t e r i a l  Weight R a t i o  Loading Ra ti0 VSWR 
( M a t e r i a l f i a s e l i n e )  4x 3 - a  N 

3 
Aluminum 
(20 diam. ) 1/15 
Aluminum 
( 2 0 p d i a m .  ) 1/3 
Copper 
(2O)rdiam. ) 1/3 

.02 

.10 

03 

1.95 

2.50 

2.10 

The loading r a t i o s  were determined  from the fo l lowing  
c o n s i d e r a t i o n s .  The r educed   dens i ty  of t h e  a i r - V a s e l i n e   m i x t u r e  
( t h e   V a s e l i n e   a f t e r   s t i r r i n g   w i t h o u t   d u s t )  a s  measured is 

= 0.8 g/cm3. Adding a ma89 of d u s t  Mp t o  a g i v e n  mass D f  

Vaseline M, ( b e f o r e   s t i r r i n g )  gives a d u s t  mass d e n s i t y  of ( p/M&4p). 
The volume of t h e  d u s t  is small compared t o   t h a t  of the  V a s e l i n e  
and  can be i g n o r e d . )  The l o a d i n g   r a t i o  / 3 r ( 4 r / 3 ) ( a 3 N )  i s  t h e n  
g i v e n  by 

I -  
/!3= -Mp 9 - 1 

Kv 6 

where 8 i s  the p a r t i c l e   m a t e r i a l   d e n s i t y .  
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For each of‘ the c a s e s  of Table 1, the  va lue  of t h e  e q u i v a l e n t  
d i e l e c t r i c  cona tan t   acco rd ing  to the t h e o r e t i c a l   f o r m u l a  of S e c t i a n  
2.3 and t h e  exper imenta l ly   de te rmined   va lues  of S e c t i o n  2.2 l a  
g i v e n   i n   T a b l e  2. 

Table 2 

Equ iva len t  Dielectric Constant  for Dust i n   V a a e l i n e  

Me t c r i a l  Weight Ra ti0 E t  &’ 

Aluminum 1/15 1.61 1.50 
Aluminum 1/3 2.12 1.79 
Copper 1/3 1.46 1.58 

( M a t e r i r l / V a a e l i n c )   T h e o r e t i c a l  Computed from VSWR 

For  purposes of computation i n  t h e  t h e Q r e t i c a 1   f o r m u l a ,  we note 

t h a t  e for the c a r r i e r  medium was meajured a s  1.5. As n g t e d ,  
the  valuea of‘ E’ i n   T a b l e  2 arc the o v e r a l l   e f f e c t i v e   d i e l e c t r i c  
c o n a t a n t s  fo r  the a i r -Vase l ine -dus t   mix tu re .  

V a l u e s   a r e  in f a i r l y  good agreement  and would indicate t h a t  
the formula   accora ing   to  t h e  Loren tz -Lorenz   equa t im can be used 
here wi th  a f a i r  degree 3f accuracy .  It i s  thus  p9ssibl.e t o  use 
t h i s  same formula w i t h  E =  1 corresponding t9  the suspens ion  
of d u a t   i n  vacuum. Letting P e q u a l  the d u s t  l o a d i n g   f a c t o r ,  
i . e . ,  p z ( 4 K / 3 )  (Na3)  , t h e   d i e l e c t r i c   c m s t a n t  i s  g iven  by 

- P  
For p 1, t h i s  give-s 1+3(3 a s   i n d i c a t e d   i n  
S e c t i o n  2.1. 
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2.5 App l i ca t ion  of Volume D u s t   D i s t r i b u t i o n s   a 8   S p a c e   S t r u c t u r e  
Microwave  Devices 

It has   been   no ted   tha t  there i s  good agreement  between the 
expe r imen ta l ly   de t e rmined   r e f l ec t ance  of d u s t   d i s t r i b u t i o n s  arid 
the  theory   which   assumes   mul t ip le   independent   sca t te r ing .  
from the  d u s t  pa r t i c l e s .  For t h i s  r e s u l t ,   e a c h   p a r t i c l e  a c t s  a s  
an   induced  d i p o l e  with  a p o l a r i z a t i o n   p r 3 p o r t i o n a l   t o  the p a r t i c l e  
volume  which i s  extremely s m a l l   i n  t h i s  case. A p r a c t i c a l   l a r g e  
r e f l e c t a n c e  would r e q u i r e  a l a r g e   q u a n t i t y  of d u s t ,  much larger 
t han  i s  desired i f  the advantages   o f  d u s t  s t r u c t u r e s   a r e   t o  be 
r e a l i z e d .  However, even wi th  t h i s  r e s t r i c t i o n ,   u s e f u l  
microwave  devices w i t h  low d u s t   d e n s i t y   c a n  be achieved  i f  advantage  
is t aken  of the e q u i v a l e n t  d ie lec t r ic  proper t ies  of' d u s t   d i s t r i b u t i o n s .  
A p a r t i a l   l i s t i n g  of these i n c l u d e s  t h e  follDwing:  large  microwave 
lcnBes ,   waveguides ,   and   even   re f lec tors ( i f  the concept  3f t o t a l  
r e f l e c t i o n   a t  d i e l ec t r i c  i n t e r f a c e s  i s  used). 

A d i e l e c t r i c  l ens   fo r   example ,   can  be used t o  focus microwave 
power. T y p i c a l   l e n s e s  gf' s o l i d  m a t e r i a l s   a r e  made of d i e l e c t r i c s  
such a s  p l e x i g l a s a  with a r e f r a c t i v e   i n d e x  of  1.6. These a r e  
l imi ted  i n   s i z e  however,  because of the l a r g e   t k i c k n e s s c s  of m a t e r i a l  
requi red   and  t h e  r e s u l t i n g   p r o b l e m s  of manufac tu re   and   i n t eg r i ty .  
9s a r e s u l t ,   z o n i n g  i s  o f t e n  employed t o   r e d u c e  t h e  p h y s i c a l  
t h i c k n e s s   b u t   s u c h   d e v i c e s   s u f f e r  from oroblcms of f requency  
s e n s i t i v i t y .  Dust d i s . t r i b u t i o n s  a s  s p a c e   s t r u c t u r e s   t h u s   o f f e r  
the p o s a i b i l i t y  of extremely l a r g e ,  low mass,  microwave  lenses. 
These could  be Used a s   s i n g l e   l e n s e e  f3r f9cuss ing  of a microwave 
beam, a s  a n  e lement  i n  a p e r i o d i c   a r r a y  for a q u a s i - o p t i c a l   t r a n s -  
mission line, c t c .  Other a p p l i c a t i o n s  c w l d  i n c l u d e  the fo rma t i an  
o?' lenses wi th  s p a t i a l l y - v a r y i n g  d i e l e c t r i c  c o n s t a n t  for devices 
l i ke  the  Luneberg lens and many o t h e r s .  
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A c r u c i a l   p o i n t   o f   c o u r s e  i s  t h e  to le rance   requi rement   p laced  
on any   lens .  ' C r i t e r i a   p l a c e  upper  limits in t h e  i r r e g u l a r i t i e s  of - 
the w a v e f r o n t s   r e s u l t i n g   f r o m   i r r e g u l a r i t i e s  of t he  s u r f a c e s   o r  
d i e l e c t r i c s .  T h i s  cor responds   normal ly   to  A/16 which implies 
a t h i c k n e s s   t o l e r a n c e  of 

A 

16 (n-1) 
A t  f 

and   an   i ndex   t o l e rance  of 

h. 
16 t 

A n  f 

where t i s  the th i ckness ,  h the  wavelength,  and n t h e  
index of   refract ion.   For   example,  a loading   fa -c tor  P 2 .1 a s  

i nd ica t ed   above   g ives  n : f l  ?= 1 . 1 4 .  T h e r e f o r e ,   a t  
3 cm r a d i a t i o n ,  At  & 1.35 cm. Obviously the technique of 
forming and  main ta in ing  a d u s t  l e n s   i n   s p a c e  is- a c r f t i c a l   p o i n t .  

The dus t   space   s t ruc tures   which   can  be-used a s  waveguides 
and  antenna8 i n  the microwave  range use t h e  p r i n c i p l e  of t o t a l  
r e f l e c t i o n   a t   d i e l e c t r i c   i n t e r f a c e s   r a t h e r   t h a n   m e t a l   c o n d u c t o r  
r e f l e c t i o n .  A l l  d i e l e c t r i c   m a t e r i a l  waveguide-s  can be formed u s i n g  , 

t h i s  principle! If a n   i n n e r   d i e l e c t r i c ,  whose d i e l e c t r i c   c o n s t a n t  
i s  6, haa a n   o u t e r   c l a d d i n g  whose d i e l e c t r i c   c o n s t a n t  i s  EZ 
and if E, >&, , t h e n   t o t a l   r e f l e c t i o n   c a n   o c c u r   f o r   a n g l e s  
of i n u i d e n t   r a d i a t i o n   i n  the higher v a l u e   d i e l e c t r i c ,  where d f z )  ( s i n  0) > 1. Here 8 i s  the  ang le   o f   t he   i nc iden t  
r a d i a t i o n   r e l a t i v e   t o  the normal t o  t h e  i n t e r f a c e .  Waveguide8  can be 
oonat ruc ted   us ing  t h i s  p r i n c i p l e   p r o v i d i n g  t h e  propagat ing  mode 
r e p r e a r e n t s   a n g u l a r   r e f l e c t i o n s   w i t h i n  t h i s  l i m i t a t i o n .  . 

The o u t e r   c l a d d i n g   i n   p r i n c i p l e  is n o t   n e e d e d   f o r   t o t a l  
r e f l e c t i o n   s i n c e  free apace ha8 &z= 1 4 El f o r   a n y  d i e l e c t r i c .  - 
However, the c ladd ing  i s  o f t e n   u s e d   t o   c o n t r o l  t h e  p ropaga t ing  
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modes ( a n g l e s   g r e a t e r   t h a n  e )  as opposed t o  the  non-propagat ing 
o r  r a d i a t i n g  modes. The r e s t r i c t i o n   f o r  a s lab  waveguide wi th  
i n n e r   d i e l e c t r i c  8, and   ou te r   c l add ing  €* t o  suppor t  a 
p ropaga t ing  mode is t h a t  

where d is t he  width of the i n n e r   d i e l e c t r i c ,  3 the wavelength,  
and m = O  o r   a n   i n t e g e r  . For a g iven   va lue   o f  m, a l l  modes wi th  
a mode o r d e r  n S m will propagate   and modes with mode o r d e r  
n 'L m w i l l  r e p r e s e n t  a l eaky  mode a n d   r a d i a t e   f r o m  the  s t r u c t u r e .  
There i s  no r e s t r i c t i o n  on d and so t h i s  c a n   r e p r e s e n t   s t r u c t u r e s  
many wavelengths wide .  Thus i f  only  the lowest TE and TM modes 
a r e   t o   p r o p a g a t e ,  i . e .  n = O ,  one  can  choose m 1 t o   3 e t e r m i n e  
the parameters .   Therefore  A€-,,, Ch/Zd)' . For example, with 
d/h = 10 one needs be 5 .OO25, a v e r y   d i f f i c u l t  
r e s t r i c t i o n  o n  the  t o l e r a n c e   o f  the  o u t e r   c l a d d i n g   m a t e r i a l  i f  formed 
f rom  dus t .  On the  o t h e r  hand, i f  one  a l lowed a h i g h l y  over moded 
guide ,   say  m =lo,, t h e n  b e  ZC .25 which w i t h  E, = 1 . 3  
cor responds  almost t o  no o u t e r   c l a d d i n g .  The propaga t ing  mode i s  
then   de te rmined  by the e x c i t a t i o n   p a t t e r n   a n d   a n y   i r r e g u l a r i t i e s  
exciting the o t h e r  modes. 

7 

As the r a t i o  between the inne r   and   ou te r  d i e l ec t r i c  c o n s t a n t s  
becomes l a r g e r ,   a n g l e s  closer t o  t h e  normal  can a l s o  r e s u l t   i n  
t o t a l   r e f l e c t i o n .   T h e r e f o r e  more  modes  become p ropaga t ing  modes 
r a t h e r   t h a n   l e a k y   o n e s .  Considered from the p o i n t  of view  of the 
f i e l d  a c r o s s  t he  guide, the propaga t ing  mode h a s   a n   e x p o n e n t i a l  
decay   ou t s ide  the d i e l e c t r i c   s t r u c t u r e .  

The d i e l e c t r i c   s l a b  waveguide described above   cons i s t s  of a n  
i n n e r   c o r e   m a t e r i a l   a n d   a n   o u t e r   c l a d d i n g .  The e n t i r e   p r o p a g a t i n g  
S t r u c t u r e  i s  d i e l e c t r i c .  A d i f f e r e n t   v e r s i o n  is the  hollow 
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d i e l e c t r i c   s t r u c t u r e  which  can  have a s i m i l a r   k i n d  of mode s t r u c t u r e  I 

with on ly  a t h i n  shell  d - i e l e c t r i c  . Here f ree  space  forms t h e  
o u t e r   c l a d d i n g   a t   w h i c h   t o t a l   r e f l e c t i o n   o c c u r s .   P r o p a g a t i o n  i s  
c o n f i n e d   e 8 8 e n t i a l l y   t o  t h e  i n n e r  vacuum region   and  the  d i e l e c t r i c  
she l l .  A diagram of t h e  t o t a l l y  r e f l ec t ing  dust   waveguide 3.8 shown 
i n   F i g u r e  3.- The energy i s  e s s e n t i a l l y  bound t o  t h e  d i e l e c t r i c  
w i t h  a n   e x p o n e n t i a l  f i e l d  decay   ou t s ide  t h e  d i e l e c t r i c  and a hyper -  
b o l i c   v a r i a t i o n   i n  the inne r  vacuum reg ion .  

6 

These   d i e l ec t r i c   wavegu ide   s t ruc tu res   can  be used i n  a number 
of ways. F i r e t   t h e y   c a n  be use-d a s  o r d i n a r y   t r a n s m i s s i o n   l i n e s .  
On t h e  o the r   hand ,   an t enna   s t ruc tu res   can  a-lso be fashioned  f rom 
them. Proper   choice of e q u i v a l e n t   d u s t   d i e l e c t r i c ,   t h i c k n e s s ,  
8 i m ~  and shape c a n   r e a u l t   i n  a leaky  wave which thus  forms a 
t r a v e l i n g  wave an tenna .   A l t e rna t ive ly  , propagating  non-  leaky  waves 
can be made t o   r a d i a t e   f r o m  a series of s l o t s  or  h o l e s   i n  t he  d u s t  
wal l   forming  the  d i e l e c t r i c .   F i n a l l y ,  the  guide  can be open 
d i r e c t l y   a t   o n e  end o r  f l a r e d   g r a d u a l l y   t o   a n   o p e n   e n d   t o   f o r m  a 
r a d i a t i n g   h o r n ,  

A c o m p l e t e l y   d i f f e r e n t  t y p e  of' an . tenna   s t ruc ture  is a l s s  
poasible   baaed  on t h e  p r i n c i p l e  of- t o t a l   r e f l e c t i a n .  The d u s t  
d i a t r i b u t i o n   c a n   b e - - p l a c e d   i n  the shape of a t runca ted   pa rabo la  
(vertex  zone  removed) w i t h  the c o n d i t i s n   t h a t  the ang le  of inc idence  
of the r a d i a t i o n  f r Q m  the feed t o  the  s u r f a c e  i s  such a s  t o  s u f f e r  
t o t a l   r e f l e c t i o n   a s  shown i n   F i g u r e  4 .  The s t r u c t u r e  need  only be 
a t h i n  she l l  wi th  the  ray r e f r a c t i n g   t h r o u g h  the f i r s t  i n t e r f a c e  
between vacuum  and the duet layer a n d   b e i n g   t a t a l l y   r e f l e c t e d   a t  the  
back   sur face .  After t h e  f i r s t  t o t a l l y   r e f l e c t e d   r a y   a t  t h e  o u t e r  
i n t e r f a c e  i t  i s  n e c e s s a r y   t o   a v o i d  a s e c o n d   t o t a l   r e f l e c t i o n   a t  
t he  f i n a l   d i e l e c t r i c - a i r   s u r f a c e   b e f o r e   e m e r g i n g   p a r a l l e l  t o  t he  
parabola  axis .  To do t h i s  the d u s t   d e n s i t y   o f  t he  p a r a b o l i c  shell 
ahould be tspsred g r a d u a l l y   t o   z e r o   o n  the f o c a l  side of the  s h e l l .  
Thus  only one t o t a l   r e f l e c t i o n   o c c u r s   a t  t he  o u t e r   i n t e r f a c e .   F o r  
the  two d imens iona l   case  w i t h  a parabola   g iven  by y =2px, and t he '  

feed a long  the ax is -a t  x =p/2,  a l l   p a r t s  of the p a r a b o l a   s a t i s f y i n g  

the cond i t ion  
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Figure 4. Truncated Parabolic Reflect3r Constructed of D u s t  
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could meet the  cond i t ion  o f  t o t a l   r e f l e c t i o n .   ( H e r e  the  change i n  
a n g l e   d u e   t o   r e f r a c t i o n  a t  the f i r s t  in te r face   has   been   neglec t -ed .  
For E ,  = 1 . 3  t h i s  gives  x >, .36p. The remainder of the  
parabola   could  be made 8 s  l a r g e  a s  des i red .  The- t r u n c a t e d   p o r t i o n  
would r e s u l t   i n  aome d e c r e a s e   i n   g a i n  and- h igher  side-lobe l e v e l  
b u t  t h i s  may s t i l l  be a c c e p t a b l e .  NumerQus o ther  s t r u c t u r e s  
u a l n g   t o t a l   r e f l e c t i o n   f o r   a n t e n n a   d e v i c e - a   i n   s i n g l e   a n d   a r r a y  
d e v i c e s   a r e  a l a o  poss ib le .  

It i s  t h u s   e v i d e n t   t h a t  while t he  d u s t  d i s t r i b u t i o n   c a n   n o t  
be used a 8  a r e f l e c t o r   f o r  normal  incidence,-lowa~r  angle  incidence,  
r e s u l t i n g   i n   t o t a l   r e f l e c t i o n   o f f e r e  mnny p o s s i b i l i t i e s  f o r  dev ice  
des ign .  
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SECTION 3 
R e f l e c t i o n  of Microwaves  from  Planar  Arrays 

of S h o r t   M e t a l   S t r i p s  

3.1 P l a n a r   A r r a y   R e f l e c t i m  of Microwaves 

The advantage of l a r g e   s u r f a c e - t a - m a s s   r a t i o  is nDt confined 
t o   s p h e r i c a l   p a r t i c l e s ;  i t  i s  even  more  pronounced f o r   l o n g  
f i l a m e n t a r y  needles, so long 8 s  the c y l i n d r i c a l   r a d i u s  la smal l .  
There a r e  8 number of m a t e r i a l s  which can be convenient ly   fab-  
r i c a t e d   i n  the form of long t h i n  whiskers, need le s  o r  f i l a m e n t s .  
Such "dus t  n e e d l e s ' '   c a n   t h e n   b e   p r o j e c t e d   o r   c i r c u l a t e d   i n   s p a c e  
i n   s u c h  a way tha'c their r e l a t i v e   o r i e n t a t i o n  is main ta ined .   In  
th ih   form a d u s t   n e e d l e   a r r a y   h a s  a much l a r g e r  microwave reflec- 
t i o n   c o e f f i c i e n t   t h a n  a d i s s r d e r a d   c o l l e c t i o n  of dust p a r t i c l e s .  
I n  this s e c t i o n  w e  s h a l l   i n v e s t i g a t e  the r e f l e c t i o n   p r o p e r t i e s  of' 
such   an   a r r ay .  

The p l a n a r   a r r a y  of conduct ive wires or strips of a r b i t r a r y  
c ros s   s ec t ion   can ,   unde r  the r igh t  c o n d i t i o n s ,   s e r v e  a s  a micro- 
wave r e f l e c t o r   e q u a l  t o  t h a t  for a s o l i d  sheet   conductor .   These 
condi t ions,   which arc well-known an? f i n d   a p p l i c a t i o n   i n   p r a c t i c a l  
device8,  a r e  the  fol lowing:  First, t h a t  the wires should be 
o r i e n t e d   p a r a l l e l   t o  the i n c i d e n t  e l ec t r i c  f i e l d ,  second,   tha t  
the  wires be many wavelengths  long,  and t h i r d ,  t h a t  there be many 
wires por w a v e l e n g t h   o r   e q u i v a l e n t l y ,   t h a t  the apacing  between 
wires be small compared t o  a wavelength.  Thus a grid of p a r a l l e l ,  
very t h i n  wires can serve a s  a p e r f e c t   r e f l e c t o r  If spaced   c lose ly  
enough  and  oriented p a r a l l e l  t o  the e l e c t r i c  f i e l d ,  even  though 

I t h e  percentage  of e f f e c t i v e   r e f l e c t o r   a r e a   c o v e r e d  by m e t a l l i c  
m a t e r i a 1  is very   smal l .  
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The e q u i v a l e n t   c i r c u i t   f o r  a r e g u l a r   p l a n a r   a r r a y  f o r  
which the wires are i n f i n i t e l y  long and- p e r i o d i c a l l y  spaced 
he8 been eva lua ted  in the  paa t   and  l a  g i v e n   i n   s t a n d a r d  text8, 
no tab ly  "The Waveguide  Handbook"8. Further, t h i s  can be g i v e n  
for  a r b i t r a r y   o r i e n t a t i o n  of the  i n c i d e n t   p l a n e  wave. For the  
purpose of r e f e r e n c e ,  the  e q u i v a l e n t   c i r c u i t  f o r  two s p e c i a l  
case8 la g i v e n   i n  Appendix 11. The e q u i v a l e n t   c i r c u i t  permits 
the c a l c u l a t i o n  of the  r e f l e c t i o n   a n d   t r a n s m i s a i a n   c o e f f i c i e n t s  
very  e a s i l y .  

On the other hand,   a r rays  other than  the s p e c i a l  t ypes  
g i v e n   i n  the  handbook arc d i f f i c u l t   t o   t r e a t  and g e n e r a l l y  
Involve  e i ther  a very  rough  approximation  procedure f o r  the  
e q u i v a l e n t   c i r c u i t   o r   a n   e x p e r i m e n t a l   i n v e a t i g a t i o n   f o r   e a c h  
type of a r r a y .  One type of such  an  arrag  has   been  examined 
here. T h i s  i a  the  ,per iodic  a r r a y  of strlp-s wi th  gaps placed  
or  c u t   o u t   a l o n g  t h e i r  length. This  r e s u l t s   i n   a n   a r r a y  of 
f i n i t e - l e n g t h   c o n d u c t o r s ,  t he  length  be ing  ai t h e  .o rder  of 8 

wavelength  or   smaller .  The importance aP auch   a r rays  i8 t o  
determine i f  and how q u i c k l y  the r e f l b c t i o n  properties of wire 
a r r a y s   d e c r e a s e  i f  t h e  wires a r e   n o t   l o n g   o r   a r e   b r o k e n   i n  some 
manner. The i n v e s t i g a t i o n  i s  res t r ic ted  t o  t h e  case  of the 
i n c i d e n t  e l ec t r i c  f i e l d  o r i e n t e d   p a r a l l e l   t o  the o r i g i n a l   l o n g  
dimension of the a t r i p a .   F i g u r e  5 ahows 8 diagram  and  nota-tion 
for the p l a n a r   a r r a y s   t e a t e d .  

Cs r t a . i n ly  one c a n   e a a i l y   b e l i e v e   t h a t  if the remaining 
a t r i p a   a f t e r   c u t s   a r e  made a r e  s t i l l  long compared w i t h  t h e  
wavelength  and the  g a p s   a r e   s m a l l  compared  witha  wavelength, 
then little change should be no t i ced  from the uncu t   a r r ay .  How- 
eve r ,  a8 e i ther  the s t r ipa - -become   sho r t e r   o r  the gaper l a n g e r ,  
the ampli tude of t h e  r e f l e c t e d  wave i s  e x p e c t e d   t o  be reduced. 
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T h i s  i s  f a i r l y   e v i d e n t .  The q u e s t i o n  of how r a p i d l y  the f a l l -  
off of the r e f l e c t i v e   c o e f f i c i e n t   o c c u r 8  i s  not .   Furthermore,  
t h e r e  may be a p e c i a l   g e o m e t r i c a l   r a t i o s  of the remaining  con- 
ductive  elements  for  which  reson8nce8  Occur w i t h  g r e a t l y  
i n c r e a s e d   o r   d e c r e a s e d   t r a n s m i s s i o n  or r e f l e c t i o n  much a 8  i s  
the case f o r   s p e c i a l   a i z e   a p e r t u r e s   o r  irises i n  waveguides. 

A number of ref lect ion  experiments   have  been  conducted on 
the c u t   p e r i o d i c  s t r i p  p l a n a r  array, These will be desc r ibed  
below. The resul ts  ahow t h a t   s u c h   a r r a y s  of sma l l - s i ze  a t r i p s  
can   a l ao  be u s e f u l  a s  r e f l e c t i v e   p l a n e s  i f  8ome sma l l   dec rease  
i n   r e f l e c t a n c e   c a n  be to le ra ted .   S t r ips -one  o r  two wavelengths 
long suffer only  a few db r e f l e c t i o n  loss if the gap i s  smal l  
compared t o  the  wavelength.   For   space-   s t ructures  wi th  super-  
size elements ,  a tradeoff  -between the h i g h e r   g a i n  of t h e  extra 
large antenna  and the r e d u c e d   r e f l e c t i o n  of the small b u t  more 
conven ien t   sho r t e r  wire conductors  migh t  be of importance.  
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3.2 Reflection  Measurement  Methods  for  Planar  Arrays 

Reflect ion  meaaurements  were made on a number of p l a n a r  
a r r a y s  of the  t y p e  shown i n   F i g u r e  5 a t  a f requency  of 9500 Mc/sec. 
The r a d i a t i n g   a n t e n n a  was a s m a l l   r e c t a n g u l a r   t a p e r e d   h o r n  w i t h  
and   E-p lane   aper ture   o f  1.25 inch   and   an   H-plane   aper ture  of 
1.75 inch.  Uaing  an E/H t u n e r  f o r  matching, t h e  VSWR of the  horn  
looking i n t o  f ree  space  was bet ter  than  1.08. A s i m i l a r   h o r n  was 
used a s  a r e c e i v i n g   a n t e n n a  which was a l s o  matched t o  bet ter  than  
1.08 VSWR. Since  measurements were made on a wide range  of 
r e f l e c t o r s ,   i n  some c a s e s   r e s u l t i n g  i n  ref lected power a t   l e a s t  
30 db down from a perfect r e f l e c t o r ,  i t  was n e c e s s a r y   t o   a v o i d  
n o n - l i n e a r i t i e s   i n  t h e  d e t e c t o r   c i r c u i t .  Therefore a p r e c i s i o n  
a t t e n u a t o r  was p l a c e d   i n  t he  r e c e i v e r   c i r c u i t   a n d   a d j u s t e d   i n   e a c h  
measurement s o  t h a t  t he  r e c e i v e d   s i g n a l  was t h e  same f o r   a l l   a r r a y s .  
Also t h e  db change i n   r e f l e c t e d  power could be r e a d   t h e n  d i r e c t l y  
on the a t t e n u a t o r .  

The f a r  f i e l d  of the   horns  began a t   a b o u t  7 inches   f rom the 
a p e r t u r e .  The a r r a y   p a n e i s  were p laced  10 i n c h e s  frem the   ho rns .  
Microwave a b s o r b e r   m a t e r i a l  was placed  behind the p a n e l s  and a t  
a n y   o t h e r   p o s i t i o n s  where s p u r i o u s   r e f l e c t i o n s  might  be troublesome. 
The r e c e i v e r   h o r n  was p laced  d i r e c t l y  a b w e  the ho rn  and t he  p a n e l s  
angled w i t h  the normal   to  the  p a n e l   b i s e c t i n g  the a n g l e  of the 
t r a n s m i t t e r - r e c e i v e r   a l i g n m e n t   a s   s e e n  from the p a n e l .   T h i s   p l a c e d  
the maximum of t h e  r e t u r n  beam a t  the  r e c e i v e r   h o r n   f o r  the p e r f e c t  
re f lec tor .  A-s e x p l a i n e d   l a t e r ,  the  f i n i t e  size of the test  p a n e l s  
formed a m u l t i - l o b e d   r e t u r n   s i g n a l .  A u n i l i n e   i n * t h e   t r a n s m i t t e r  
c i r c u i t   p r e v e n t e d  the  t r a n s m i t t e r  fram b e i n g   a f f e c t e d  by a p o r t i o n  
of the r e t u r n   s i g n a l  f r 9 m  the  r e f l e c t o r .   M u l t i - r e f l e c t i o n s   f o r  
pane l  side lobes  between the  va r ious   e l emen t s  of the system were 
not f o u n d   t o  be a problem. 
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Direct coupling  between the  two horns  was down a t   l e a a t  60 db 

a8 compared wi th  t h e  perfect  r e f l e c t o r   p a ~ n e l   s i g n a l .  The H and E 
P l a n e   P a t t e r n s  of the horns were measured  and  found t o   a g r e e  w i t h  
theory .  Thus the  10 db f u l l  beam w i d t h  f o r  the horn s h a l l d  be 

873". The measured  value was 90". Figure 6 shows  the schematic  
diagram fo r  the exper imenta l   range .  

A reflecting r e c t a n g u l a r   p a n e l  of f i n i t e  s i z e  ( i n  t h i s  ca se  
11 inches  by 11 inChe8)  has a multi-lobe s t r u c t u r e   s i m i l a r   t o   t h a t  
for a n y   i l l u m i n e t e d   a p e r t u r e  of t h e  same overall s i z e .  Por  uniform 
i l l u m i n a t i o n ,  t he  f i r s t  minimum i a  a t  8 2 >/H where H i s  t h e  
panel  l i n e a r   a i m .  In t h i a  case  t h i s  corre-sppnds t o  approximately 
6O. vJ-ith t ape red   i l l umina t ion ,  a s  is a c t u a l l y   p r e s e n t  w i t h  t k , e  
horns  and spacing  used, the ampli tudes  and positions of t h e  l o b e s  
change. For example, with a cos ine   squared   i l lu rn ina t ion ,  the first 
minimum shif ts  t o  2 %/H. Phase v a r i a t i o n s  in t h e  i l l u m i n a t i o n  
also cauae a change ip the  lobe  s t r u c t u r e .  An odd phase v a r i a t i o n  
over  the pa~nel  shi f t s  the  main beam itself. Care was taken to 

I provide  an e v e n   i l l u m i n a t i o n  by keeping t h e  panel and  horn  arrangement 
c e n t e r e d   t o   a v o i d   p h a s e   e r r o m .  A t e s t  of the solid conduct ive 
arheet showed a lobe s t r u c t u r e  as p r e d i c t e d ,   w i t h  the given i l l u m i n a t i o n .  

The measurement of the ref lect ing power of any  a r r a y  was made 
by comparing the magnitude  of t h e  main lobe  for e a c h   a r r a y  w i t h  
t h a t  of a s t a n d a r d - ,   p e r f e c t l y   r e f l e c t i n g   m e t a l   p l a t e  of t h e  same 
s i z e  and  shape, i . e . ,  r e c t a n g u l a r  s o l i d  sneet conductor 11 by 11 
i n c h e s ,   a s  the a r r a y  pane-1s under s imi l a r   expe r imen ta l   cond i t io r , s .  
Thus f o r  a per fec t  r e f l e c t o r  of e f f e c t i v e   a r e a  A a t  a d i s t a n c e  R ,  
i n c i d e n t  power Po, and antenna g a i n  C, t h e  re f lec ted  power i s  
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F o r   a n   i m p e r f e c t   r e f l e c t w  w i t h  r e f l e c t i o n   c o e f f i c i e n t  r t h e  I 
reflected power is 

- 
2 A '  - in I - _I_ 

Thus the  r a t i o  

'r - 1' 1 4n 2 R2 I 

p T / p r  2 I T \ *  i f  t he  measurement 
is made under   ident ica l   condi t ions .   Compar ison  of the reflected 
powers i n   e a c h   c a 8 e   g i v e s  the power r e f l e c t i o n   c o e f f i c i e n t  \ r l ?  
A t e s t  o n   a n   a r r a y  w i t h  long str ips,  which  can be eva lua ted   accord ing  
t o  the i n d u c t i v e   a r r a y  of Appendix l3, showed  good agreement  between 
the t h e o r e t i c a l   r e f l e c t i o n   c o e f f i c i e n t   a n d  the value  measured 
clccordina t o  t h e  a b w e  desc r iDt ion .  
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3 . 3  "-. Exper imenta l  - - R e s u l t s   f o r   A r r a y   R e f l e c t i o n  

The t e s t  a r r a y s  were made by a d h e r i n g  perfect ly  conduct ive  
m e t a l l i c  S t r i p s  i n  r e g u l a r   p a t t e r n s   o n  a sm9oth  surface of' foam 
po lys ty rene .  The foam p o l y s t y r e n e  has  8 d i e l e c t r i c   c o n s t a n t  
close to 1 and i s  e q u i v a l e n t   t o  f ree  space.  The m e t a l l i c  strips 
a r e  1/16 i n c h  wide and of n e g l i g i b l e   t h i c k n e s s .   F o r   a l l   a r r a y s  
the stt ips  were p a r a l l e l   t o   e a c h   o t h e r   a n d   s p a c e d  wi th  a p e r i o d i c i t y  
of 1/4 i n c h .   I n  t h e  n o t a t i o n  of Figure 5, d '  5 1/16inch, 
a = 1/4 i nch .   Each   a r r ay  d.iffered from t h e  o t h e r s   a c c o r d i n g   t o  t h e  
values  of A and D selected. Table  3 l is ts  t h e  a r r a y  geometry and 
the  r e f l e c t i o n  loss i n   e a c h   c a s e .  The r e f l e c t i o n  loss i s  t h e  r a t i o .  
of the reflected power i n  the main   lobe   for  eaqh a r r a y   t o   t h a t   f o r  
the p e r f e c t   r e f l e c t o r ,   e x p r e s s e d   i n  db. 

The case  of a n   a r r a y  of strips with no c u t s   o r   g a p s   h a s  a 
r e f l e c t i o n  loss of 0.8 db a s   expe r imen ta l ly   de t e rmined .  As 

mentioned  above, t h i s  i s  the same a s  that p r e d i c t e d   t h e o r e t i c a l l y  
'from the e q u i v a l e n t   c i r c u i t   f o r  the case of the i n f i n i t e l y   l o n g  
strips of the given  geometry.  

F igu re  7 shows a p l o t  of r e f l e c t i o n  loss vereus  s t r i p  l e n g t h  
f o r  v a r i o u s   g a p   l e n g t h   a r r a y s .  The approach t o  the  p u r e l y   i n d u c t i v e  
strips with 0.8 db r e f l e c t i o n  loss can be s e e n f b r  strips g r e a t e r  
than  2 X . Furthermore,  the r a p i d   i n c r e a s e  i n  r e f l e c t i o n  loss 
beyond strips equa l  to h/2 can be no ted .   The   spec ia l   va lue  
of the  s t r i p  e q u a l   t o  A/z 8cQm8 t o  i n d i c a t e  a ser ies  resonance  
of the equ iva len t   capac i t ance   and   i nduc tance  of the  array e lements .  
The shunt  impedance of the a r r a y  i s  thus   zero   and  the reflected 
power i n c r e a s e s .  T h i s  is f u r t h e r   d i s c u s s e d  i n  the n e x t   s e c t i o n .  

* One of the results t o   n o t i c e  is t h a t  if the gaps or what may 

be c o n s i d e r e d   b r e a k s   i n  the conduct ive  wires a r e   s m a l l  and the 
rema in ing   l eng ths  of wires a r e   g r e a t e r   t h a n  a wavelength,   Only  about 
3 db r e f l e c t i o n  loss a t  most r e s u l t s .  This i s  impor t an t  in Space 
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for Various  Gap Length8 

36 



Table 3 
Ref lec t ion  Loss f o r  Test Panel Arrays 

(Perfectly  reflectlng panel = 0 db) 

Gap Length, D 
(multiples of A )  

1/25 

1/10 

1/4 

S t r i p  Length, A-D 
(multiples of A ) 

2 
1 
1/2 
1/11 
1 /8 
1 ) l O  

2 

1 

Reflectim Loss 
(ab) 

1.8 
2.8 

.8  
3.3 
7.3 
8.8 

2.3 
3.3 
3.8 
9.8 

11.8 

5.8 
10.8 
4.8 

20.8 
18.8 

2, s 
3.3 
3.8 

10.8 
6.8 
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s t r u c t u r e  ref lectors  if one   cons ide r s   poss ib l e   b reaks   occu r r ing ,  
z)r i f  the s t r u c t u r e   e l e m e n t  size i s  l i m i t e d  because of e r e c t i o n  
d e s i g n   o r   o t h e r   c a u s e s .  For most   pract ical-purposes  s t r ip  l e n g t h s  
l a r g e r   t h e n  2 A  represent i n f i n i t e l y   l o n g  s t r ips .  

F igure  8 i s  a p l o t  of the r e f l e c t i o n  lQss v e r s u s  gap l eng th  
f o r  the one case of str ip length equa l  t o  7L . Aa expected, 
r e f l e c t i o n   l o s s   i n c r e a s e s  w i t h  gap   l eng th  w i t h  a dec rease  however 
toward a gap l eng th  equal  t o  A/2. 
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ffap Length, D 
(un i t s  of A )  

Figure 8. Reflection Loa8 versus ffap Length 
for S t r i p  Length h 
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3.4 The E q u i v a l e n t   C i r c u i t  of the  S h o r t  S t r i p  P l a n a r  ArraJr 

The effect of an element  o r  a p l a n a r  arrag i n  a microwave 
c i r c u i t   c a n  be deac r ibsd  by means of i t s  e q u i v a l e n t   c i r c u i t .  
However, the c i r c u i t   c a n  be d e r i v e d   o n l y   i n   c e r t a i n   s p e c i a l   c a s e a  
many of which a r e   g i v e n   t h r o u g h o u t  the l i t e r a t u r e  and i n   p a r t i c u l a r  
i n  the "Microwave  Handbook" . The p l a n a r   a r r a y  of the type 
d$8cu88ed i n  t h i a   a e c t i o n  i8 d i f f i c u l t   t o   a n a l y z e .   N e v e r t h e l e s s  
a q u a l i t a t i v e   e s t i m a t e  of the e q u i v a l e n t  c i r c u i t  can be g iven .  

The p l a n a r   a r r a y   c o n s i d e r e d  l a  the  one shown in Figure  5. 

8 

This i a  a n   a r r a y  which has  been  formed  from the  i n f i n i t e l y   l o n g  
a t r i p   a r r a y  with per iodic  gaps occur r ing   - i n   each   a t r ip .  The 
s t r i p a  ure of in f in i t e s ima l   t h i ckneas   and   t he re fo re   cou ld  be 
r ep resen ted  by an  impedance  ahunting the t r a n a m i s a i o n   l i n e   f o r  
the TEM mode i n  free space.  The strips- are perfect conductors  
and the ahunt  impedance l a  1 0 8 S h s 8 .  

One limiting ca8e of t h i s  problem ie t h a t   i n  which the number 
of strips per wavelength is 8 0  l a r g e   t h a t  one may t ake  the c i r c u i t  
t o  be e q u i v a l e n t   t o  the  c a p a c i t i v e  band of Case 2 i n  Appendix 11. 
The capac i t ance  is e s s e n t i a l l y   t h a t  duo t o  t h e  gaps between the 
bands,  The absence -of p o r t i o n s  of the  bands, i . e . ,  t h e  s e c t i o n s  of 
width a-d ' ,  might be eccoun ted   fo r  by m u l t i p l y i n g  the  capac i t ance  
of t h e  f u l l  bands by the r a t i o  of' the m i s s i n g   s e c t i o n s  of conductor  
a n d   a n   a d d i t i o n a l   f a c t o r   t o   a c c o u n t   f o r  t h e  r e s u l t a n t   f r i n g i n g  
f ie lds ,  a p e c i f i c a l l y  (dl/'a) (T ) .  

On the  other hand the long strips ( a s  the  o r i g i n a l  long i n d u c t i v e  
strips) r e p r e s e n t   a n   e q u i v a l e n t   i n d u c t a n c e  which i s  now changed 
becauaa of t h e  gaps  of length D. If t h e  inductance  per u n i t   l e n g t h  
remained  tho same, t hen  a c o r r e c t i v e   f a c t o r  (A-D)/A could  account  - 
f o r  the reduced   length  of conductor .  However, now because of the 
f i n i t e  length of strips, c u r r e n t 8  a t  the  ends  cause somewhat different 
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c u r r e n t   d i s t r i b u t i o n s   i n   e a c h   i s o l a t e d  s t r ip .  Therefore ,  a 

c o r r e c t i o n   f a c t o r  A-DT might  be used. 
A 

An i m p o r t a n t   c o n s i d e r a t i o n  i s  the q u e s t i o n   o f  how bo th  
capac i tance   and   inductance   can  be combined i n  t h e  shunt  impedance. 
One  way of c o n s i d e r i n g  this  is t o  examine the  subdivided  problem. 
This can   then  be connected w i t h  the d u a l   p r o b l e m   f o r  which a form 
of t h e  e q u i v a l e n t   c i r c u i t  i s  known. 

Each  of the  s e p a r a t e  s t r ips  may be i so l a t ed   f rom  one   ano the r  
by i n s e r t i n g   w a l l s   w h i c h  do n o t   a l t e r  the  problem. These a r e  
e l e c t r i c  w a l l s  p e r p e n d i c u l a r  t o  the i n c i d e n t   e l e c t r i c  f i e l d  
a n d   m a g n e t i c   w a l l s   p a r a l l e l   t o  t h e  e l ec t r i c  field. Figure 9 
i n d i c a t e s  t h i a  s u b d i v i s i o n  where these wal ls   have  been  chosen t o  
i s o l a t e   e a c h   i n d i v i d u a l  s tr ip i n  the c e n t e r  of the r e c t a n g u l a r  
guide  formed by the  w a l l s .  

The strip i n   e a c h  g u i d e  i s  a n  ir is .  The d u a l  of th is  problem 
is shown i n   F i g u r e   l o a ,  where E and H f i e l d s  have  been i n t e r -  
changed  and the i r i s  has  becQme a n   a p e r t u r e   i n  a c m d u c t i n g   p l a t e .  
The apor ture   p roblem of F igu re  10a has  n o t   b e e n   s o l v e d   f o r  the  
g e n e r a l   c a s e .  However, the e q u i v a l e n t  c i r c u i t  sugges ted  is a s  
shown i n  Figure  lob? which shows a shunt   e lement   o f   inductance  
a n d   c a p a c i t a n c e   i n   p a r a l l e l .   F u r t h e r m o r e ,  i t  has  been  found 
e m p i r i c a l l y   t h a t  t he  a p e r t u r e  is r e s o n a n t   f o r   s p e c i f i c   a p e r t u r e  
r a t i o s  and where the l 3 n g  dimension i s  approximate ly  half a 
wavelength,  

Return ing  t o  the a c t u a l   c i r c u i t ,  the e q u i v a l e n t   c i r c u i t  would 
be the d u a l  of the s h u n t   c i r c u i t   i n   F i g u r e  lob. This  i s  shown i n  
F igure  11. It is assumed t h a t  the  c o r r e c t e d   v a l u e s  of c a p a c i t a n c e  
and   i nduc tance   a s  described above  can be used a s  the c i r c u i t   e l e m e n t s .  
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Figure 9. Array with  Electric and Magnetic 
Walls Interposed 



-* inc ident  

a .  Dual Aperture t o   I r i a  of Figure 9 

b.  Equivalent   Circuit  

Figure 10 
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Figure 11. Pr-Opo8ed Equiva lent   C ircu i t  
for Short   S tr ip  Array6 



The c i r c u i t  of F igure  11 has  a normalized  impedance 

and the power r e f l e c t i o n   c o e f f i c i e n t  i s  g iven  by 

~ The r e s o n a n c e   i n  t h e  dual  c a s e   a t  t h e  iris l e n g t h  approximate ly  
~ h a l f  a wavelength now c o r r e s p o n d s   t o  the case BX "1 f o r  which 

lrl2 approaches 1. This should still be about  the s t r ip  
length A-D +E= WZ?. The value8 of the e l e m e n t s   a r e  

& 

C e r t a i n l y   t h e   r e s u l t  shows t h e   c o r r e c t   t y p e   o f   v a r i a t 3 . m .  Thus 
as  A become8 large and D sma l l ,  B i s  l a rge   and  the r e f l e c t i o n  
r e d u c e s   t o   t h a t  of the caae f o r  long  induct ive  wires. Similar 
r e s u l t s  hold f o r  t he  o the r   pa rame te r s ,  sc) t h a t  the d e c r e a s e  i n  
r e f l e c t i o n   a p p e a r s   s i m i l a r  t o  t h a t  i n  Figure 7. Computations f o r  
some cases with the  c o r r e c t i o n   f a c t o r s   e q u a l  t o  1 however i n d i c a t e  
t h e   r e s o n a n t   D o i n t s   c l o s e r  t a  A-D 2 &. A v a l u e  of q g r e a t e r   t h a n  
1 is r e q u i r e d  t o  b r i n g  t h i s  v a l u e  closer t o  h/2 .  Q u a l i t a t i v e l y  
this can r e p r e s e n t  the  e q u i v a l e n t   c i r c u i t .  
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SECTION 4 
Thermal  Radiation  from Dust D i s t r l b u t i o n s  

4 .1  The Dus twa l l   a s  a Thermal  Radiator 

Qne of' t he  p romis ing   app l i ca t ions  of t he  - d u s t   s p a c e   s t r u c t u r e  
concept  i 8  the u s e   o f   c i r c u l a t i n g  d u s t  s t r e a m s   a s   a n   e f f i c i e n t  
t h e r m a l   r a d i a t o r .  The general   concepts  have  been  examined  and 
ana lyzed   i n   Re fe rence  1. A number o f   po in t s   can  be l i s t ed  which 
make d u a t   p a r t i c l e s   s p e c i a 1 l . v   a d v a n t a g e o u s   a s  thermal r a d i a t o r s .  
These a r e  : 

1. Large   sur face  t o  mass r a t i o   f o r  t h e  r a d i a t o r  u n i t s ,  r e s u l t i n g  
i n  a low t o t a l   r a d i a t o r  sys t em mans 

2. Large space   v iew  fac tor  w i t h  e a c h   p a r t i c l e  of the  d u s t  
r a d i a t o r   r a d i a t i n g   e s s e n t i a l l y   t o   o u t e r   s p a c e ,  unshadowed 
by o t h e r   m a t e r i a l  

3. Choice of a r a d i a t o r   m a t e r i a l  is independent  of' the requi rements  
imposed f o r  a a o l i d   m a t e r i a l  wi th  s t r u c t u r a l   p r o b l e m s  

4.  Genera l   advantages  of dus t   s t ruc tu res - in   space ,   such  8 8  

freedom from meteoroid  damage,  etc.  

Thia   sec t ion   descr ibes   an   exper imenta l   measurement  of t he  
e f f e c t i v e n e s s  of r a d i a t i n g   d u s t   p a r t i c l e s  i n  a r e g i a n   s i m u l a t i n g  
space,  The d u a t   r a d i a t o r  i s  modeled by a s t ream of high- tempera ture  
d u a t   p a r t i c l e a  falling by g r a v i t y  from a n  oven.  Temperature 
measurements a r e  made b o t h   a t  the top  and bottom of t h e  p a r t i c l e  
drop  path  during  which the p a r t i c l e s   h a v e   r a d i a t e d   t o  cold blackened 
wa l l s .  The t empera ture   d i f fe rences   measured   agree  wi th  t h e  t h e o r e t i c a l  
ea t imates   accord ing  t o  r a d i a t i o n  theory .  For the  l e n g t h  of drop  
of 8 inchsa ,  the t empera tu re   d i f f e rence  was 4 0 ° C  f o r  p a r t i c l e s  
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i n i t i a l l y  a t  800°C.  The t h e o r e t i c a l   e s t i m a t e  was 80°C. T h i 8  
diacrepancy  can be exp la ined  a s  d u e   t o  a number of f a c t o r s  
which i n   r e a l i t y  would lower the t h e a r e t i c a l  value.  For example, 
the e m i a s i v i t y  of t h e  d u s t  p a r t i c l e s   u s e d  was t a k e n   a t  0.8 a s  
the  handbook  value a t  low tempera tures .  Other r e i c . r e n c e s   i n d i c a t e  
t h i s  can   change   grea t ly   and   g ive  a value between 0 , 4  and 0.6 "ver 
8 temperature   range  f rom room t empera ture  up to 1300°K. If the v a l u e  
0.6 were used t h e n   t h e   t h e o r e t i c a l  temperature d i f f e r e n c e  would be 
6 5 O C ,  a v a l u e   c l o s e r   t o  t he  measured  one. T h i s  is f u r t h e r   d i s c u s s e d  
i n   s e c t i o n  4.5. 

The fundamenta l   equa t ion  for t he  d u s t   r a d i a t o r  i s  that 
g i v i n g  the i n i t i a l  and f ina l   t empera tures  of r a d i a t i n g  d u s t .  T h i s  
was d e r i v e d   i n   R e f e r e n c e  1 and  can be given a s  

m 

where To i s  the  i n i t i a l   d u s t   t e m p e r a t u r e ,  Td t he  f i n a l   d u s t  
t empera ture ,  d the  t o t a l   p a t h   l e n g t h ,  and & a parameter  
d e p e n d i n g   o n   p a r t i c l e   p r o p e r t i e s   a n d  the r a d i a t i v e   c o n d i t i o n s .  
The parameter  01 i s  g i v e n  by 

m c  v P 

where A, is t h e  p a r t i c l e   s u r f a c e   a r e &  the d u s t  p a r t i c l e  
m a t e r i a l   s p e c i f i c   h e a t ,  m i t s  mass, E the e m i s s i v i t y ,  6 the 
Stefan   Bol tzmann  cons tan t ,  v the p a r t i c l e   v e l o c i t y ,   a n d  Vf the 

been   d i scussed  i n  the p r e v i o u s l y  m e n t i m e d  Reference 1. T h i s  

3 

' v i e w   f a c t o r .  The optimum d e s i g n  for t he  r a d i a t o r   p a r a m e t e r s   h a s  

' r e l a t i o n s h i p  becomes t h e  b a s i c   e q u a t i o n   g o v e r n i n g   d u s t   r a d i a t o r  
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performance. The t o t a l   h e a t   r a d i a t e d  per gram of d u s t  i s  g iven  
by cp AT where AT i s  the t empera tu re   d i f f e rence   acco rd ing  
t o  the above  equa  t lon,  i , e . ,  A T  = Td-To. 

The experiments  which are deacr ibad  here a r e   d e a i g n e d   t o  
de te rmine  the i m p o r t a n t   f a c t o r  A T ,  v e r i f y i n g  the g e n e r a l  
r e a u l t   g i v e n  by t h i s  fundamen ta l   equa t ion   t o   w i th in  the experi- 
m e n t a l   e r r o r .  From t h e  experimenta   one  can  therefore   conclude 
t h a t  t he  d u s t   r a d i a t o r   c o n c e p t  i s  v e r i f i e d .  

I n  add i t ion ,   expe r imen t s  were conducte-d t a   d e t e r m i n e  the 
e f f e c t i v e   t h e r m a l   c o n d u c t i v i t y  of the  d u a t   i n   o r d e r  t o  a i d  i n  the 
des ign  or a duat  oven.  Because of t he  amal l  c o n t a c t   a r e a  from 
p a r t i c l e   t o   p a r t i c l e ,  t he  thermal   Conduct iv i ty  of a p i l e  of d u s t  
p a r t i c l e s   c a n  be much s m a l l e r   t h a n   t h a t  for  the b u l k  m a t e r i a l .  
Tbe c o n t a c t  area v a r i e s  w i t h  t h e  Porca  holding t h e  p a r t i c l e s  
t o g e t h e r ,  the e l a s t i c   p r o p e r t i e s   o f  t h e  p a r t i c l e s ,   a n d  the i r  
shape.  Dependent  upon these q u a n t i t i e e ,  the e f f e c t i v e   c o n d u c t i v i t y  
of a p i l e  o f   d u s t   p a r t i c l e s  may be reduced one o r  mare o r d e r s  of 
magnitude Prom t h a t  ror the b u l k  m a t e r i a l .  The experiments  
conducted ahowed t h a t  the spec i f ic  p a r t i c l e s  considered here had 
a r e d u c t i o n  f a c t o r  which waa about  20. T h i e   f a c t o r   i n c l u d e a  t h e  
effect  of t r ans fe r   o f   hea t   t h rough   phys i ca l   con tac t ,  a s  well a s  
r ad ia t ion   ac ross   gap8   be tween   pa r t i c l e s .  
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4.2  The Te,st Radiator   Experiment  

The purpose  of t h e  experiment  is t o  modal a r a d i a t o r   d e v i c e  
wi th  a high-temperature   duat   s t ream  moving  through a r e g i o n  
s imulat ing  deep  space,   and  to   measure i t s  t h e r m a l   r a d i a t i o n .  

The d u a t  is h e a t e d   i n   a n  oven s p e c i f i c a l l y   d e s i g n e d   a n d  
b u i l t  t o  o p e r a t e   w i t h i n  a vacuum envelope  and t o  h e a t   d u s t   f l o w i n g  
cont inuous ly   th rough i t .  A t  a t empera ture  of about  1000°C the 
p a r t i c l e s   a r e  emitted from the oven e x i t  p o r t .   F a l l i n g   u n d e r  
g r a v i t y ,  the p a r t i c l e s   f o r m  a d u s t   s t r e a m  which is surrounded by 
a b lackened ,   cooled   cy l inder .  A t  t he  end of i t s  fall, the m a t e r i a l  
i s  r e c e i v e d  by a c o l l e c t o r .   F i g u r e  12 shows a schematic  view of 
this system. The impor tan t   parameter   to   measure  is the  d i f f e r e n c e  
i n   d u a t   s t r e a m   t e m p e r a t u r e   a t   e m i s s i o n   f r o m   t h a t   a t  i t s  e n t r y   t o  
the  c o l l e c t o r ,  a 8  a f u n c t i o n  of t he  t 9 t a l   p a t h   l e n g t h   d u r i n g  
which r a d i a t i o n   o c c u r s .  The e x p e r i m e n t   i a   p e r f o r m e d   i n  vacuum of 
a b o u t   t o r r   a t  which p r e s s u r e s ,   g a s   t h e r m a l   c o n d u c t i v i t y ,  
pa r t i c l e   ox ida t ion ,   w indage ,   and   a l r   r e s i s t ance   a r e   no t   p rob lems .  
The o v e r a l l  vacuum envelope is a glass b e l l  jar, 18 i n c h e s  i n  
d iameter .  The m a t e r i a l  used throughout  most of t h e  exper iments  
was g r a p h i t e  powder, which v a r i e d   i n   s i z e  from 50 microns t o  
about  200 micrgns.  

Dust temperature  measurement was  made by u s i n g  twa o p t i c a l  
pyrometer strips b u i l t   d i r e c t l y   i n t o  t h e  system i t s e l f ,  a t  the  
top  and  bottom of the d u s t  drop space.  These strips were hea ted  
by p a s s i n g   e l e c t r i c   c u r r e n t   t h r o u g h  them u n t f l  the r e s u l t a n t  
co lor   matched   tha t  of the  h o t   d u s t   p a s s i n g  before them. A t  t h i s  
tempera ture ,  the d u s t  p a r t i c l e s  were not v i s i b l e   a g a i n s t  t h e  
background of the pyrometer str ips.  The pyrometer   temperature  
i t se l f  was measured with smal l   thermocouple   l eads   a t tached  
d i r e c t l y   t o  the strips. 
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Figure 12. Schematic Duat Oven-Radiator System 
(Entire  System  Encloaed  Within Vacuum Envelope) 
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4 .3  Range of Parameters  of the  Tes t   Rad ia to r  

The d e s i g n  of the system d e p e n d s   c r i t i c a l l y   o n  the range of 
parameters  t o  be expec ted ,  These parameters  a r e  the  q u a n t i t i e s  
i n  the  e q u a t i o n  f o r  the d u s t  t e m p e r a t u r e   a s   g i v e n   i n   S e c t i o n  4 .1 .  
That   equa t ion  i a  based  on a number of assumptions which should  
be n o t e d .   I n   a d d i t i o n  the  choice  of the c o n s t a n t s   i n v o l v e   c e r t a i n  
approxima  t ions a s  we 11. 

F i r s t ,  t he  pa r t i c l e   ve loc i ty   has   baen   a s sumed   t o  be cofis tant  
d u r i n g  the r a d i a t i m   p a t h .  This  would be t r u e   i n  a space  s y s t e m  
b u t  i s  n o t  so i n  t he  l abora to ry   expe r imen t  a s  des igned .  For t h i s  
case ,  v has   been   t aken   a s  the ave rage   ve loc i ty   ove r  t h e  t o t a l  
path.  

A second  assumption  involves  t h e  v a l u e   s e l e c t e d  f o r  t he  
e m i s s i v i t y  of t h e  p a r t i c l e s ,   t a k e n  t o  be t h a t  f o r  the  b u l k   m a t e r i a l .  
T h i s  assume8 the m a t e r i a l   t o  be opaque.  However, if the  p a r t i c l e  
size becomes small   enough, and e s p c i a l l y   i n  t h e  case of non-metals 
for   which the  abso rp tance  may n o t  be h igh ,  t h e  t r a n s m i t t a n c e  
becomes  important.  Normally t h e  emi t t ance  f o r  a n y   m a t e r i a l   h a s  
a v a l u e   d i f f e r e n t   f r o m   t h a t  f o r  a b l a c k   b d y   d u e   t o  the s u r f a c e  
r e f l e c t a n c e .  Thus   t he  r e l a t i o n s h i p  % R = 1  holds for opaque 
bodies  where E i s  the emi t tance   and  R t he  r e f l e c t a n c e .  With 
n o n - o p a q u e   b o d i e s   ( t h o s e   s u f f i c i e n t l y   t h i n   t o   t r a n s m i t  some of 
the energy)  t h e  r e l a t i o n s h i p  i s  E+R+T=l  where T i s  the  
t r a n s m i t t a n c e .  Thus E in t h i s  case  becomes s m a l l e r   t h a n   t h a t  
f o r  an  opaque body. A p a r t i c l e  of' micron size range  may be smal l  
enough t o  have  an e f f e c t i v e  emi t t ance  less t h a n   t h a t  for t h o  bu lk  
m a t e r i a l .  Use of the  opaque   ma te r i a l   e r t i t t ance   va lue  i n  the 
-equat ions t h e r e f w e  w i l l  p r ed ic t  a higher  t e m p e r a t u r e   d i f f e r e n c e  
than  may a c t u a l l y  be t h e  case .  
a 
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The va lue   o f  t he  v i ew  f ac to r  V f  can be t a k e n   a s  1. Except 
for  ex t remely  h igh  d u s t   d e n s i t i e s ,   w h i c h   a r e   n o t  of i n t e r e s t  here, 
computat ions  can show t h a t  t h i s  f a c t o r  i s  u n i t y .  

Tho s t a n d a r d   p a r t i c l e  here i s  t o  be cons idered  a sphere for 
which t h e  area  and  mass per p a r t i c l e   c a n  be determined.  However, 
i n  m o s t   c a s e s   d u s t   p a r t i c l e s   a r e   f o u n d   t o  be d i s c s  o r  p l a t e l e t s  of 
i r r e g u l a r   s h a p e  w i t h  a l a r g e r   s u r f a c e   a r e a   t o  mass r a t i o   t h a n  the 
sphere. 

The d e r i v a t i o n  or t h e   e q u a t i o n   f o r  the f i n a l   t e m p e r a t u r e  Td 
riasumes t h o   d u s t   t o  be r a d i a t i n g   t o  a 0" K environment   f rom  an 
i n i t i a l l y   h i g h   t e m p e r a t u r e   r a n g e .   E x a c t   c a l c u l a t i a n s  show t h a t   f o r  
the  parameters  of i n t e r e s t ,   s a y  where To = 1000°C, a n   e r r o r  of less 
than  5% r e s u l t s   b e t w e e n  0°K and a background of r m m  tempera ture .  
With these c o n s i d e r a t i o n s   i n  mind,  the.  temperature Td ha8  been 
computed f o r  a number of ca - ses   pe r t inen t   t o  the l a b o r a t o r y  t e s t .  
This I s  shown i n  the  graph  of F igure  13,  which  shows  temperature 
d i f f e r e n c e   v e r s u s   s p h e r i c a l   p a r t i c l e  d i a m e t e r  for i n i t i a l   t e m p e r a t u r e 8  
of 8OO0C and 1000°C. Here the  v e l o c i t y  v is chosen   a s  2/3 6 
where g i s  t h e  a c c e l e r a t i o n   d u e  ts g r a v i t y  and d the t o t a l  
r a d i a t i v e   p a t h   l e n g t h ,   c o r r e s p o n d i n g   t o  the a v e r a g e   v e l o c i t y  w i t h  a n  
i n i t i a l   z e r o   v e l o c i t y  on  emergence f r g m  t h e  Dvcn. For d =20  cm, 
a s  i s  the c a s e   i n  the experiment ,  v r l 3 0  c m / m  Table  4 l i s t s  
the pa r t i c l e   pa rame te r s   chosen .  

Table  4 
Parameters  f o r  Dust  -Radiator  Experiment 

Mate r i a l :  Powdered  Graphite 
Diameter: 50 t o  200 microns 
Spec i f i c   Hea t ;  c .25 a t  lOOoC, .45 a t  1000°C (cal/gm OC> 
Emiss iv i ty ,  E = 8:8 
Bulk   Mater ia l   Dens i ty ,  9 2.25 gm/crn3 
V i e w  Fac to r ,  Vf = 1 
Total   Path  Length,  d = 20 c m  

h 

* 
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Thermal Radiation versus 

Particle   Diameter 

53 



These v a l u e s   l e a d  t o  a parameter   va lue  O(d 7 1.0 x LOI??,!(”K) 3 
for a p a r t i c l e   d i a m e t e r  o f  10 microns up t-o a va lue  of 1.0 x 10‘ /( K )  
a t  a p a r t i c l e   d i a m e t e r  of 100 microns.  

10 o 3 

It can be s e e n   t h a n   t h a t  t h e  expec ted   t empera ture   d i f fe rence  
would be of the  order of 1 0 0 ° C  f o r  p a r t i c l e s   i n  the  100 mic rm  r ange .  
The experiments  described i n  t h i s  s e c t i o n  were designed  to   measure 
t h i s  t empera tu re   d i f f e rence .  
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4 . 4  He8 tins: of Dust i n  a Vacuum Oven 

One of t he  impor tan t   parameters  f o r  t h e  d e s i g n   o f  a vacuum 
dus t   oven  i s  the e f f e c t i v e   t h e r m a l   t r a n s f e r  f o r  c o l l e c t i v e   d u s t  
p a r t i c l e s   i n   c o n t a c t .  Here on ly  two  mechanisms may be of 
importance)  d i r e c t  thermal   conduct iv i ty   th rough the s m a l l  p a r t i c l e  
c o n t a c t s  or r ad ia t ion   ac ross   open   gaps   f rom  one   pa r t i c l e   t o  its 
v i s i b l e   n e i g h b o r s .  The quest ion  of   which  of  these two competing 
p rocesses  i s  the major   one  depends  upon  such  factors   as   local  
a v e r a g e   p a r t i c l e   t e m p e r a t u r e s ,   b u l k   m a t e r i a l  prqperties such  a s  
conduc t iv i ty   and   emi t t ance ,   a s  well as  the a r e a s   i n v o l v e d   i n   e a c h  
case .  An e s t i m a t e  of t h e  r e l a t i v e   i m p o r t a m e   c a n  be made a s  rollqws: 

If one  asaumes  that  the tempera ture   d i f fe rence   be tween 
n e i g h b o r i n g   p a r t i c l e s  is n o t   l a r g e ,  a s  wcruld a c t u a l l y  be the case ,  
t hen  the r a d i a t i o n   e x p r e s s i o n   c a n  be l i n e a r i z e d  s 3  t h a t  the thermal  
f l u x   d u e  t o  r a d i a t i o n  w i l l  be 5.5 x EArTz AT c a l / s e c  where 
T, i s  the   average   t empera ture ,  A, the  e f f e c t i v e   r a d i a t i n g   a r e a ,  
and AT the  t e m p e r a t u r e   d i f f e r e n c e  of the p a r t i c l e s   i n v o l v e d .  

On the other   hand,  the h e a t  f l u x  by d i r e c t  conduc t ion   ac ross  
the s m a l l   c o n t a c t   a r e a   b e t w e e n   n e i g h b o r i n g   p a r t i c l e s  is g i v e n  by 
2Ka  AT ca l / s ec  where K is thermal   bu lk   conduct iv i ty   and  a 
the r a d i u a   o f  the  c o n t a c t   a r e a -  This  i s  der ived  assuming the  c o n t a c t  
a r e a  i s  so sma l l   t ha t   one  may compute t h e  t h e r m a l   r e s i s t a n c e   a s   t h a t  
d u e   t o  the t r a n s f e r  frm o n e   s e m i - i n f i n i t e  body i n t o   a n o t h e r   t h r o u g h  
a common c i r c u l a r   a r e a  of r a d i u s  8 .  As a rough  es t imate ,   assume 
the c o n t a c t   a r e a   i a   a p p r o x i m a t e l y  1/100 the  p a r t i c l e   a r e e .  Using 
the  parameters  of Table 4 f o r   g r a p h i t e ,   a n d  f o r  which K z.012 
c a l  cm/sec OC, t h e n  the  r a t i o  of t h e  r a d i a t i o n   f l u x  Fr t o  the 
conduc t ion   f l ux  Fk i s  
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For a 50 micron   d i ame te r   pa r t i c l e ,   f o r   wh ich  A, 8 x c m  2 
and for  the ca8e  choaen a 2 5 x 10' cm, then  4 

*r 
" - 3 x 10-3 T? 
*k 

Thus e v e n   f o r  room temperature8 the r a d i a t i o n   f l u x   i a  much 
l a r g e r   t n a n  the conduct ion  f low.  

Nevertheleas ,   no matter which  mechanism is the impor tan t  
one, since l a y e r s  of n e i g h b o r i n g   p a r t i c l e s  will be c l o s e   i n  
tempera ture ,  both mechanism8 resu l t  i n  a llux p r o p o r t i o n a l   t o  
the t empera tu re   d i f f e rence   be tween   ne ighbor ing   l aye r s  of 
p a r t i c l e a .  We may t hen  define a n   o v e r a l l   e f f e c t i v e   t h e r m a l  
c o n d u c t i v i t y   f a c t o r  T , 8Uch t h a t  t he  f l u x  is g i v e n  by T A T .  

An experimental   oven was cnnstructcd  and the  e f f e c t i v e  
p a r t i c l e   c o n d u c t i v i t y  was determined wi th  i t s  use. Figure 1 4  
ahowa 8 diagram of the  oven. T h i s  oven, a s  well 8 8  the  oven used 
f o r  the r a d i a t i o n  test ,  waa made w i t h  a machinable  ceramic,   an 
a l u m i n o - s i l i c a t e  which can  be hardened by f i r i n g  w i t h  a p r e s c r i b e d  
h e a t   ~ r o c e 8 8 .  The r a d i a t i o n  tes t  Oven i s  shawn i n  Figure 15. 

* 

A charge of 3 grama of g r a p h i t e  powder f i l l e d  the inner  cup. 
Thermocouples  placed a s  shown monitored t h e  powder temperature  
a t  t h e  c e n t e r   a n d   a t  the o u t e r  edge. With the hea ter   cup  kept  
a t  1000" C y  the t empera tu re   i nc rease  of the d u s t  was n o t e d   f o r  
approximately 30 m i n u t e s .  Table  5 g i v e s  t h e  measured  values of 
the  dus t   t empera turea  a s  well a s  the r a t i o  far the two p o a i t i o n e .  

* Aremcolox  grade 502-1100, Aremco Products ,  Inc .  

56 



LEGEND 
graphite  powder 
heat  shield thermocouple 
heating f i l ament ,  10-mil tungsten 
outer  heat s h i e l d  
center  heat a h i s l d  
inner h e a t   s h i e l d  

B 
9 
10 
11 
12 

6hield aupports 
powder tharmoc3uplea 
f i lament thermocouple 
inner  ceramic cup 
outer  ceramic cup 
Alundum powder 

Figure 14. Croaa S e c t i o n  Through Oven Used for 
Determining Heat Transfer in S t a t i c  Pi le  

of Graphite P a r t i c l e a  in Vacuum 

(~imensions on following page) 
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DIMENSIONS 

Inne r  Cup: 
overcall height 
inirlde height 
ou t s ide   d i ame te r  
wa l l   t h i ckness  
f i lament   windings 

Outer Cup: 
o v e r a l l  height 
outa ide   d iameter  
w a l l  th ickneaa  

Inner  Heat Shield: 
ou t s ide   d i ame te r  
he ight  
m a t e r i a l  

Center  Heat Shield:  
ou ta ide   d iameter  
height 
material 

Outer  Heat Shield:  
outside diameter  
height  
m a t e r i a l  

1.06 '' ~ 

I935" 
.985" 
1/16" 
22 turn8 per inch 
20 loopn t o t a l  

1.31" 
1.37" 
1/16 

1-7/811 
2 " 
a t a i n l e a a   a t e e l ,  type 302, 5 m i l a   t h i c k  

2-3/8:: 
2- 1/2 
a t e i n l e a a   a t e e l ,  t ype  302, 5 ails thick 

2 - 7/8" 
3 t1 

e t a i n l e a a  steel, type 302, 5 m i l a  t h i ck  

Figure 14. (Continued) 
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LEGEND 
1 feed f u n n e l  
2 outer s h i e l d  
3 c e n t e r  s h i e l d  
4 i n n e r  shield 
5 p a r a l l e l   h e a t e r   w i n d i n g s  
6 mte r  ceramic tuba  

~~ 

7 i n n e r  m e n )  ceramic   tube  
8 i n n e r  oven) thermocouple 
9 outer I s h i e l d )  thermocQuplt  

10 ceramic   spacers  
11 o u t p u t   p o r t  
12 n i c k e l   r i n g  and  power 

13 vibrators  
connect ion  to windings 

Figure 15. Longi tudina l   Cross  S e c t i m  Through 
"_I 

Dust i i ad ia tor  System Oven 
-" 

(dimensions  on following page)  
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DImNSIONS 

Inne r  Ceramic Oven Tube: 
i n s i d e   d i a m e t e r  .770" 
o u t s i d e  di-ame ter .875" 
o v e r a l l   l e n g t h  6-  5/8" 
h e a t e r  winding l e n g t h  5-1/4" 

Outer  Ceramic Tube: 
i n s i d e   d i a m e t e r  1.085" 
ou ta ide   d i ame te r  1.2" 
o v e r a l l  length 6 '' 

I n n e r  S h i e l d :  
diame t a r  1.3" 

Canter  S h i e l d  : 
diama t e r  1.57" 

Outer  Shield: 
diameter  

F igure  15. (Continued) 
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Table  5 
TemDeratures  Measured i n  Heat   Transfer  Test  

f o r   G r a D h i t e  Fowder 

Time Center  TemDera t u r e  
of Temperature  Temperature 

Hea tine; a t  Edge a t   C e n t e r  

3 
10 
15 
20 
30 

440 
760 
880 
950 
1010 

Edge Tempers t u r e  

,865 
905 
.g10 
935 
933 

If one   cons i ae r s  a c y l i n d e r  whose outer edge i s  kep t  a t  
cons t an t   t empera tu re  ( e . g .  t h e  1 0 0 0 ° C  of the ceramic  cup)  and 
the i n i t i a l   t e m p e r a t u r e  of the  c y l i n d e r  of d u s t  i s  zero, t hen  
the s o l u t i o n  of t h e  conduct ion  problem  through the d u s t   c y l i n d e r  
can be g i v e n   i n  terms of 8 parameter  (K/.Pcp) ( t /a*)  where 
K is the e f f e c t i v e   t h e r m a l   c o n d u c t i v i t y  of t h e  d u s t   c y l i n d e r ,  9 
i t s  d e n s i t y ,  cp the  s p e c i f i c   h e a t ,  a the  c y l i n d e r   r a d i u s ,   a n d  
t t h e  time.". Here the c o n d u c t i v i t y  w i l l  be t h e  linear 
p r o p o r t l o n a l i t y   f a c t o r  7- which accounts  f o r  both c o n t a c t  
c o n d u c t i v i t y   a n d   r a d i a t i o n  f r m  p a r t i c l e   t o   p a r t i c l e   a s  well a s  
conduc t iv i ty   t h rough  the p a r t i c l e  i t s e l f .  The s lnlut ion i s  g iven  
i n   g r a p h i c a l   f o r m  by Carslaw  and Jaeger, page 200. From t h a t   c h a r t  
the  v a l u e s  of d i r f u s i v i t y  % =  K/gcp can be fmnct   f rom  which one 
c81 compute the q u a n t i t y  K o r   a s  i t  would be used here, 7- . T h i s  
i s  g i v e n   i n   T a b l e  6. 
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Table 6 
Di f fus iv i ty   and   Conduc t iv i ty  a s  Determined 

from  Carslaw  and  Jaeger 
I 

- - 

t kt 
"7 Imin> 

x K =  T 
cm c a l  cm 

see cm2 sec " c  

2 - 

3 
10 
15 
20 
30 

45 .0025 .0005 
50 .0008 .00014 
52 .00058 . 0001 
54 .0004 8 . O O O l  
54 .0003 .00005 

The handbook va lue  f o r  bulk   thermal   conduct iv i ty  of g r a p h i t e  
i s  g i v e n   a s  . O 1 2  cal cm/cm sec "C a t  room temperature .  Here 
the f i r s t  e n t r y  in the  t a b l e  would g i v e  a v a l u e  of 7 a t  1/20 
t o  1/100 t h a t   f o r  the bu lk  ma t e r l a l .   T h i s   v a l u e   c a n   t h e n  be 
used i n  the design of t h e  oven f o r  s t a t i c   p a r t i c l e s ,   r e p l a c i n g  
t h e   d u s t  wi th  a n   e q u i v a l e n t   m a t e r i a l  w i t h  t h i s  conduc t iv i ty .  It 
should be n o t e d   t h a t   r o u g h   t h e o r e t i c a l   e s t i m a t e s  of d u s t  con- 
d u c t i v i t y   f o r   c o n d u c t i o n   a l o n e  would g i v e  a va lue  of the  o r d e r  
1/100 the bulk   va lue  f o r  t h i s  case .  A d i s c u s s i o n  of t h e  r e d u c t i o n  
of c o n d u c t i v i t y   d u e   t o   p a r t i c l e   c o n t a c t  is g i v e n   i n   A p p e n d i x I I I .  

2 

If' r a d i a t i o n  i s  the main  mechanism of hea t   t r ans fe r   be tween  
p a r t i c l e s ,  t h e  f a c t o r  7 should  vary  as   temperature   cubed.  From 
the lowes t   t empera tu re   t o  t h e  h ighes t  noted, t h i s  i s  a f a c t o r   o f  
s i x .  However, the  exper imenta l ly-de termined   fac tor  seems t o   d e c r e a s e  
by a f a c t o r  of' f i v e .  T h i s  may be due t o  the dec rease   i n   t he rma l  
conduc t iv i ty  of the  b u l k   m a t e r i a l  which a l a o  a f f e c t s  t he  o v e r a l l  . 
p r o p o r t i o n a l i t y   c m s t a n t  7" . 
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4.5 The  Experimental   Radiator  System and Results 

As d e s c r i b e d   i n   S e c t i o n  4.2,  the  d u s t  r ad ia to r   was   8 in ;u l a t ed  
by a model i n  which  powdered  material  was heated   and   subsequent ly  
dropped   by   g rav i ty   th rough 8 space-s imula t ing   reg ion .  The o v e r a l l  
sys tem  has  been shown i n   F i g u r e  12. 

The  oven i s  a tubu la r   ce ramic   ves se l  made gf two c o a x i a l  
c y l i n d e r s  w i t h  three s t a i n l e s s  steel  h e a t  shields.  This i s  shown 
i n  FJgures 15, 16A, 16B and 16c. Dus t   f l ows   i n tg  t h e  i n n e r  
c y l i n d e r   a t   o n e  end and out i t s  oppgs i t e   end .   Th i s  flow is br2ught  
about  by v i b r a t i o n   a n d   g r a v i t y ,  w i t h  the oven  positiQrned a t  10' t a  
20° with r e s p e c t  to the h g r i z m t a l .  

The o u t e r   s u r f a c e   o f  the i n n e r   c y l i n d e r  i s  wound w i t h  5 p a r a l l e l  
raws of 1 0 - m i l  t u r g s t e n  wire, 4 t u r n s  p e r  i n c h ,   e a c h   l a i d   i n  a 
groove  machined i n  the c y l i n d e r  ~ sur face   and  h e l d  i n   p l a c e  by a 
t h e r m a l l y - c o n d u c t i v e   c e m e r , t .   T h e   t o t a l   h e a t e r   r e s i s t a n c e  was .32 
ohm a t  room  temperature  and 3.2 ohms a t  the h igh  1000°C t empera ture .  

The  oven was brought  up to t empera ture  w i t h  nc) dust f low,  
a f t e r   w h i c h   t h e   m a t e r i a l  was forced   th rgugh a t  a r a t e  of .2 gram/sec. 
The total powder  charge he ld  i n  t h e  r e s e r v q i r  :..as 80 grams. Oven 
input   remained a t  300 watts d u r i n g  the d u s t  flow. The t o t a l   l e n g t h  
of the oven i s  6 inckes .  T h i s  i s  adequate  to b r i n g  the  d u s t  a t  
the g iven  flow rate t o  a n  e x i t  tempera  turf?  abQve 800°C. 

Upon d e p a r t u r e  f r c J m  t he  oven, the mater ia l   formed a r e c t a n g u l a r  
s t ream  approximate ly  1/4 i nch  by 3/4 inch   and  f e l l  a d i s t a n c e   o f  
25 cm to t h e  col lectgr .  A t  a n  i n t e r v a l   s p a c i n g  of 20 c m  a l m g  
t h i s  p a t h  the o p t i c a l   p y r o m e t e r  str ips measured d u s t  tempera t w e .  
These   a re  well-oxidized Richrome  res i s tance  s t r ips  w h D s e  emi t t ance  
would be 0.8, the same a s   g r a p h i t e .  
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Figure 1 6 ~ .  Upper: Inner  Ceramic Oven Tube 
Lswer: Cuter  Ceramic Tube 

Figure  16~. Inner  and  Outer  Ceramic Tubes Assembled 
Winding and oven  thermacauple l e a d  wires 

can be seen. 
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Figure 16c. ~ Output End of Oven Shown With 
End Shie ld  Caps Removed 

The three h e a t  shields with ceramic s p a c e r s  
and the  two inner concent r ic   ceramic  
cylinders can be seen. One of the winding 
l e a d s  protrudes. 
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Figure  17 show-s the oven i n   p o s i t i o n  and  one of t he  py r3mete r  
strips below i t .  The r e se rvo i r   t ube   and  t h e  funne l   l ead ing   f rom 
i t  i n t o  t h e  oven can a l s o  be seen. Figure 18 shows the b r i g h t - h o t  
d u s t   s t r e a m   a s  i t  passes  the op t i ca l   py r3mete r .  

Dust   temperatures  were measured  repeatedly  for  t he  g r a p h i t e  
powder.  Table 7 g i v e s  the  r e s u l t s   f o r   s e v e r a l  of the  run8. 

Table  7 

Temperature  Readings f'w Severa l   Graph i t e  Powder Drops 

Upper Pyrometer  Lower Pyrometer  Temperature 
Dif fe rence  

(OC> ( " c )  
To-Td 
P C >  

760 
775 
84 0 

4 0  
50 
60 

8 ize  d i s t r i b u t i o n  of t h e  g r a p h i t e   p a r t i c l e s   u s e d   i n  t h e  
experiments  is g i v e n   i n   T a b l e  8. 

Table 8 
Size D i s t r i b u t i o n  of' Powdered G r a p h i t e   P a r t i c l e s  

Used i n  t h e  Experiments 
Diameter 

S i z e  Range 
(microns) 

Average Ra tfo T h e o r e t i c a l  
Diameter by Tempera ture 

(microns) Weight D i f f e rence  
(To = 8000 C) 

205 .02 0 
158 
122 
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Figure  17. The  Hadia t o r  System 

This view shows the s h i e l d e d  m e n ,  i npu t   funne l ,  
feed r c s c r v o l r ,   e l e c t r i c a l   c D n n e c t i o r i s ,  and 
supports. An o p t i c a l  pyrometer a t  red hea t   can  
be seen in f r o n t  of the b l a c k  rectangle a t  center. 
The vacuum envelope has  been removed. 
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Figure 18. The Dust Stream Passing t he  
Upper O p t i c a l  Pyrometer S t r i p  

The lower pyrometer a t r i p  can a l s o  be seen 
b u t  this exposure was too a h o r t  for d u a t  to 
be seen a t  t h a t  l eve l .  

. 
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A weighted average  of the expec ted   tempera ture  would be about  
7 9 O C  i f  800°C is the  i n i t i a l   d u s t   t e m p e r a t u r e .  The measured 
va lue  was 4OoC. T h i s  d i sc repancy  may be d u e   t o  two impor t an t  
f a c t o r s :   F i r s t ,  the  e x a c t   v a l u e  of e m i s s i v i t y  is n o t  known b u t   h a s  
been  taken  from the  handbook  values.  However, other pub l i shed  
d a t a  l2 shows v a l u e s  of t o t a l   e m i s s i v i t y   f o r   g r a p h i t e  between 
300°K and 14OO0K t o  be .4 t o  .6. If t h i s  l D w e r  va lue  of 
e m i s s i v i t y  were t r u e ,   t h e n  the t h e o r e t i c a l   d i f f e r e n c e   t e m p e r a t u r e  
should be lower than  t h e  8OoC. It should  be n o t e d   t h a t   s i n c e  the  
t empera tu re   va r i ed   ove r  a smal l  range  the e m i s s i v i t y  would be 
f a i r l y   c o n s t a n t   a n d  the  measured d i f f e r e n c e  would be independent  
of the e m i s s i v i t y .  A va lue  of e m i s s i v i t y  of 0.6 would t h e o r e t i c a l l y  
reduce  the  80' t o  65O. 

A s e c o n d   f a c t o r  which would  lower t h e  t e m p e r a t u r e   d i f f e r e n c e  
is the a c t u a l   t r a n s i t  time d u r i n g   r a d i a t i o n .  For the purpose of 
c a l c u l a t i o n s  t h i s  i s  t a k e n   a s   c o r r e s p o n d i n g  t o  the a v e r a g e   v e l o c i t y  
i n  f a l l i n g   u n d e r   g r a v i t y   s t a r t i n g   f r o m  rest. I n  the experiment ,  
o n   e d e c t i o n  of p a r t i c l e s   f r o m  the o v e n ,   a n   i n i t i a l   p a r t i c l e   v e l o c i t y  
was r e q u i r e d ,   r e d u c i n g  the t r a n s i t  time and the amount of' r a d i a t i o n .  

I t  i s  e v i d e n t   t h a t   w i t h i n  the range  of the known parameters  
the e x p e r i m e n t   a g r e e s   f a i r l y  well w i t h  theo ry .  
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Embedded i n  a D i e l e c t r i c  Medium 

The   re la t ionship   be tween the e q u i v a l e n t  d i e l ec t r i c  c o n s t a n t  
f o r  the d u s t   d i e t r i b u t i o n  embedded i n  8 d i e l e c t r i c  medium can be 
d e r i v e d  a 8  followa. Let € be the  medium d i e l e c t r i c  cona tan t ,  
E the e lec t r ic  f ie ld ,  P the p o l a r i z a t i o n ,   a n d  E' t h e  e f f e c t i v e  
f ie ld  a c t i n g   o n  a amall elemental   volume  eurrounded by a31 t he  
o t h e r   d i p o l e s .  If N W  is the  d u s t   d i p o l e   p o l a r i z a b i l i t y  per 
unit volume,  one  can write fo r  the t o t a l   p o l a r i z a t i o n  

= 'dielectric + 'duat 

But E' can a l s o  be written 8 8  

E l i m i n a t i n g  E' Prom the two e q u a t i o n s   g i v e s  

P = E  

tz -1 
4 n  

N M  + - 
1" 4 A  NO( 

3 

The new d i e l e c t r i c   c o n a t a n t  e' i s  g iven  by 
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a n  
€+--NIX 

6' z 3 

But Dr as  given here i a  the p o l a r i z a b i l i t y  of 8 particle embedded 
in the d i e l e c t r i c  of the c a r r i e r  medium. Thus & = E 8 where 
a i s  the radius of the s p h e r i c a l   p a r t i c l e .  Inse r t ing  t h i s  in 
the formula above gives the f i n a l  r e s u l t  

1 - - Na3e  4 l r  
3 

. 
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APPENDIX I1 
The E q u i v a l e n t   C i r c u i t  of Induct ive   and  

Capac i t ive  Long S t r i p  Arrays 

The e q u i v a l e n t   c i r c u i t 8  for  p e r i o d i c   a r r a y a   o f  p a r a l l e l  
conductor8  have  been given i n  tka Waveguide  Handbook. Two c88eB 
f o r   i n f i n i t e l y   t h i n  strips a r e   p r e s e n t e d  here. 

a .  The Induct ive   Case  

Thia i s  t he  aB8e of a t r i p s  p a r a l l e l  t o  the i n c i d e n t  E F i e l d  
88 shown in the diagram below. 

l E  
P 

I n d u c t i v e  S t r i p 8  

For  normal  incidence the  e q u i v a l e n t  circuit far t h i s  a i t u a t i o n  
i s  g iven  as et shunt   inductance:  

” 
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for d'/a d 4  1 and a / h  4~ 1. 2, i s  the c h a r a c t e r i s t i c  
impedance of free apace and A the free space wavelength. The 
e q u i v a l e n t   c i r c u i t  is shown below a t  the plane of the strips. 

b. 

a s  

. 

1 

Equivalent   Circui t  for Inductive S t r i p s  

The Capacittve Case 

This i s  t h e  case of strips perpendicular   to   the   inc ident  E f i e l d  
ahown i n  the fo l lowing  diagram: 

/ , ' ;/,' a, 

C a m c i t i v e  S t r i ~ s  

For n o m 1   i n c i d e n c e  the e q u i v a l e n t   c i r c u i t  i s  g i v e n  a s  an 
admittance JB whose value  is given by 
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AB .I__"" "----+ 

Equivalent   Circuit  f o r  Capaci t ive   Str ips  
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APPENDIX I11 
E f f e c t i v e   T h e r m a l   R e a i s t i v i t y  of a Bed of P a r t i c l e a  

H e a t   t r a n s f e r  by c o n d u c t i o n   t a k e 8   p l a c e   i n  a bed of' p a r t i c l e s  
th rough the p o i n t s   o f   c o n t a c t  of the p a r t i c l e s   a n d  i s  c r i t i c a l l y  
dependent  upon the t o t a l   a r e a  of c o n t a c t .   ( A d d i t i o n a l   t r a n s f e r  
may occur   due   t o   t he rma l   r ad ia t ion . )  The c o n t a c t  are8 w i l l  be 
dependen t   upon   pa r t i c l e   ma te r i a l   and  i t s  c h a r a c t e r i s t i c s   s u c h  8 8  

Young'8  mbdulu8,  shape, size, un i fo rmi ty  of p a r t i c l e s ,   f o r c e s  
h o l d i n g   p a C t i c l c s   t o g e t h e r ,   e t c .  We can   e s t ima te  the c o n d u c t i v i t y  
and show t h a t  the bu lk   conduc t iv i ty  can e a s i l y   c h a n g e  from the  q o l i d  
m a t e r i a l   c o n d u c t i v i t y  by a n   o r d e r  of magnitude  or  more in some 
cases.  

Let u s   s p e c i a l i z e   t o  a bed of uniform size, s p h e r i c a l  
p a r t i c l e a  of radiua r and a n   a r e a   a f   p a r t i c l e   c o n t a c t   a t  a 
s i n g l e   c o n t a c t   p o i n t   g i v e n  by na2 with a 4 -G r. Then the 
f low of h e a t   i n t o  t h e  p a r t i c l e   t h r o u g h  the c o n t a c t   p o i n t  ia the 
aame as t h a t   i n t o  a semi- inf ' ini te  s l a b  over  an i n p u t  c i r c l e  of 
r a d i u s  a.  For such 8 caae,  the t h e r m a l   r e a i a t a n c c  i s  

where k is the the rma l   conduc t iv i ty  of the so l id  m a t e r i a l ;  
k = l/Cp where p i s  the t h e r m a l   r e s i s t i v i t y .   F o r  two 
p a r t i c l e s   i n   c o n t a c t  wi th  one  another  over t h i s  c o n t a c t   a r e a  
hea t   haa  t o  f low  out  of' one p a r t i c l e  through the c o n t a c t  area 
a n d   i n t o  the s e c o n d   p a r t i c l e  by a s i m i l a r   p r o c e a s .  Thus f o r  
t,wo part ic les  i n  c o n t a c t ,  the c o n t a c t   r e s i a t a n c e s   a r e  i n  series 
a-nd 

1 x = -  
L 2ka 
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I f  a p a r t i c l e  irr i n   c o n t a c t  w i t h  a b a s e   p l a t e  of c o n d u c t i v i t y  
kb, t hen  the t o t a l   r e s i s t a n c e  l a  

Now cons ide r  t he  h e a t  flow problem t o  be a one-dimensional 
one 80 t h a t   l a t e r a l   h e a t  flow does   no t   occur .  Thua l a t e r a l l y  
a d j a c e n t  particles  a r e  a t  the same temperature ,   and side c o n t a c t a  
a r e  of no  importance f o r  h e a t   f l o w .   F u r t h e r   c o n a i d e r   p a r t i c l e s  
t o  be e t a c k e d   i n  the d i r e c t i o n  of h e a t  flow, l i ke  beads on a a t r i n g .  
(Closely-packed sphere8 would g i v e  a a l i g h t l y   d i f f e r e n t   r e s u l t  
but s u c h   d i f f e r e n c e s   a r e  of' l i t t l e  impwtance   he ro . )  As a r e s u l t  
there are 1/2r p a r t i c l e s  per u n i t  length and therefore 1/2r 
c o n t a c t a   i n  series over  a u n i t   l e n g t h .  The r e s i a t a n c e  per u n i t  
length l a  

R - 1 - 
u n i t   l e n g t h   8 k a r  

But the r e a i a t a n c e  of 8 c y l i n d e r  of radius r of so l id  m a t e r i a l  
l a  P/nr  . There fo re  writing for t h e  p a r t i c l e  column 2 

where 4 irr the a p p a r e n t   r e s i s t i v i t y   a n d   e q u a t i n g   b o t h  
e x p r e s s i o n s J  
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. 

E s t i m a t e s  f o r  t y p i c a l   m a t e r i a l s  and f g r  a p r e s s u r e   h o l d i n g  
the p a r t i c l e a   t o g e t h e r  of the o r d e r  of the force cf g r a v i t y  give 
value8 of  r/a z 100 t o  1000. This results i n  a conductivity 
dec rease  by a f a c t o r  of the order  of 30 t o  3 0 C .  
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