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INTRODUCTION 

Recently a new low-cost method has been i n v e s t i g a t e d  a s  a means of pre- 

par ing  very pure s i l i c o n  from s i l a n e  (Sill4).  The fundamental chemical reac-  

t i o n  of t h i s  technology i s  

SiH4(gas) 
h e a t  

S i  -4 + 2H2(gas) . 
When co ld  s i l a n e  gas  i s  heated,  i t  decomposes forming s o l i d  s i l i c o n .  

A number of methods of e f f e c t i n g  t h i s  decomposition r e a c t i o n  a r e  shown i n  

F igures  l ( a )  and l ( b ) .  Figure l ( a )  i s  a  f r e e  space  r e a c t o r  i n  which co ld  

s i l a n e  i s  i n j e c t e d  i n t o  an  e x t e r n a l l y  heated r e a c t o r .  With t h i s  system t h e r e  

a r e  problems a s s o c i a t e d  wi th  t h e  conso l ida t ion  of t h e  extremely f i n e  d u s t  

which i s  formed, and wi th  t h e  formation of l a r g e  agglomeration o r  scabs of 

s o l i d s  which grow on t h e  hea t ing  su r f aces .  Another way of preparing very  pure 

s i l i c o n  i s  t o  f l u i d i z e  a  bed of hot  s i l i c o n  p a r t i c l e s  wi th  cold s i l a n e  gas.  

Figure l ( b )  i s  a  normal e x t e r n a l l y  heated f l u i d i z e d  bed wi th  a  s i l a n e  feed ,  

Because t h e  s i l a n e  w i l l  tend t o  condense ou t  on t h e  h o t t e s t  s u r f a c e s ,  t h e  

problem wi th  t h i s  system i s  t o  keep t h e  bed p a r t i c l e s  ho t  while  keeping t h e  

wal l s  of t h e  r e a c t o r  cool .  Figure l ( c )  i s  an  i n t e r n a l l y  hea ted  bed wherein 

t h e  h e a t e r  i s  l o c a t e d  f a r  above t h e  i n l e t  p o i n t  a t  which t h e  SiH4 i s  expected 

t o  decompose. C i r cu la t ion  of t h e  f l u i d  bed p a r t i c l e s  i s  designed t o  keep a 

s u f f i c i e n t l y  h igh  temperature of p a r t i c l e s  near  t h e  i n l e t  s o  a s  t o  o b t a i n  

complete r e a c t i o n  a t  t h e  bottom of the  r e a c t o r .  

The purpose of our research  i s  t o  exp lo re  a  s t i l l  d i f f e r e n t  processing 

method which uses  r a d i a n t  hea t ing  of t he  p a r t i c l e s  of a  f l u i d i z e d  bed, a s  

shown i n  F igure  l ( d ) ,  The process  involves h e a t i n g  t h e  p a r t i c l e s  a t  the  
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Fig. 1 D i f f e r e n t  ways t o  make very p u r e  s i l i c o n  from s i l ane .  



s u r f a c e  of a  s h a l l o w  f l u i d i z e d  bed by r a d i a n t  h e a t e r s  Located above the su r -  

face of t h e  bed. The r a d i a n t  sources could be coo led  by a purge of i n e r t  g a s  

which is exhausted with the spent H2. The hot bed particles would circulate 

d o n  to the bottom of the bed where they would heat the cold silane gas rising 

through the distributor plate. Decomposition and deposition of the silane 

then follow. 

Two important systems characteristics need to be evaluated. One is the 

effective absorptivity of the bed. This is the fraction of electrical energy 

supplied to the heaters which is actually absorbed by the particles. This 

involves the geometry and directionality of the heaters, the absorptivity of 

the surface of the fluid bed, and the flow of energy from the top to the 

bottom of the bed. This last named characteristic is primarily dependent on 

the circulation rate of the solids and the bed configuration, and is known to 

be very rapid. 

The second important factor is the heat transfer coefficient between the 

hot bed and the cool distributor plate. Knowledge of this will allow predic- 

tion of the temperature of the distributor plate during silicon production, 

It is important that the distributor plate be kept below about 350°C [ I ] ;  

otherwise silane will decompose while passing through it, depositing silicon, 

and plugging it. Thus knowledge of the heat transfer coefficient will deter- 

mine what conditions (vessel geometry, feed gas temperature) will give satis- 

factory designs. 



Apparatus and M a t e r i a l s  

An o u t l i n e  of t h e  e x p e r i m e n t a l  equipment i s  i l l u s t r a t e d  i n  F i g u r e  2. 

F igure  2 ( a )  shows t h a t  t h e  bed may be  c o n s i d e r e d  t o  be composed of t h r e e  

p a r t s .  The upper  expanding s e c t i o n  i s  a  s q u a r e  s e c t i o n  t a p e r e d  f rom 394 mm t o  

152 mm i n  a v e r t i c a l  d i s t a n c e  of 440 mm. The lower s e c t i o n  i s  a  s q u a r e  s e c -  

t i o n  t a p e r e d  from 152 mm t o  1 3  mm w i t h  a t a p e r  a n g l e  of 20". The midd le  

s e c t i o n  i s  a  s q u a r e  s e c t i o n  w i t h  a  152 mm s q u a r e  d i s t r i b u t o r  p l a t e .  F i g u r e  

2 (b)  i s  a s q u a r e  t a p e r e d  bed w i t h  a 76 mm s q u a r e  d i s t r i b u t o r  p l a t e .  F i g u r e  

2 ( c )  i s  a  s q u a r e  t a p e r e d  bed w i t h o u t  d i s t r i b u t o r  plate--we c a l l  t h i s  t h e  

s q u a r e  pyramid bed. F i g u r e  2 ( d )  i s  a normal 152 mm c i r c u l a r  bed. It i s  made 

of 152 mm pyrex  t u b i n g  w i t h  a 1000 W e l e c t r i c  r e s i s t a n c e  h e a t i n g  c o i l  j u s t  

above t h e  s u r f a c e  of t h e  bed,  

For  t h e  "co ld"  tests t h e  h e a t e r  used  was a 1000 w a t t ,  120 v o l t ,  s p o t l i g h t  

( S y l v a n i a  Q1000PAR64NSP) mounted i n  a  water-cooled copper  shroud.  For " h o t "  

t e s t s ,  f o u r  such  lamps were mounted i n  a water-cooled h e a t e r  assembly.  

The d i s t r i b u t o r  p l a t e  was made of a 1.6 mm t h l c k  s i n t e r e d  s t a i n l e s s  s t e e l  

p l a t e  w i t h  nominal 5  urn p o r e s  o b t a i n e d  f rom Mott M e t a l l u r g i c a l  C o r p o r a t i o n .  

S i l i c o n  p a r t i c l e s  f o r  t h e  f l u i d i z e d  bed were o b t a i n e d  from Union Carb ide  

Corpora t ion  and were measured t o  have t h e  f o l l o w i n g  s i z e  d i s t r i b u t i o n :  

&sh  
(U, S . Standard)  Opening (um) a s c r e e n ,  i xi (Wt%) 

4-40 425 425.0 0 ,02 
-40 +70 425/212 318.5 33.04 
-70 +80 2121180 196.0 27,35 
-80 +lo0 180/150 165 -0 28.54 

-100 +140 150/106 128,O 10,24 
-140 +200 106/75 30 -5 0  -55 

-200 7  5 75,O 0.25 
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Fig.  2  D i f f e r e n t  geometries of t h e  exper imenta l  beds used i n  t h i s  s tudy ,  
(a)  152 rn square  bed wi th  d i s t r i b u t o r  p l a t e ,  
(b) square  tapered  bed w i t h  76 m square  d i s t r i b u t o r  p l a t e ,  
(c) square  pyramid bed wi thout  d i s t r i b u t o r  p l a t e ,  and 
(d) 152 mm round bed wi th  h e a t e r  d i r e c t l y  above. 



The average sc reen  diameter i s  found to  be 

- 
d - - 1 

s c r e e n  =: 198 urn 
1 1 [- I 

According t o  Levenspiel  121, f o r  i r r e g u l a r  p a r t i c l e s  with no seemingly 

longer  o r  s h o r t e r  dimension, the  proper mean p a r t i c l e  s i z e  t o  u se  f o r  E lu id i -  

z a t i o n  s t u d i e s  i s  

- a = k5 .L~  
p 2 screen  

where $ i s  t h e  s p h e r i c i t y  which can be e s t ima ted  from Kunii  and Levenspiel  131 

t o  be  I$ = 0.63. Thus t h e  average p a r t i c l e  diameter  was es t imated  t o  be  161 

urn* 

P r o p e r t i e s  of t h e  s i l i c o n  p a r t i c l e s  were t h e r e f o r e  assumed t o  be as 

l i s t e d  i n  Table 1. 

Table 1. P rope r t i e s  of  S i l i c o n  P a r t i c l e s .  

S i ze  d i s t r i b u t i o n  75 - 425 um 

Mean s i z e  161 lam 

D e n s i t e  2329 kg /m3 

Bulk d e n s i t y  1085 kg/m3 

He at. capac i  t)pk 711 J/kg*K 

Thermal conductivityJc 148 w / ~ - K  

Minimum f l u i d i z e d  v e l o c i t y  30 m m l s  
- -- - 

* a t  2 5 O C ,  adapted from Yaws, e t  a l  [ 4 ]  

Temperature measurements were made wi th  c h r s m e l - a l m l  thermocoupkes of 

0,254 mm d i m e t e r  a t  l o c a t i o n s  s p e c i f i e d  i n  F igure  3 and were recorded u s i n g  

an E s t e r l i n e  Aprgus BB2064  da ta  Logger f o r  s t e a d y - s t a t e  t e s t s ,  Wans ien t  tests  
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Fig .  3 Sketch of equipment (not  t o  s c a l e ) ,  l o c a t i o n  of  temperature 
probes,  and h e a t  balance around t h e  d i s t r i b u t o r  p l a t e .  



used l.27 urn d iameter  chromel-alurael thermocouples with recording of d a t a  on a  

HI? 3497 d a t a  logger .  

Air d ischarged  from t h e  appa ra tu s  was rou ted  through a  low p r e s s u r e  drop  

a i r  washer f o r  cap tu re  of f i n e s  which may have e l u t r i a t e d  from t h e  bed. 

Procedure 

The experiments  r epo r t ed  i n  t h i s  paper were designed t o  determine t h e  

e f f e c t s  of t h e  v a r i a t i o n  of a i r  v e l o c i t y ,  bed h e i g h t ,  and power l e v e l  on t h e  

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

t h e  bed t o  t h e  d i s t r i b u t o r  p l a t e .  

Two d i f f e r e n t  experimental  tests,  s t eady  s t a t e  and t r a n s i e n t  ( o r  pu lsed)  

were used i n  t h e  program. I n  t h e  s t e a d y - s t a t e  test ,  a i r  a t  room tempera ture  

was passed upward through a  bed of s i l i c o n  p a r t i c l e s  a t  a  known f i x e d  r a t e  t o  

o b t a i n  a f l u i d i z e d  bed, The amount of energy i n p u t  t o  a lamp above t h e  bed 

was measured by a  wat tmeter ,  When t h e  system came t o  thermal equ i l i b r ium,  t h e  

i n l e t  and o u t l e t  a i r  t empera tures ,  bed tempera ture ,  and d i s t r i b u t o r  tempera- 

t u r e  were nzeasured. En t h e  t r a n s i e n t  ( o r  pulsed)  test the  bed was al lowed t o  

reach  s t e a d y  s t a t e  ( i n i t i a l l y  near  room tempera ture)  and then a  s h o r t  d u r a t i o n  

pu l se  of r a d i a n t  energy was provided t o  r a i s e  t h e  bed temperature  a p p r o x i m a t e  

l y  6°C above t h e  s t e a d y - s t a t e  va lue .  The f r a c t i o n  of t h e  e l e c t r i c a l  energy  

i n p u t  i n  a  pu l se  which was c a r r i e d  o u t  by t h e  a i r  l e av ing  t h e  bed was d e f i n e d  

a s  t h e  e f f e c t i v e  a b s o r p t i v i t y .  

S ince  temperature  aeasurements provided t h e  b a s i c  d a t a  f o r  de te rmin ing  

t h e  va lues  of h ,  i t  was important  t o  develop a  means of measuring t h e  tempera- 

t u r e  of t h e  t op  s u r f a c e  of t h e  d i s t r i b u t o r  p l a t e  wi thout  d i s t u r b i n g  the  f a o w  

of p a r t i c l e s ,  and without  being inf luenced  by t h e  t e q e r a t u r e  of t h e  p a r t f -  



Figure  4 shows four  d i f f e r e n t  methods which were used t o  measure t h e  t o p  

surface of t h e  d i s t r i b u t o r  p l a t e ,  It was c l e a r  t h a t  t h e  i n i t i a l  method, a ,  of 

f i x i n g  t h e  thermocouple t o  t h e  top  of t h e  d i s t r i b u t o r  p l a t e  was no t  s a t i s f a c -  

t o r y .  This thermocouple was much t o o  responsive t o  t h e  bed p a r t i c l e  tempera- 

t u r e .  I n  methods b, c ,  and d thermocouples were brought through t h e  d i s t r i b u -  

t o r  p l a t e  from below i n  o rde r  t o  e l i m i n a t e  t h e  e f f e c t  of t he  ho t  bed 

temperature.  But i n  method b t h e  temperature measurement was s t i l l  a f f e c t e d  

by t h e  h o t  p a r t i c l e s  above t h e  d i s t r i b u t o r .  For method c t h e  temperature 

measuring p o i n t  was no t  imbedded s u f f i c i e n t l y  i n  t he  d i s t r i b u t o r  p l a t e .  

Method d was t h e  method f i n a l l y  s e l ec t ed .  The thermocouple wires  were placed 

i n  a sha l low groove i n  t h e  t o p  s u r f a c e  of t h e  d i s t r i b u t o r  p l a t e  and an  epoxy 

cement was used t o  s e a l  t h e  gap around t h e  wires .  

It was observed t h a t  t h e  d i s t r i b u t o r  su r f ace  temperature f l u c t u a t e d  

r a p i d l y  when a i r  bubbles were p re sen t  a t  t h e  p l a t e .  A s  a consequence, a t i m e -  

averaging process  using 8-10 p o i n t s  was necessary t o  more a c c u r a t e l y  e s t a b l i s h  

t h e  mean s u r f a c e  temperature of t h e  p l a t e .  

Mechanism of Heat Transfer  Between Di s t r ibu to r  Surf ace  and Flu id ized  Bed 

Experimental ly  obtained hea t  t r a n s f e r  c o e f f i c i e n t s  between bed wa l l s  o r  

exchanger s u r f a c e s  and f l u i d i z e d  beds have been explained i n  terms of va r ious  

mechanisms by d i f f e r e n t  au thors  as fol lows:  

(1) Steady-state  conduction of hea t  ac ros s  t h e  gas  f i l m ,  which i s  

scoured by s o l i d s  descending along t h e  hea t  exchange su r f ace :  Leva 

e t  a l  [ 5 , 6 ] ,  Dow and Jakob [ 7 ] ,  Levenspiel and Walton [ 8 ] .  



Fig.  4 D i f f e r e n t  method o f  measure t h e  temperature  o f  
t h e  s u r f a c e  of t h e  d i s t r i b u t o r  p l a t e .  



( 2 )  Uns teady-s ta te  the rmal  conduc t ion  by s i n g l e  p a r t i c l e s  i n  d i r e c t  

c o n t a c t  w i t h  h e a t  exchange sur face :  B o t t e r i S l  and WilLiams [ 9 ] ,  and 

Z i e g l e r  e t  a1 [ l o ] ,  

( 3 )  Unsteady-s ta te  a b s o r p t i o n  of h e a t  by f r e s h  emuls ion  e lements  which 

a r e  renewed i n t e r m i t t e n t l y  by t h e  v i o l e n t  d i s t u r b a n c e s  i n  t h e  c o r e  

p o r t i o n  of t h e  f l u i d i z e d  bed: 14ickley e t  a 1  [ 1 1 , 1 2 ] .  

( 4 )  S t e a d y - s t a t e  conduc t ion  through t h e  emuls ion l a y e r  which i s  n o t  

o f t e n  swept away. van  Heerden e t  a 1  [13 ,14]  and  Wicke and F e t t i n g  

[ I51  * 

It would be  u s e f u l  t o  deve lop  c r i t e r i a  t o  s u g g e s t  which mechanism con- 

t r o l s  and which t y p e  of model shou ld  be used t o  r e p r e s e n t  a  p a r t i c u l a r  s i t u a -  

t i o n .  Fo l lowing  t h e  f i l m - p e n e t r a t i o n  t h e o r y  f o r  mass t r a n s f e r ,  o r i g i n a l l y  

developed by Toor and Marchel lo  [ 1 6 ] ,  Yoshida e t  a 1  [ 1 7 ]  proposed a  mechanism 

of  h e a t  t r a n s f e r  between a f l u i d i z e d  bed and w a l l  s u r f a c e  which i n c l u d e d  b o t h  

s t e a d y - s t a t e  conduc t ion  of h e a t  through a n  emuls ion l a y e r  a t  t h e  w a l l  and t h e  

u n s t e a d y - s t a t e  a b s o r p t i o n  o f  h e a t  by emuls ion e l e m e n t s .  

The mechanism of h e a t  t r a n s f e r  between t h e  d i s t r i b u t o r  p l a t e  and a 

f l u i d i z e d  bed h a s  n o t  been d i s c u s s e d  p r e v i o u s l y  i n  t h e  l i t e r a t u r e .  It shou ld  

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

d i r e c t i o n  of t h e  a i r  f l o w ,  r a t h e r  t h a n  normal t o  i t ,  as i s  t h e  c a s e  i n  most 

h e a t  exchangers .  I n  comparing t h e s e  mechanisms we s e e  t h a t  t h e s e  a r e  two 

c o n t r a s t i n g  s i t u a t i o n s ,  a s  shown i n  F igure  5. I n  t h e  f i r s t  c a s e  t h e r e  e x i s t s  

a  f i l m  of g a s  a t  t h e  h e a t  t r a n s f e r  s u r f a c e ,  w h i l e  i n  t h e  second t h i s  f i l m  i s  

a b s e n t ,  and h e a t  i s  t r a n s f e r r e d  t o  t h e  d i s t r i b u t o r  p l a t e  p r i m a r i l y  by impinge- 

ment of h o t  bed p a r t i c l e s  on t h e  s u r f a c e .  
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F i g .  5 ( a )  I n  h e a t  t r a n s f e r  t o  bed  w a l l s  o r  t o  bed i n t e r n a l s  
a  gas  f i l m  i s  p r e s e n t  a t  t h e  s u r f a c e .  

(b) I n  h e a t  t r a n s f e r  t o  a  d i s t r i b u t o r  p l a t e  no gas  
f i l m  is  p r e s e n t .  



Even though t h e  f i l m  i s  a b s e n t  we may r e p r e s e n t  t h e  h e a t  t r a n s f e r  r a t e  by 

a h e a t  t ransfer  c o e f f i c i e n t  which depends on t h e  bed geometry ,  g a s  and p a r t i -  

c l e  p r o p e r t i e s ,  and f l u i d i z a t i o n  c h a r a c t e r i s t i c s  which i n  t u r n  a f f e c t  t h e  

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

C a l c u l a t i o n  of t h e  E f f e c t i v e  Heat T r a n s f e r  C o e f f i c i e n t  Between t h e  Bed and t h e  

D i s t r i b u t o r  P l a t e .  h  

The h e a t  t r a n s f e r  c o e f f i c i e n t  i s  d e f i n e d  s o  t h a t  a t  s t e a d y - s t a t e  t h e  

thermal  energy added t o  t h e  a i r  i n  p a s s i n g  through t h e  d i s t r i b u t o r  p l a t e  i s  

e q u a l  t o  t h e  energy t r a n s f e r r e d  from t h e  bed t o  t h e  d i s t r i b u t o r  p l a t e  by t h e  

a c t i o n  of t h e  bed p a r t i c l e s .  R e f e r r i n g  t o  F igure  3 ,  a t  s t e a d y  s t a t e  we h a v e ,  

i n  symbols 

c - - 
a i r  p ,a i r (Ta i r  , l e a v i n g  ' a i r , e n t e r i n g l  = hAdis (%ed T d i s  1 

d i s t r i b u t o r  d i s t r i b u t o r  

I f  t h e  a i r  l e a v i n g  t h e  d i s t r i b u t o r  i s  assumed t o  be  a t  t h e  t e m p e r a t u r e  o f  t h e  

t o p  of t h e  d i s t r i b u t o r  p l a t e  t h e n  

Measuring t h e  bed, d i s t r i b u t o r ,  and i n l e t  a i r  t empera tu re  t h e n  a l l o w s  c a l c u l a -  

t i o n  of h. 

A c e r t a i n  f r a c t i o n  f l  of  t h e  e l e c t r i c a l  energy p rov ided  ta t h e  lamps i s  

t ransformed i n t o  r a d i a n t  e n e r g y ;  and t h e n  a  c e r t a i n  f r a c t i o n  f2 of t h i s  



r a d i a n t  energy  i s  a c t u a l l y  absorbed by t h e  bed i t s e l f ,  The f r a c t i o n  f l  i s  a  

c h a r a c t e r i s t i c  of t h e  r a d i a t i o n  s o u r c e  ( t h e  lamps u s e d ) ,  w h i l e  t h e  f r a c t i o n  f 2  

depends on t h e  sys tem geometry and t h e  a b s o r p t i v i t y  of t h e  bed s u r f a c e .  The 

p roduc t  f14f2  i s  c a l l e d  t h e  e f f e c t i v e  a b s o r p t i v i t y  a of t h e  system. 

So i f  P i s  t h e  power i n p u t  t o  t h e  lamps t h e n  

f  f P = a P = Q  - - 
1 2  lamp Eo bed Qto  h e a t  a i r  

aP = m  C 
'air , a i r  (Tbed - T a i r  , i n  1 

The f a c t o r s  f l  and f 2 ,  i n  p a r t i c u l a r  f 2 ,  a r e  t h e  q u a n t i t i e s  which a r e  re -  

q u i r e d ;  however o n l y  t h e i r  p r o d u c t  a  i s  found d i r e c t l y  by e x p e r i m e n t .  

RESULTS DISCUSSION 

Ap vs .  uo f o r  Three D i f f e r e n t  Bed Geometries 

F igure  6 shows t h e  p r e s s u r e  d rop  curve  f o r  t h e  152 mm s q u a r e  bed.  It i s  

similar t o  t h a t  of an  o r d i n a r y  f l u i d i z e d  bed. 

F i g u r e  7 shows t h e  p r e s s u r e  d rop-a i r  f low c h a r a c t e r i s t i c s  f o r  a t a p e r e d  

s q u a r e  bed w i t h  a 7 6  mm s q u a r e  d i s t r i b u t o r  p l a t e  f o r  t h r e e  d i f f e r e n t  s e t t l e d  

bed h e i g h t s .  The v e l o c i t y  quoted i n  t h i s  f i g u r e  i s  t h e  s u p e r f i c i a l  v e l o c i t y  

based on t h e  a r e a  of t h e  d i s t r i b u t o r  p l a t e .  It was observed t h a t  a t  low f low 

r a t e s  t h e  a i r  s imply p a s s e d  up th rough  t h e  s e t t l e d  s o l i d s  w i t h o u t  d i s t u r b i n g  

t h e  p a r t i c l e s .  With f u r t h e r  i n c r e a s e  i n  t h e  a i r  f low,  t h e  s u r f a c e  of  t h e  bed 

suddenly e r u p t e d  and t h e r e  was a sudden d rop  i n  p r e s s u r e ,  The zaxirnum p r e s -  

s u r e  d rop  observed i s  c a l l e d  t h e  p r e s s u r e  peak. Beyond t h i s  p r e s s u r e  peak t h e  

bed bubbled and s p o u t e d ,  with p r e s s u r e  drop c l o s e  t o  t h e  t h e o r e t i c a l ,  The 
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Fig .  6 P r e s s u r e  d r o p  c u r v e s  f o r  a s q u a r e  b e d ,  Hbed = 9 . 5  c m .  



F i g .  7 P r e s s u r e  d r o p  c u r v e s  f o r  a s q u a r e  t a p e r e d  f l u i d i z e d  b e d ,  
d i s t r i b u t o r  s u b t r a c t e d ,  f o r  t h r e e  d i f f e r e n t  s e t t l e d  b e d  
h e i g h t s .  
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p r e s s u r e  drop d e c r e a s e d  p r o g r e s s i v e l y  w i t h  f u r t h e r  i n c r e a s e  i n  v e l o c i t y ,  No 

p r e s s u r e  peak was observed  when t h e  v e l o c i t y  was decreased.  

F igure  8 i s  a  p l o t  of p r e s s u r e  d rop  v e r s u s  a i r  v e l o c i t y  f o r  a  t a p e r e d  

s q u a r e  bed w i t h o u t  d i s t r i b u t o r ,  o r  t h e  p y r a n i d  bed,  f o r  t h r e e  d i f f e r e n t  

s e t t l e d  bed h e i g h t s .  It was observed t h a t  because  t h e  g a s  v e l o c i t y  was l a r g e  

a t  t h e  bottom of t h e  bed,  t h e  p a r t i c l e s  a t  t h e  bottom of t h e  bed s t a r t e d  

f l u i d i z i n g  w h i l e  t h o s e  i n  t h e  upper  p o r t i o n  of t h e  bed remained s t a t i c .  With 

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

f l u i d i z e d  w i t h  t h e  upper  p o r t i o n  s t i l l  remaining i n  a f i x e d  bed s t a t e .  The 

bed p r e s s u r e  d rop  t h u s  i n c r e a s e d  c o n t i n u o u s l y  u n t i l  t h e  e n t i r e  bed was 

spou ted .  J u s t  b e f o r e  t h i s  s t a g e  w a s  reached t h e r e  was a  s h a r p  r e d u c t i o n  i n  

p r e s s u r e  drop t o  t h e  t h e o r e t i c a l .  With a  f u r t h e r  i n c r e a s e  i n  a i r  v e l o c i t y ,  

t h e  p r e s s u r e  d r o p  d e c r e a s e d  s l i g h t l y  and t h e n  i n c r e a s e d  s l i g h t l y .  Th i s  in -  

c r e a s e  may b e  a t t r i b u t e d  t o  t h e  energy l o s s  by c o l l i s i o n  and f r i c t i o n  among 

p a r t i c l e s  as w e l l  a s  between p a r t i c l e s  and t h e  w a l l s  of t h e  c o n t a i n e r .  The 

energy l o s s  was l a r g e r  i n  t h e  t a p e r e d  bed t h a n  i n  a  normal f l u i d i z e d  bed 

because  t h e  movement of t h e  p a r t i c l e s  i s  q u i t e  d i f f e r e n t  i n  t h e s e  d i f f e r e n t  

geomet r ies .  T h i s  p r o g r e s s i o n  o f  e v e n t s  i s  c o n s i s t e n t  w i t h  o t h e r  o b s e r v a t i o n s  

i n  t a p e r e d  beds  [18 ,19] .  

Both F i g u r e s  7 and 8 show t h a t  t h e r e  i s  a minimum s p o u t i n g  v e l o c i t y  a t  a  

c e r t a i n  bed d e p t h  which becomes l a r g e  a s  t h e  bed h e i g h t  i n c r e a s e s .  

E f f e c t  of Power Leve l  on a 

F i g u r e  9 shows, i n  t h e  range  of 300-800 W ,  t h a t  t h e  e f f e c t i v e  absorp-  

t i v i t y  i s  independen t  of t h e  power l e v e l  used i n  t h e  one-lamp r u n s ,  The v a l u e  

o f  or would be  expec ted  t o  change on ly  i f  t h e  lamp e f f i c i e n c y  changed s i g n i f i -  

c a n t l y  w i t h  power l e v e l .  This  d i d  n o t  happen, 
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F i g .  8 P r e s s u r e  d r o p  c u r v e s  f o r  a s q u a r e  pyramid bed  h a v i n g  no 
d i s t r i b u t o r ,  f o r  t h r e e  d i f f e r e n t  s e t t l e d  b e d  h e i g h t s .  
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F i g .  9 E f f e c t i v e  a b s o r p t i v i t y  i s  independen t  of power l e v e l  
b u t  i s  a f f e c t e d  by bed h e i g h t ,  hence d i s t a n c e  from 
lamp t o  bed s u r f a c e .  



Figure  9 a l s o  shows t h a t  a does change w i t h  bed h e i g h t ,  hence w i t h  d i s -  

t a n c e  between lamp and bed s u r f a c e ,  The r e a s o n  i s  t h a t  t h e  c o n f i g u r a t i o n  

f a c t o r  i s  a  s t r o n g  f u n c t i o n  of t h e  d i s t a n c e  between lamp and bed s u r f a c e .  

E f f e c t  of Power Leve l  and Temperature Leve l  on  h  

F i g u r e  1 0  shows c l e a r l y  t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  e x p e r i m e n t s  

w i t h  t h e  r e s i s t a n c e  e lement  l o c a t e d  j u s t  above t h e  bed s u r f a c e  and i n  b o t h  

one-lamp and four-lamp exper iments  i s  independen t  of bed t empera tu re  f o r  a l l  

bed g e o m e t r i e s  t e s t e d .  

T h i s  f i n d i n g  shows t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  h  i s  a  l e g i t i m a t e  

v a r i a b l e  f o r  r e p r e s e n t i n g  t h e  r a t e  of h e a t  t r a n s f e r  from bed t o  d i s t r i b u t o r  

p l a t e ,  

As a r e s u l t  of t h e  above f i n d i n g s  on power l e v e l  of t h e  lamps,  t h e  power 

l e v e l  was k e p t  a t  600 W f o r  t h e  remainder of t h e  one-lamp runs .  

E f f e c t  of A i r  V e l o c i t y  and Bed Depth on h  

F i g u r e s  11, 12,  and 13 show t h e  r e s u l t s  of exper iments  which examine 

t h e s e  v a r i a b l e s  i n  beds of d i f f e r e n t  g e o m e t r i e s ,  

F i r s t  of a l l  i t  i s  c l e a r l y  s e e n ,  i n  a l l  t h r e e  bed g e o m e t r i e s ,  t h a t  bed 

d e p t h  does  n o t  a f f e c t  h e  

Regarding a i r  v e l o c i t y  and h i t  i s  s e e n  t h a t  i n  t h e  round bed ( F i g u r e  11) 

h r i s e s  t o  a  maximum a t  abou t  2 umf,  t h e n  d e c r e a s e s  s lowly  w i t h  i n c r e a s e  i n  

g a s  v e l o c i t y .  

Ort t h e  o t h e r  hand, i n  t h e  s q u a r e  bed ( F i g u r e  12)  h  r i s e s  p r o g r e s s i v e l y  

and q u i t e  s h a r p l y  w i t h  a n  i n c r e a s e  i n  g a s  v e l o c i t y ,  This  i s  probably  caused  

by t h e  exaggera ted  c i r c u l a t i o n  of p a r t i c l e s  i n  a  bed of t h i s  geometry,  w i t h  

p a r t i c l e s  r i s i n g  i n  t h e  c e n t e r  of t h e  bed,  and s l i d i n g  downward i n  t h e  f o u r  
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Fig .  10 H e a t  t r a n s f e r  c o e f f i c i e n t  i s  independent  o f  bed t e m p e r a t u r e  
and lamp power. 
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F i g .  11 V a r i a t i o n  of h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  a i r  v e l o c i t y  f o r  
a round bed ;  power l e v e l  o f  t h e  c o i l  h e a t e r ,  P = 160 W. 
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Fig .  1 2  V a r i a t i o n  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  a i r  
v e l o c i t y  f o r  a s q u a r e  bed;  lamp power, P = 600 W. 
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Fig. 13  Var i a t ion  of hea t  t r a n s f e r  c o e f f i c i e n t  w i th  a i r  v e l o c i t y  f o r  
a square  tapered  bed; lamp power, P = 600 W. 



corners of t h e  bed. This movement enhances the  flow of f r e s h  p a r t i c l e s  across  

t h e  d i s t r i b u t o r  p l a t e ,  g iv ing a higher h. An increase  i n  a i r  v e l o c i t y  w i l l  

amplify t h i s  a c t i o n  causing h t o  increase  progressively with a i r  ve loc i ty .  

I n  t h e  square tapered bed (Figure 13) h reaches a maximum a t  a  v e l o c i t y  

s l i g h t l y  g r e a t e r  than w, drops s l i g h t l y ,  and then gradual ly  inc reases  with a 

f u r t h e r  increase  i n  uo. This behavior looks t o  be somewhere between t h a t  of 

the  round and t h e  square bed. A t  low a i r  ve loc i ty  i n  t h e  tapered bed s o l i d  

c i r c u l a t i o n  is  not  severe ,  hence t h e  round bed behavior dominates; however a t  

high a i r  ve loc i ty  t h e  square bed behavior with i ts  severe s o l i d  c i r c u l a t i o n  

caused by t h e  corners  dominates. 

Effect  of Air Velocity on a 

Figures 14-16 show t h e  e f f e c t s  of a i r  ve loc i ty  on a f o r  t h r e e  d i f f e r e n t  

bed configurat ions.  These curves c l e a r l y  ind ica te  t h a t  a inc reases  a s  t h e  

ve loc i ty  increases.  This i s  t h e  r e s u l t  of a  higher average su r face  l e v e l  of 

the bed (and the re fo re  a l a r g e r  configurat ion f a c t o r  between t h e  heated source 

and t h e  bed), more e f f e c t i v e  absorption due t o  the  more i r r e g u l a r  bed su r face  

and t h e  p a r t i c l e s  thrown up c l o s e  t o  t h e  lamp. 

It i s  observed t h a t  those  geometries which cause more v i o l e n t  d i s t u r -  

bances of t h e  bed su r face  r e s u l t  i n  g r e a t e r  r a t e s  of change of a. In  t e r m s  of 

t h e  configurat ions shown i n  Figures 2 (a ) ,  (b ) ,  and (c ) ;  type  (c)  has t h e  

g r e a t e s t  e f f e c t  upon t h e  value of a a s  a i r  flow i s  increased while type (a )  

has the  l e a s t  e f f e c t .  

Effec t ive  Absorptivi ty - Experiment 

Figure 17  d i s p l a y s  the  measured a values i n  th ree  d i f f e r e n t  k inds  of 

beds, and i s  a c rossp lo t  of Figures 14, 15 and16 .  
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F i g .  14 E f f e c t s  of a i r  v e l o c i t y  on a f o r  two d i f f e r e n t  s e t t l e d  
bed h e i g h t s  of s q u a r e  bed;  lamp power, P = 600 W. 
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F i g .  1 5  E f f e c t s  of  a i r  v e l o c i t y  on a f o r  t h r e e  d i f f e r e n t  s e t t l e d  
bed h e i g h t s  i n  a s q u a r e  t a p e r e d  bed ;  lamp power, P = 600 W. 



0 5 10 15 20 25 30 

Air Velocity, US (crn/s) 

F i g .  1 6  E f f e c t s  o f  a i r  v e l o c i t y  on a f o r  t h r e e  d i f f e r e n t  s e t t l e d  
bed h e i g h t s  i n  a s q u a r e p y r a m i d  bed;  lamp power, P = 600 W. 
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F i g .  17 a v a r i e s  w i t h  d i s t a n c e  of lamp from s e t t l e d  bed s u r f a c e ;  
e x p e r i m e n t a l  v a l u e s  compared t o  t h e  c a l c u l a t e d  v a l u e s  
and t o  d i r e c t  measurements. 



Two o b s e r v a t i o n s  s tand  out c l e a r l y :  f i r s t ,  t h a t  b r i n g i n g  t h e  lamps 

c l o s e r  t o  t h e  bed s u r f a c e  i n c r e a s e s  a ,  a t  b o t h  h igh  and Low gas v e l o c i t y *  

This  r e s u l t  i s  expec ted .  Skcondly,  h i g h e r  g a s  v e l o c i t i e s  g i v e  h i g h e r  a 

v a l u e s .  T h i s  f i n d i n g  can  be  a r e s u l t  of two f a c t o r s .  

( a )  Bed expans ion  a t  h i g h e r  g a s  v e l o c i t y  b r i n g s  t h e  bed s u r f a c e  c l o s e r  

t o  t h e  lamp. 

( b )  The s e v e r e  bubbl ing  a c t i o n  a t  h i g h e r  g a s  v e l o c i t y  r e s u l t s  i n  a more 

i r r e g u l a r  s u r f a c e ,  i n  which p a r t i c l e s  a r e  thrown i n t o  t h e  f r e e b o a r d ,  

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

We a l s o  n o t e  t h a t  a t  low v e l o c i t y  t h e  t a p e r e d  and pyramid beds have a lower  a 

t h a n  t h e  s q u a r e  bed. Th is  i s  because  t h e i r  t o p  s u r f a c e s  a r e  i n  t a p e r e d  

r e g i o n s ,  and t h e i r  upper c r o s s - s e c t i o n a l  a r e a s  a r e  s m a l l e r  t h a n  t h a t  f o r  t h e  

s q u a r e  bed. I n c r e a s i n g  R a m p l i f i e s  t h i s  e f f e c t ,  

E f f e c t i v e  A b s o r p t i v i t y  - P r e d i c t i o n  

P r e d i c t i o n  of t h e  e f f e c t i v e  a b s o r p t i v i t y  i s  d i f f i c u l t  because  t h e  geo- 

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

t h a t  r a d i a t i o n  o c c u r s  from a  d i f f u s e l y  r a d i a t i n g  source .  Because a  major  

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

t h i s  t y p e  of modeling i s  bound t o  be  i n  e r r o r ,  However, t h e  d i f f u s e  model 

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

For  d i r e c t  r a d i a t i o n  between d i f f u s e  s o u r c e  and s i n k  S i e g e l  and Howell 
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I n  t h e  r e a l  s i t u a t i o n  t h e  t r a n s f e r  of energy  shou ld  be g r e a t e r  t h a n  t h a t  

g i v e n  by E q ,  ( 3 )  , Figure  1 7  shows t h a t  t h i s  i s  s o ,  

E f f e c t i v e  A b s o r p t i v i t y  - D i r e c t  Ieasurement  

A s e r i e s  of t r a n s i e n t  tests  were performed i n  which a p u l s e  of r a d i a n t  

energy w a s  d i r e c t e d  o n t o  a  b lackened copper  p l a t e  ( a b s o r p t i v i t y  = 1) p laced  a t  

t h e  s u r f a c e  of t h e  s e t t l e d  bed. From t h e  r a t e  of r i s e  of t h e  p l a t e  tempera- 

t u r e  i t  was p o s s i b l e  t o  g e t  a d i r e c t  measurement of t h e  e f f e c t i v e  a b s o r p t i v i t y  

i n  t h i s  bed geometry.  The measured v a l u e  i s  a l s o  shown i n  F i g u r e  1 7 .  

Note,  t h a t  a t  c l o s e  t o  ud t h e  copper p l a t e  and t h e  bed measurements a r e  

c l o s e  t o  e a c h  o t h e r .  However, a t  h i g h e r  g a s  v e l o c i t y  where t h e  bed expands 

( d e c r e a s e  i n  R) and h a s  a n  i r r e g u l a r  s u r f a c e ,  w i t h  p a r t i c l e s  e j e c t e d  i n t o  

f r e e b o a r d ,  t h e  bed measurements g i v e  a  l a r g e r  a ,  a s  expec ted .  

SUMMARY OF - EXPERIMENTAL FINDINGS -- AND THEIR RELEVANCE -- I N  SCALE-UP 

1. Lamp power. I n  a l l  runs  t h e  e f f e c t i v e  a b s o r p t i v i t y  of t h e  bed a and t h e  

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

lamp power used .  

2. Bed d e p t h  does  n o t  a f f e c t  h. However, s i n c e  bed d e p t h  changes t h e  d i s -  

t a n c e  between t h e  bed s u r f a c e  and t h e  lamp i t  a f f e c t s  t h e  view f a c t o r ,  hence 

3 .  Bed geometry ,  g a s  v e l o c i t y  and a .  The v a l u e  of a i s  s t r o n g l y  dependent 

on t h e  d i s t a n c e  between r a d i a t i o n  s o u r c e  and bed sur face- - smal l  d i s t a n c e ,  

l a r g e  a .  Also,  a i n c r e a s e s  s h a r p l y  w i t h  i n c r e a s e  i n  g a s  v e l o c i t y .  Roughly, 

from F i g u r e  1 7 ,  w e  have f o r  a: 



At h i g h  v e l o c i t i e s  t a p e r e d  beds have h i g h e r  a t h a n  non tapered  b e d s ,  most 

l i k e l y  because  t a p e r e d  beds e x p e r i e n c e  more v i o l e n t  bubb l ing ,  more i r r e g u l a r  

bed s u r f a c e s ,  and more p a r t i c l e s  thrown i n t o  t h e  f r e e b o a r d  where t h e y  a r e  

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

4. Bed geometry ,  g a s  v e l o c i t y  and h e  For a l l  g e o m e t r i e s  t e s t e d  t h e  d a t a  

show t h a t  a t  g a s  v e l o c i t i e s  a  b i t  above ud (- 2 ud) t h e  h  v a l u e s  were a l l  

roughly abou t  h  = 260 - 300 w / ~ - K .  With a n  i n c r e a s e  i n  v e l o c i t y  beyond t h i s  

p o i n t  

s h d e c r e a s e d  s lowly  and p r o g r e s s i v e l y  i n  round beds ( s e e  F i g u r e  1 1 ) .  

e h con t inued  t o  rise s h a r p l y  and c o n t i n u o u s l y  i n  s q u a r e  beds  ( s e e  

F i g u r e  12) . 
o h d e c r e a s e d  a b i t ,  t h e n  i n c r e a s e d  s lowly  i n  t a p e r e d  beds ( s e e  F i g u r e  

1 3 ) ,  

Thus a t  many m u l t i p l e s  of umf (>  4) we would e x p e c t  g e n e r a l l y  t h a t  

hr ound < round < h s q u a r e  < h  s q u a r e  
t a p e r e d  t a p e r e d  

Conica l  and s q u a r e  pyramid beds  have no d i s t r i b u t o r  p l a t e s  hence h  i s  n o t  

p e r t i n e n t  t o  s u c h  systems.  



CALCULATIONS - FOR SCALE-UP 

The two c o n d i t i o n s  t o  be s a t i s f i e d  i n  o p e r a t i n g  t h e  scaled-up r e a c t o r  a r e  

t h a t  

8 t h e  bed t e m p e r a t u r e  i s  t o  be k e p t  a t  about  700°C (good dense  d e p o s i t  

of s i l i c o n  on  t h e  p a r t i c l e s  a t  t h i s  t e m p e r a t u r e ) .  

e t h e  d i s t r i b u t o r  p l a t e  shou ld  n o t  be h o t t e r  t h a n  abou t  350°C o t h e r -  

wise  s i l a n e  w i l l  decompose whi le  p a s s i n g  th rough  t h e  d i s t r i b u t o r  

p l a t e  and p lug  i t .  

Base Case C a l c u l a t i o n  

L e t  u s  s t a r t  w i t h  a 152 mm s q u a r e  bed, f i l l e d  t o  a h e i g h t  of 19  c m  (R = 

48 cm) w i t h  p a r t i c l e s  o f  t h e  s i z e  used i n  t h i s  s t u d y  (a = 161 and 
P  

f l u i d i z e d  w i t h  room t e m p e r a t u r e  g a s  a t  a  v e l o c i t y  of uo = 120 m/s ( o r  u, = 4 

u ~ ) .  L e t  u s  d e t e r m i n e  t h e  power l e v e l  P and h e a t  t r a n s f e r  c o e f f i c i e n t  needed 

t o  meet t h e  above r e q u i r e m e n t s  of t h i s  p rocess .  

1. Power i n p u t  l e v e l .  The r e q u i r e d  power l e v e l  i s  found from Eq. ( 2 ) ,  o r  

a P = m  C - T 
Ogas ,gas  (Tbed g a s  , i n  1 

where 

a 5 0.14, f rom F i g u r e  17 

0 

m - - UoAdispgas  = ( 0 . 1 2 0 ) ( 0 . 1 5 2 ) ~ ( 1 . 2 )  = 0.0033 k g / s  g a s  

C~ ,gas  
= 1004 J /kgo0C 

Tbed = 700°C 

T g a s ,  i n  = 20°C 

S u b s t i t u t i n g  a l l  v a l u e s  i n t o  E q .  ( 2 )  g i v e s  



from whFch the power l e v e l  needed i s  

2. Required h. T h i s  i s  found from Eq.  ( I ) ,  o r  

where 

T d i s  = 350°C 

Tgas , i n  = 20°c 

and t h e  o t h e r  v a l u e s  a r e  t a b u l a t e d  above. 

Replacing a l l  v a l u e s  g i v e s  

O p e r a t i o n  of t h e  Base Case Bed 

Here we s e e  t h a t  we need a  v e r y  l a r g e  power i n p u t ,  16 k W ,  t o  g e t  t h e  bed 

up t o  700°C. A t  h i g h e r  g a s  f l o w  r a t e s  t h e  power i n p u t  shou ld  i n c r e a s e  a s m a l l  

amount, n o t  p r o p o r t i o n a t e l y  ( n o t e  t h a t  a r i s e s  s h a r p l y ) .  

S ince  hneeded = 135 W / r n 2 - ~  w h i l e  hmeasured -- 250 - 300 W / r n 2 * ~  we c a n n o t  

keep  t h e  d i s t r i b u t o r  c o o l  enough w i t h  a  s q u a r e  o r  round bed, Thus we must g o  

t o  e i t h e r  a t a p e r e d  bed w i t h  

o r  a  c o n i c a l  bed w i t h  no d i s t r i b u t o r ,  o r  t o  a  m l t i o r i f i c e  o r  m u l t i c o n e  bed,  



Scale-Up t o  a  450 mm Round Bed, uo = 8 umf and R = 48 c m  

Energy f l u x  - The shape  of t h e  bed should n o t  a f f e c t  t h e  energy  f l u x  t o  

t h e  bed, however t h e  bed c r o s s  s e c t i o n  and t h e  lamp-to-bed d i s t a n c e  s h o u l d ,  

From Eq. ( 3 )  t h e  view f a c t o r s  f o r  t h i s  bed s i z e  a r e  c a l c u l a t e d  t o  b e  

Round bed,  db V i e w  f a c t o r ,  f; 
152 mm 0.024 

450 mm 0 .I56 

As a c r u d e  e s t i m a t e  l e t  u s  s a y  t h a t  a goes  from 0.14 t o  0.25. Thus t h e  power 

consumption of t h e  l a r g e r  bed w i l l  b e  

D i s t r i b u t o r  p l a t e .  The h e a t  t r a n s f e r  c o e f f i c i e n t  shou ld  n o t  change much 

w i t h  sca le -up ,  hence t h e  same c o n s i d e r a t i o n  

Adi  s 
A < 0.45 

s u r f a c e  

s h o u l d  app ly  t o  t h e  b i g  and t h e  s m a l l  bed. 

I n c r e a s i n g  t h e  g a s  v e l o c i t y .  At h i g h e r  g a s  v e l o c i t i e s  p a r t i c l e s  a r e  

thrown c l o s e r  t o  t h e  lamps t h u s  a i s  h igher .  But t h e  energy f l u x  needed i s  

p r o p o r t i o n a l  t o  t h e  m a s s  f low r a t e  of a i r ,  The n e t  e f f e c t  of t h e s e  two oppos-  

i n g  e f f e c t s  i s  t o  r e q u i r e  a h i g h e r  energy f l u x  t o  t h e  bed,  b u t  a  lower e n e r g y  

i n p u t  p e r  u n i t  o f  th roughput  ( o r  s i l i c o n  produced) .  

S i g n i f i c a n c e  f o r  Design and F i n a l  Comments 

The above c a l c u l a t i o n s  s u g g e s t  

1. The lamp-to-bed d i s t a n c e  shou ld  be k e p t  a s  smll a s  p o s s i b l e .  



2. The e f f i c i e n c y  of u t i l i z a t i o n  of r a d i a n t  energy improves w i t h  scale-up, 

3. The o r d i n a r y  v e r t i c a l  s i d e d  f l u i d i z e d  bed r e s t i n g  on a d i s t r i b u t o r  p l a t e  

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

4 .  The mul t i cone  o r  m l t i o r i f i c e  bed i s  a n  a t t r a c t i v e  d e s i g n  f o r  l a r g e r  

beds.  

5. Having h e a t  f l u x  o n t o  t h e  upper  bed s u r f a c e ,  r a t h e r  t h a n  th rough  t h e  bed 

w a l l s ,  and m a i n t a i n i n g  a r e l a t i v e l y  s h a l l o w  bed shou ld  n o t  l e a d  t o  e s -  

p e c i a l  d i f f i c u l t i e s  i n  scale-up.  

6. A s  a p o s s i b l e  d e s i g n  of t h i s  t y p e  c o n s i d e r  t h e  s k e t c h  below: Note t h a t  

a t  t h e  lower p o r t i o n  of t h e  bed t h e  c r o s s  s e c t i o n a l  a r e a  i n c r e a s e s  d r a s -  

t i c a l l y ,  This j u s t  happens t o  b e  the zone of r a p i d  g a s  expansion d u e  t o  

r e a c t i o n  and due t o  t h e  s h a r p  t empera tu re  rise, 

'enters b e d  . a t  350°C 
- 

silane 

Taking t h e  e f f e c t i v e  a b s o r p t i v i t y  a t  a 5 0.25 t h e  power requirement  

shou ld  be roughly ( i g n o r e  t h e  small h e a t  of r e a c t i o n  and assume t h a t  

s i l a n e  and a i r  have t h e  same p r o p e r t i e s )  

P = m  C - T 
'gas p ,gas  (Tgas  ,ou t  g a s  , i n  

) /0 .25 

= 4.6 kW .., f o r  t h e  152 mm bed 

2 
Energy f l u x  = 4 -6 k ~ / ( 0 . 1 5 2 m )  = 200 kW/m of bed surface 



kg f e e d  g a s  
Energy Xequirement = 4 , 6  k ~ / ( 0 . 0 0 3 3  

S 1 

For a f e e d  of pure  s i l a n e  t h i s  t r a n s l a t e s  i n t o  

1400 k J / k g  S i  produced = 0.4 kW.hr/kg S i  
-- - - 

and f o r  a  f e e d  of y% s i l a n e  t h e  energy requ i rement  is  approximately  

1400/ (A) kJ/kg S i  produced = 40/y kw* hr /kg  S i  
100 ----- = ==5== 

These c a l c u l a t i o n s  a r e  only  a  c rude  o r d e r  of magnitude approximat ion.  At 

t h i s  s t a g e  t h e r e  i s  l i t t l e  need t o  be more p r e c i s e .  

Only two, n o n r e a c t i v e  a s p e c t s  of t h i s  p r o c e s s  have been looked a t  i n  t h i s  

p r e l i m i n a r y  r e s e a r c h  p r o j e c t .  Other a s p e c t s  of t h i s  p r o c e s s ,  such as 

s p r o p e r  s i z e  d i s t r i b u t i o n  t o  u s e  

s s t a b i l i z a t i o n  of t h e  s i z e  d i s t r i b u t i o n  i n  s t e a d y  s t a t e  o p e r a t i o n s  

s p r o p e r  f e e d i n g  and removal of p roduc t  s o l i d s  

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

s m a t e r i a l s  of c o n s t r u c t i o n  f o r  t h e  r e a c t i v e  bed 

@ s e l e c t i o n  of t h e  proper  r a d i a t i o n  s o u r c e ,  

t h e s e  s h o u l d  a l l  be examined and t h e  problems overcome, b e f o r e  t h i s  

approach t o  t h e  p roduc t ion  of s i l i c o n  can  b e g i n  t o  l o o k  p r a c t i c a l .  
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L I S T  OF .- - -- -- 

- 
d 
screen 

e 
m 
air 

- area of distributor plate, m 2 

- surface area of bed, m 2 

- heat capacity of air, J/kge°C 

- diameter of round bed, m 

- average screen diameter, m 

- mean diameter of particles, m 

- fraction of electrical energy transformed into radiation, - 

- diffuse configuration or view factor for direct radiation 

between two facing discs, - 
- fraction of radiant energy absorbed by the surface of the 

bed, somewhat higher than f' - 
2 ' 

- heat transfer coefficient from bed to distributor, W/m2.~ 

- settled bed height, m 

- distance from lamp to surface of the settled bed, m 

- inass flow rate of air, kg/s 

- heat flow rate, W 

- electrical power input to the lamp, W 

- pressure drop across the bed, mm H20 

- pressure drop across a distributor, mm H20 

- temperature OC or K 

- distributor plate temperature, OC 

- minimum fluidization velocity, m/s 

- superficial air velocity, m/s 

- superficial air velocity based on cross section area of 

distributor plate in a tapered bed, m/s 



- superficial air velocity based on cross section area of bed 

surface i n  a tapered bed, m/s 

3 - volumetric flow rate of air, m /hr 

- mass fraction of particles of size i in a mixture of parti- 

cles, - 

- effective absorptivity, - 

- sphericity of a particle, - 
- bulk density of particles, kg/m 3 
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