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INTRODUCTION 

I n  r e c e n t  y e a r s  i n c r e a s e d  i n t e r e s t  i n  p r o c e s s e s  f o r  c o n v e r t i n g  c o a l  i n t o  high-  
Btu p i p e l i n e  g a s  and smokeless  low-su l fu r  c h a r  f o r  powerplants  prompted t h e  
Morgantown Coal Research C e n t e r  t o  s t u d y  t h e  r a p i d  o r  f l a s h  c a r b o n i z a t i o n  of  
b i tuminous  c o a l .  The c o a l  s e l e c t e d  f o r  c a r b o n i z a t i o n  was a s t r o n g l y  caking,  high-  
v o l a t i l e  A bituminous from t h e  P i t t s b u r g h  bed (34.4% V.M. ,  7.0% ash) .  

O f  pr imary i n t e r e s t  has  been t h e  development of a low-cost  p r o c e s s  f o r  carbon- 
i z i n g  h i g h - v o l a t i l e  b i tuminous  c o a l s  a t  h igh  throughput  r a t e s  i n  en t r a inmen t .  
P r e v i o u s l y  proposed low-temperature  en t r a inmen t  p r o c e s s e s  (1)l, a s  w e l l  a s  o u r  p r i o r  
l o w  t empera tu re -en t r a inmen t  c a r b o n i z a t i o n  warp i n  an e x t e r n a l l y  hea ted  9-foot- long 
4- inch-diameter  i so the rma l  r e a c t o r ,  y i e l d e d  a high-Btu gas  and a h igh ly  r e a c t i v e  
c h a r ,  a l o n g  w i t h  a h igh  y i e l d  of  t a r  p l u s  l i g h t  o i l .  However, c o a l  throughput  r a t e s  
were p r o h i b i t i v e l y  l o w  owing t o  d i l u t e  phase operat ion--0.35 g of c o a l  p e r  cu f t  
g a s  volume. P r o j e c t i o n  of such  d a t a  to  a commercial-scale  p r o c e s s  would r e s u l t  i n  
e x c e s s i v e l y  l a r g e  equipment and h igh  o p e r a t i n g  c o s t s ,  a l t hough  t h e  throughput  p e r  
u n i t  cross s e c t i o n a l  a r e a  would i n c r e a s e  t o  some e x t e n t  w i th  l a r g e r  c a r b o n i z e r s  
o p e r a t e d  a t  h ighe r  p r e s s u r e s .  

Dense p h a s e  e n t r a i n m e n t ,  on t h e  o t h e r  hand, o f f e r e d  t h e  p r o s p e c t  of a s i g n i f i -  
c a n t  i n c r e a s e  i n  c o a l  t h roughpu t .  Hence, expe r imen t s  were conducted wi th  a 4-inch- 
d i a m e t e r  by 1-foot- long c a r b o n i z e r  a t  h i g h e r  t empera tu res  w i t h  20 times t h e  c o a l  
c o n c e n t r a t i o n .  The o b j e c t i v e  of t h i s  work was 3 - fo ld :  (1) t o  determine t h e  e f f e c t s  
and i n t e r a c t i o n s  of  p r o c e s s  v a r i a b l e s  a s  a gu ide  t o  p rocess  f e a s i b i l i t y ;  ( 2 )  t o  
e v a l u a t e  e x t e r n a l  and i n t e r n a l  methods of app ly ing  t h e  h e a t  r e q u i r e d  f o r  ca rbon i -  
z a t i o n ;  and (3)  t o  o b t a i n  d a t a  f o r  t h e  des ign  of a p i l o t - s c a l e  ca rbon ize r .  

This p a p e r  d e s c r i b e s  t h e s e  expe r imen t s ,  i n c l u d i n g  t h e  main s t e p s  i n  applying 
a 3 - f a c t o r  5 - l e v e l  r e sponse  s u r f a c e  a n a l y s i s  of t h e  f a c t o r i a l l y  designed t e s t - r u n s ,  
a t echn ique  t h a t  e v a l u a t e s  a l l  of  t h e  s i g n i f i c a n t  p r o c e s s  v a r i a b l e s  w i t h  a minimum 
of e x p e r i m e n t a l  work. 
m a t t e r  i n  t h e  c h a r ,  a r e  d i s c u s s e d  i n  d e t a i l .  

Two of t h e  1 3  r e sponses ,  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  

DESCRIPTION OF EQUIPMENT 

The equipment f o r  t h e  t w o  t e s t  series d i f f e r e d  i n  t h e  method of  h e a t i n g  t h e  
c a r b o n i z e r  and i n  most of  t h e  p roduc t  recovery system, a s  shown i n  f i g u r e s  1 and 
2 .  'Ihe coa l - f eed ing  system was i d e n t i c a l  i n  bo th  series and c o n s i s t e d  of a 
v i b r a t o r y  screw f e e d e r  r e c e i v i n g  c o a l  from a p re s su re -equa l i zed  hopper.  

'Under l ined  numbers i n  p a r e n t h e s e s  r e f e r  t o  items i n  t h e  l i s t  of  r e f e r e n c e s  a t  the 

2The r e s u l t s  of t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s  w i l l  be summarized in a forthcoming 

The f eed ing  

end of the paper .  
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i n  each case  was f a c i l i t a t e d  by i n j e c t i o n  o f  t h e  c o a l  i n t o  n i t r o g e n  i n  d i f f e r e n t  
d i l u t i o n s  wi th  methane, b e f o r e  e n t e r i n g  t h e  f l a s h  c a r b o n i z e r .  

The c a r b o n i z e r  c o n s i s t e d  o f  a 12-inch l e n g t h  of  4 - inch -d iame te rY  schedu le  40 
p i p e  made of t ype  310 s t a i n l e s s  steel .  For the e x t e r n a l  h e a t i n g  s e r i e s ,  t h r e e  4- 
i nch - long  c i r c u l a r  t he rmoshe l l  h e a t i n g  e l emen t s  were i n s t a l l e d  around t h e  c a r b o n i z e r  
tube.  The c o a l  p a r t i c l e s  were carbonized wh i l e  be ing  c a r r i e d  downward by t h e  en- 
t r a i n i n g  gas .  For i n t e r n a l  h e a t i n g ,  n a t u r a l  gas  was burned wi th  a s l i g h t  d e f i c i e n c y  
of a i r  i n  a r e f r a c t o r y - f i l l e d  combustor,  t he  h o t  combustion p r o d u c t s  be ing  i n j e c t e d  
d i r e c t l y  i n t o  t h e  c a r b o n i z e r .  The 70 p e r c e n t  through 200-mesh c o a l  was f u r t h e r  
e n t r a i n e d  i n  the h o t  gases  which provided t h e  r e q u i r e d  h e a t  f o r  c a r b o n i z a t i o n .  
I n t e r n a l  h e a t i n g  changed t h e  h e a t  t r a n s f e r  from r a d i a t i o n  c o n t r o l l e d  t o  t u r b u l e n t  
c o n v e c t i v e ,  a l though  some e x t e r n a l  h e a t i n g  was a l s o  a p p l i e d  t o  ba l ance  t h e  hea t  
losses from t h e  ca rbon ize r .  
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Because of  t h e  d i f f e r e n t  g a s  f low r a t e s  f o r  t h e  t w o  tes t  s e r i e s ,  t h e  p roduc t  
recovery t r a i n s  were d i f f e r e n t .  I n  each c a s e ,  t h e  o b j e c t i v e  was complete  recovery 
f r a n  t h e  g a s  s t r eam of  a l l  s o l i d  and l i q u i d  p roduc t s .  I n  bo th  c a s e s ,  c o a r s e r  c h a r  
p a r t i c l e s  f e l l  d i r e c t l y  i n t o  a c h a r  r e c e i v e r  below t h e  c a r b o n i z e r .  For  t h e  ex- 
t e r n a l l y  heated u n i t ,  where t h e  gas  f low r a t e  was lower, a b a f f l e d  knockout chamber 
was used t o  remove t h e  f i n e  c h a r  p a r t i c l e s .  Ta r  and p i t c h  were removed by two 
e l e c t r o s t a t i c  . p r e c i p i t a t o r s ,  fol lowed by a d r y - i c e  t r a p  f o r  removal of  l i g h t - o i l  
and w a t e r ,  and a s i l i c a  g e 1 , t r a p  f o r  f i n a l  recovery of l i g h t - o i l  and wa te r  b e f o r e  
me te r ing  and v e n t i n g  t h e  gas .  For  t h e  i n t e r n a l l y  hea ted  u n i t ,  which r ece ived  much 
l a r g e r  g a s  volumes from t h e  combustor,  the recovery t r a i n  c o n s i s t e d  o f  two cyc lones  
in series f o r  t h e  removal o f  c h a r  d u s t ,  and a wa te r  s c rubbe r  fo l lowed  by a steam- 
w a t e r  s c rubbe r  f o r  f i n a l  t a r ,  p i t c h ,  and l i g h t - o i l  removal. 

The c a r b o n i z e r  was des igned  t o  r a p i d l y  h e a t  c o a l  p a r t i c l e s  a t  a tmospheric  
p r e s s u r e  a s  t hey  passed through t h e  12-inch h o t  zone. The f e e d  t u b e  was c o n s t r u c t e d  
t o  i n j e c t  t h e  powdered c o a l  a t  a high v e l o c i t y  i n t o  t h e  c a r b o n i z a t i o n  zone. A f t e r  
less than  one second r e s i d e n c e  t i m e ,  d u r i n g  which t h e  p a r t i c l e s  a r e  r a p i d l y  p y r o l i z e d  
and d e v o l a t i l i z e d ,  t h e  c h a r  p a r t i c l e s  c a r r i e d  by t h e  g a s  e n t e r  t h e  r ecove ry  t r a i n .  

In a t y p i c a l  t e s t - r u n  t h e  c a r b o n i z e r  i s  p rehea ted  t o  t h e  d e s i r e d  w a l l  tempera- 
t u r e .  When t h e  c a r b o n i z e r  t empera tu re  becomes c o n s t a n t  a t  t h e  d e s i r e d  leve l ,  t h e  
c o a l  f e e d i n g  i s  begun t o  s t a r t  t h e  run. During t h e  run ,  c h a r  i s  p e r i o d i c a l l y  
removed f r a n  t h e  bottom l o c k  hopper and t h e  g a s  i s  sampled. A l l  o t h e r  p r o d u c t s  
a r e  c o l l e c t e d  a f t e r  t h e  run and a p e r i o d  of coo l ing .  

EXPERIMENTAL DESIGh' 

To e v a l u a t e  t h e  d a t a ,  t h e  "composite f a c t o r i a l  design" method (2) was used t o  
o b t a i n ,  i n  t h e  l e a s t  t ime,  t h e  b e s t  r e l i a b l e  e s t i m a t e s  of  t h e  e f f e c t s  and i n t e r -  
a c t i o n s  of  system v a r i a b l e s .  S e v e r a l  of t h e s e  v a r i a b l e s ,  c a l l e d  " f a c t o r s " ,  were 
s y s t e m a t i c a l l y  changed and t h e  e f f e c t s  i n  each case  determined by s t a t i s t i c a l  
a n a l y s i s .  

A 3-dimensional c o o r d i n a t e  system was assumed w i t h  t h r e e  f a c t o r s - - c o a l - f e e d  
r a t e ,  r e a c t o r  w a l l  t empera tu re ,  and e n t r a i n i n g  gas  composition3--changed s imultane-  
o u s l y  wh i l e  a l l  o t h e r  v a r i a b l e s  were h e l d  c o n s t a n t .  

=Methane is t h e  c h i e f  component of  c a r b o n i z a t i o n  g a s e s  and was used i n  o r d e r  t o  

Within t h i s  3-dimensional  

s i m u l a t e  t h e  en t r a inmen t  o f  c o a l  i n  r e c y c l e  gases  a s  would be done in p i l o t - s c a l e  
and commercial c a r b o n i z e r s .  E n t r a i n i n g  gas  c m p o s i t i o n  i s  expres sed  i n  terms of  
me thane - to -n i t rogen  r a t i o s .  



! 
n2 

system, a r ange  of v a l u e s  i n  e a c h  o p e r a t i n g  v a r i a b l e  was chosen f o r  examinat ion,  
based on a c t u a l  r e s u l t s .  The e f f e c t s  and i n t e r a c t i o n s  of t h e s e  t h r e e  f a c t o r s  a t  
v a r i o u s  l e v e l s  were de te rmined  on two types  of  r e sponses ,  p roduc t -y i e ld  and q u a l i t y .  

/ 
The composite f a c t o r i a l  d e s i g n  allowed d e t a i l e d  examinat ion of t h e  responses  

a t  14 p o i n t s  p l u s  f i v e  r e p l i c a t i o n s  a t  t h e  c e n t e r  of t h e  cube,  from which t h c  
e n t i r e  r e sponse  s u r f a c e  was d e r i v e d .  The computat ion o f  v a r i a n c e s  was based on 
t h e s e  f ive r e p l i c a t i o n s .  The t h r e e  f a c t o r s  were v a r i e d  i n  a n  e s t a b l i s h e d  p a t t e r n  
a s  shown i n  t a b l e  1 and f i g u r e  3. In t h e s e  i l l u s t r a t i o n s ,  f o r  convenience,  t h e  
f a c t o r s  a r e  i d e n t i f i e d  a s  3 ( r e a c t o r  w a l l  t empera tu re ) ,  + ( coa l - f eed  r a t e )  and 
~3 (gas  composi t ion) .  The levels i n  each f a c t o r  were coded i n t o  f i v e  v a l u e s :  - 2 ,  
-1, 0, 1, 2. The o p e r a t i n g  f a c t o r s  and co r re spond ing  expe r imen ta l  r e s u l t s  obtained 
a r e  summarized i n  t a b l e  2. 

i 
The main s t e p s  i n  r e s p o n s e  s u r f a c e  a n a l y s i s  fo l low:  

1. Design t h e  expe r imen t  t o  o b t a i n  a second degree  r e g r e s s i o n  equa t ion ,  
2. Transform t h i s  e q u a t i o n  i n t o  i t s  s t a n d a r d  o r  c a n o n i c a l  form, 
3. I l l u s t r a t e  it b y  means of  a con tour  diagram o r  3-dimensional model. 

Assuming t h a t  a second d e g r e e  e q u a t i o n  wi th  three f a c t o r s  r e p r e s e n t s  t h e  system 
a d e q u a t e l y ,  i t  w i l l  have t h e  f o l l o w i n g  g e n e r a l  form: 

F a c t o r s  
Temperature.. . . . . . . . . .OF 
Feed r a t e .  . . . . . . . . . .g I h r  
Gas composi t ion ........ % 

1 

/1 
where box, r e p r e s e n t s  t h e  a v e r a g e  v a l u e  of  a l l  t r i a l s .  
l i n e a r  term and a q u a d r a t i c  t e rm f o r  each  f a c t o r  and a l l  p o s s i b l e  2 - f a c t o r  i n t e r -  
a c t i o n s .  The c o e f f i c i e n t s  a r e  c a l c u l a t e d  from t h e  d a t a .  

This e q u a t i o n  c o n t a i n s  a 

Leve 1 

1,500 1,600 1,700 1,1100 1,900 3 
-2 -1 0 1 2 Symbol 

250 500 750 1,000 1,250 x, 
100 N2 75 50 25 0 %  

1 0 CH, 25 5 0  75 100 

Responses : 

(2 )  Char h e a t i n g  va lue .  (6) 
( 3 )  Char f u e l  v a l u e .  
(4 )  Ex ten t  o f  d e v o l a t i l i - ( 7 )  

(1) Char y i e l d .  (5) 

z a t i o n .  (8) 

S u l f u r  p e r  Btu.  (9) Gas h e a t i n g  value.  
P e r c e n t  v o l a t i l e  (10) Gas f u e l  va lue .  

m a t t e r  . I(11) L i g h t - o i l  y i e l d .  
P e r c e n t  s u l f u r .  (12)' Tar  y i e l d .  
Gas y i e l d .  (13) P i t c h  y i e l d .  

A 

1 

I 

I 



1 1 -1 
1 1 1  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  

- 2  0 0 
2 0 0  
0 - 2  0 
0 2 0  
0 0 -2 
0 0 2  

Since  t h e  r e g r e s s i o n  e q u a t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t ,  it i s  t ransformed i n t o  
i t s  s t a n d a r d  o r  c a n o n i c a l  form. The t r a n s f o r m a t i o n  i s  o r thogona l  and c o n s i s t s  of 
t r a n s l a t i o n  of t h e  o r i g i n a l  c e n t e r  o f  t h e  d e s i g n  t o  t h e  s t a t i o n a r y  p o i n t  (where t h e  
s l o p e  w i t h  r e s p e c t  t o  a l l  f a c t o r s  is  z e r o )  and r o t a t i o n  of  t h e  axes .  T r a n s l a t i o n  
e l i m i n a t e s  t h e  l i n e a r  terms; r o t a t i o n  c a u s e s  t h e  i n t e r a c t i o n s  t o  v a n i s h .  The t r a n s -  
formed e q u a t i o n  has  t h e  f o l l o w i n g  g e n e r a l  form: 

\ Y Y, E B , , q 2  + + %3Xs2 (2) 

1,800 1,000 25 25.71 1,513 20.85 1,221 
1,800 1,000 75 26.07 1,619 19.76 1,194 
1,700 750 50 26.56 1,635 14.74 1,088 
1,700 750 50 27.76 1,589 17.11 1,117 
1,700 750 50 28.55 1,642 18.83 1,138 
1,700 750 50 28.96 1,638 16.62 1,060 
1,700 750 50 28.28 1,604 15.27 1,037 
1,500 750 50 31.18 1 , 7 2 1  23.35 1,246 
1,900 750 50 24.65 1,468 12.05 983 
1,700 250 50 22.58 1,305 11.99 960 

1,700 750 0 29.61 1,661 16.96 1,115 
1,700 1,250 50 31.94 1,729 16.38 1,010 

1,700 750 100 28.90 1,593 16.32 1,000 

where Y, i s  t h e  response  a t  t h e  s t a t i o n a r y  p o i n t  and t h e  q ' s  a r e  t h e  c o o r d i n a t e s  
w i t h  r e s p e c t  t o  t h e  new axes  a f t e r  t r a n s l a t i o n  and r o t a t i o n .  

The magnitude and s i g n s  o f  t h e  c o e f f i c i e n t s  i n  the  c a n o n i c a l  e q u a t i o n  show t h e  
n a t u r e  of t h e  r e s p m s e  s u r f a c e .  
is  i n c r e a s i n g  in any d i r e c t i o n  from Y, ,  and Y, has a m i n i m u m  v a l u e ;  i f  a l l  s i g n s  a r e  
n e g a t i v e ,  t h e  va lue  of  t h e  response  i s  d e c r e a s i n g ,  and Y, has  a maximum v a l u e ;  i f  
b o t h  p o s i t i v e  and n e g a t i v e  s i g n s  a r e  p r e s e n t ,  t h e  s u r f a c e  i s  "saddle" shaped (i.e., 
a r i d g e  connec t ing  two e l e v a t i o n s )  and t h e r e  is  no s i n g l e  maximum o r  minimum. 

The t r a n s f o r m a t i o n  i s  s t r a i g h t f o r w a r d  and is  based on sound mathematical  

I f  a l l  s i g n s  a r e  p o s i t i v e ,  t h e  v a l u e  o f  t h e  response 

~ 

\ 

procedures .  
t h e  l o c a t i o n  of t h e  r e f e r e n c e  p o i n t .  

The two e q u a t i o n s ,  e m p i r i c a l  and c a n o n i c a l ,  do not  d i f f e r  except  f o r  

All of t h e  r e g r e s s i o n  e q u a t i o n s  a s  w e l l  a s  t h e  c a n o n i c a l  forms have been pro- 
grammed in FORTRAN IV language f o r  t h e  d e t e r m i n a t i o n  of t h e  c o e f f i c i e n t s  by an IBM 
7040 C m p u t e r ,  and f o r  p l o t t i n g  of t h e  r e s p o n s e s  by an accessory  CALCOMP p l o t t e r .  

' 
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RESULTS 

Ana lys i s  of  t h e  d a t a  by composite f a c t o r i a l  des ign  y i e l d s  e m p i r i c a l  e q u a t i o n s  
d e s c r i b i n g  t h e  response s u r f a c e s  i n  terms of  the f a c t o r s  and t h e i r  i n t e r a c t i o n s .  
The c o e f f i c i e n t s  of  t h e  e q u a t i o n s  i n d i c a t e  by t h e i r  r e l a t i v e  magnitudes the  s i g n i f i -  
cance of  t h e  f a c t o r s  and the e x t e n t  of t h e i r  i n t e r a c t i o n s  a s  w e l l  a s  the c u r v a t u r e  
of  the s u r f a c e s .  From t h e  e q u a t i o n ,  bo th  l i n e a r  and q u a d r a t i c  e f f e c t s  can be 
a s s e s s e d .  

The r e sponse  s u r f a c e s  f o r  c h a r  y i e l d  i n  t h e  e x t e r n a l  h e a t i n g  s e r i e s  a r e  d e s -  
c r i b e d  by t h e  r e g r e s s i o n  e q u a t i o n :  

y/1@ = 1.603 - . 004432  - . 0 1 6 1 ~ 1 ~ ,  + .01313% - .0634x, 

- .023852 + . 0 0 4 6 x , ~ ,  + . 0 9 1 7 ~ ,  

+ .0037%" + .008x, 

(3) 

The c o e f f i c i e n t s  of t h e  l i n e a r  terms,  0 . 0 6 3 4 3  and 0 . 0 9 1 7 5 ,  a r e  l a r g e r  t han  any 
o t h e r s ,  t h u s  t h e s e  l i n e a r  e f f e c t s  have the  g r e a t e s t  s i g n i f i c a n c e  on t h e  c h a r  y i e l d .  
S t a t i s t i c a l  a n a l y s i s  of  t h e  d a t a  i n d i c a t e s  t h a t  t h e s e  t w o  f a c t o r s ,  temperature  and 
f e e d - r a t e ,  a r e  the on ly  s i g n i f i c a n t  ones a t  t h e  95 p e r c e n t  conf idence  l e v e l .  Based 
on a s i m i l a r  equa t ion  f o r  t h e  i n t e r n a l  h e a t i n g  series,  t h e  c h a r  y i e l d  response i s  
s i g n i f i c a n t l y  dependent on ly  upon t h e  coa l - f eed  r a t e .  In a b s o l u t e  magnitude, t h e s e  
c o e f f i c i e n t s  a r e  s m a l l ,  i n d i c a t i n g  t h a t  the s u r f a c e s  have on ly  a s l i g h t  c u r v a t u r e  
w i t h i n  t h e  l i m i t s  of t h e  experiment .  

The c a n o n i c a l  e q u a t i o n  f o r  cha r  y i e l d  i n  e x t e r n a l  h e a t i n g  is: 

Y - 1,974 = -27 .44"  - 4 . 7 3 2  + 7.5%" (4) 

The form of t h i s  e q u a t i o n  i n d i c a t e s  t h a t  t h e  s u r f a c e  i s  saddle-shaped s i n c e  b o t h  

t i o n  p o i n t  i n  t h e  s u r f a c e ,  ( i . e . ,  n e i t h e r  a maximum o r  a minimum), and s i n c e  it 
o c c u r s  o u t s i d e  the expe r imen ta l  l i m i t s ,  any d e s c r i p t i o n  o f  t h e  b e h a v i o r  of  t he  s u r f a c e  

t h e  d a t a .  F igu res  4 and 5 p r e s e n t  a comparison of  t h e  shapes  of  t h e  s u r f a c e s  for  
y i e l d s  o f  c h a r  produced by e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  

p o s i t i v e  and n e g a t i v e  terms appea r .  The s t a t i o n a r y  p o i n t  i n  t h i s  c a s e  i s  an  inflec- I1 

n e a r  t h e  p o i n t  i s  mean ing le s s .  The saddle-shaped s u r f a c e  i n d i c a t e s  o n l y  a t r e n d  i n  1 )  

I 

S i m i l a r l y  d e r i v e d  from a n o t h e r  r e g r e s s i o n  e q u a t i o n ,  t h e  3-dimensional  diagrams 
i n  f i g u r e s  6 and 7 show t h e  r e sponse  s u r f a c e s  f o r  v o l a t i l e  m a t t e r  i n  t h e  c h a r ,  
r e s u l t i n g  from e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  Both s e t s  of s u r f a c e s  
a r e  saddle-shaped a s  were t h o s e  f o r  c h a r  y i e l d .  The r e s u l t s  of t h e  computed d a t a  
( t a b l e  3) show t h a t  t h e  s u r f a c e s  f o r  p e r c e n t  v o l a t i l e  m a t t e r  i n  the  c h a r  depend 
o n l y  on coa l - f eed  r a t e  i n  t h e  c a s e  of  i n t e r n a l  hea t ing .  With e x t e r n a l  h e a t i n g ,  both 
t empera tu re  and coa l - f eed  r a t e  have s i g n i f i c a n t  e f f e c t s .  Table  3 a l s o  summarizes 
t h e  r e s u l t s  f o r  t he  f o u r  r e sponses  d i s c u s s e d  above. 

F igu re  8 shows t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  between c h a r  y i e l d  and coal-feed 
r a t e  f o r  b o t h  t h e  i n t e r n a l  and e x t e r n a l  h e a t i n g  series. I n  t h i s  diagram, the w a l l  
t empera tu re  of  t he  c a r b o n i z e r  and t h e  p e r c e n t  v o l a t i l e  matter i n  t h e  c h a r  a r e  s h a m  
as paramete r s .  
c o a l - f e e d  r a t e  a t  t h e  t empera tu re  l e v e l s  s h a m .  The broken l i n e s  r e p r e s e n t  s i m i l a r l y  
a f u n c t i o n a l  r e l a t i o n s h i p  between c h a r  y i e l d  and coa l - f eed  r a t e ,  b u t  w i t h  pe rcen t  
v o l a t i l e  m a t t e r  a s  a pa rame te r  a t  t h e  l e v e l s  shown. 
p e r c e n t  v o l a t i l e  matter i n  c h a r  a s  a f u n c t i o n  of t h e  c o a l - f e e d  r a t e  a t  given 

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

The diagram a l s o  shows the  



, c a r b o n i z a t i o n  temperatures .  Th i s  follows from t h e  f a c t  t h a t  t he  c h a r  y i e l d  is  a 
f u n c t i o n  of coa l - f eed  r a t e  a t  any c a r b o n i z a t i o n  t empera tu re ,  a s  s t a t e d  above. '. 

TABLE 3. - Results of f a c t o r i a l  analysis:  
y i e ld  and qual i tv  of the char produced 

Response 
Char yield 

Percent 
v o l a t i l e  
matter i n  
char 

Char 
yield 

Percent 
vo la t i l e  
matter i n  
che r 

'Factors c 

Significant 
factors' * 5  

Temperature. 
feed rate  

Temperature, 
feed rate  

Feed rate  

Feed rate  

isinn svstemal 

Best value 
of response2 
Maximum a t  
15% V.M. in 
char 

15% 

:,laximum a t  
15% V.M. i n  
char 

15% 

Conditions yielding 
best  response value" 
Low temperatures; 
high feed rates;  
C H ,  i n  gas 

Low temperatures; 
low feed r a t e s ;  
gas composition 
immaterial 

Low temperatures; 
low feed r a t e s  
(250-500 g / h r ) ;  
low %CH, i n  gas 

Surface extending 
from low temp.-- 
l o w  feed rate  to  
high temp.--high 
feed r a t e  

: variat ion i n  response. 

'ariance 
iccounted for4 

98.5 

84.8 

92.4 

83.1 

Heating 
Method 

External 
- 

Externa 1 

Inte ma 1 

In t e  ma 1 

- -  
2Desired value of response from process standpoint. 
JValues of var iables  ( factors)  required t o  give the desired response. 
,Percentage of random e r r o r  accounted f o r  i n  the experiment (below 80% 

of the r e s u l t  i s  poor.) 
' A t  95% confidence level. 

va l id i ty  

The f a c t o r i a l  des ign  i n d i c a t e s  t h a t  bo th  temperature  and c o a l - f e e d  ra te  a r e  
s i g n i f i c a n t  f a c t o r s  a t  t h e  95 p e r c e n t  conf idence  l e v e l  i n  t h e  e x t e r n a l  h e a t i n g  
series,  w h i l e  o n l y  t h e  coa l - f eed  r a t e  i s  s i g n i f i c a n t  a t  t h e  95 p e r c e n t  l e v e l  i n  
i n t e r n a l  h e a t i n g .  
e f f e c t  of  temperature  i n  t h e  e x t e r n a l  s e r i e s  is  seen  from t h e  g r e a t e r  sp read  between 
t h e  c u r v e s  compared wi th  t h e  s e t  of cu rves  f o r  i n t e r n a l  h e a t i n g .  
temperature  i s  c l e a r l y  p r e s e n t  i n  t h e  i n t e r n a l  h e a t i n g  series,  b u t  a t  a much 
lower s t a t i s t i c a l  l e v e l  of  conf idence .  

The diagrams i n  f i g u r e  8 r e f l e c t  t h e s e  conc lus ions .  'Ihe l a r g e r  

The e f f e c t  of  

The diagrams i n  f i g u r e  8 show t h a t  f o r  a g iven  coa l - f eed  r a t e ,  t h e  c h a r  y i e l d  
d e c r e a s e s  with i n c r e a s i n g  c a r b o n i z a t i o n  t empera tu res ,  a s  would be expected.  However, 
t h e  e f f e c t  of t h e  coa l - f eed  r a t e  on t h e  c h a r  y i e l d ,  a t  h i g h e r  f e e d  r a t e s ,  i s  
c o n t r a r y  t o  what one would expec t :  t h e  c h a r  y i e l d  d e c r e a s e s  a s  t h e  f e e d  r a t e  i n -  
c r e a s e s .  The observed d e v i a t i o n  i n  c u r v a t u r e  can be exp la ined  by the method used 
to  measure temperature .  
t h i s  i n v e s t i g a t i o n ,  t h e r e  i s  a d i r e c t  c o r r e l a t i o n  between t h e  t r u e  t empera tu re  of 
t h e  suspended s o l i d  p a r t i c l e s  and t h e  measured w a l l  t empera tu re  a s  l o n g  a s  t h e  
p a r t i c l e s  a r e  i n  d i l u t e  phase i n  t h e  moving gas  s t ream. However, above a c e r t a i n  
p a r t i c l e  c o n c e n t r a t i o n  t h e  c o r r e l a t i o n  between w a l l  t empera tu re  and p a r t i c l e  tempera- 
t u r e  c e a s e s  because t h e  p a r t i c l e s  moving downward i n  dense phase n e a r  t h e  c e n t e r  of 
t h e  c a r b o n i z e r  tube w i l l  no t  "see" a s  much o f  t h e  sou rce  of  r a d i a n t  h e a t  a s  t h e  
p a r t i c l e s  moving n e a r  t he  tube  wa l l .  I n  t h e  e x t e r n a l l y  hea ted  c a r b o n i z e r ,  t h i s  
shadowing e f f e c t  becanes so l a r g e  t h a t  t h e  w a l l  t empera tu re  i s  no l o n g e r  a true 

When t h e  t empera tu re  of t h e  r e a c t o r  w a l l  i s  measured, a s  i n  
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measure of  t h e  a c t u a l  t e m p e r a t u r e .  The same e f f e c t  is  confirmed by n o t i n g  t h e  
p e r c e n t  v o l a t i l e  m a t t e r  remaining in  t h e  c h a r .  S ince  t h e  same c o a l  is  used through- 
o u t ,  t h e  amount of v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  t h a t  i s  carbonized i n  
d i l u t e . p h a s e  is  d i r e c t l y  r e l a t e d  t o  t h e  c h a r  y i e l d .  A t  h igh coa l - feed  r a t e s  i n  t h e  
e x t e r n a l  h e a t i n g  s e r i e s ,  t h e  c u r v e s  r e p r e s e n t i n g  t h e  p e r c e n t  v o l a t i l e  m a t t e r  i n  t h e  
c h a r  drop  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  coa l - feed  r a t e ,  a l s o  i n d i c a t i n g  t h a t  t h e  
l i n e a r  r e l a t i o n s h i p  between w a l l  t empera ture  and c a r b o n i z a t i o n  tempera ture  h a s  
ceased.  

D i f f e r e n c e s  i n  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  f o r  
bo th  series a r e  e v i d e n t  from t h e  diagram d i s c u s s e d .  The upper  p l o t  shows t h a t  t h e  
minimum v o l a t i l e  m a t t e r  l e f t  i n  t h e  c h a r  from t h e  e x t e r n a l  h e a t i n g  s e r i e s  was 
approx ima te ly  20 p e r c e n t ,  or 5 p e r c e n t  above t h e  15 p e r c e n t  cons idered  optimum f o r  
c o a l - b u r n i n g  powerplan ts .  The optimum of 15% V.M. could n o t  be a t t a i n e d  by means 
of  e x t e r n a l  h e a t i n g  o v e r  the e n t i r e  range of  f a c t o r  l e v e l s  i n v e s t i g a t e d .  
o t h e r  hand, t h e  lover g roup  of  c u r v e s  f o r  t h e  i n t e r n a l  h e a t i n g  s e r i e s  i n d i c a t e  t h a t  
15 p e r c e n t  V.M. c h a r  can b e  made (with an e n t r a i n i n g  gas  composi t ion o f  50 p e r c e n t  
N, and 50 p e r c e n t  C q )  a t  any t empera tu re  w i t h i n  t h e  d e s i g n  l i m i t s  of 1,500" t o  
1,90O0F, and a t  c o a l - f e e d  r a t e s  from 375 to  750 g/hr .  
was 1,075 l b  per  t o n  of c o a l  carbonized .  

On t h e  

The co r re spond ing  char  y i e l d  

A ccnnplete d e s c r i p t i o n  of t h e  y i e l d s  and q u a l i t i e s  of  a l l  of  t h e  p r o d u c t s  ( i n -  
c l u d i n g  g a s ,  l i g h t  o i l ,  t a r  and p i t c h )  w i l l  be inc luded  i n  a for thcoming U.S. BuMines 
Report  of I n v e s t i g a t i o n s .  

CONCLUSIONS 

The expe r imen ta l  r e s u l t s  of t h e  t w o  test series show t h a t  even h ighly  caking  
c o a l s  may be ccrbonized a t  a r a p i d  r a t e  i n  en t ra inment .  The q u a n t i t i e s  and q u a l i t i e s  
of  t h e  p r o d u c t s  can be c o n t r o l l e d  w i t h i n  t h e  l i m i t s  of  t h e  experiment  by a p p r o p r i a t e l y  
combining t h e  tempera ture ,  c o a l - f e e d  r a t e  and e n t r a i n i n g  g a s  composi t ion.  

L a r g e r  c o a l  t h roughpu t  r a t e s ,  w i t h  t h e  d e s i r e d  amount of v o l a t i l e  m a t t e r  remaining 
i n  t h e  c h a r ,  were p o s s i b l e  when t h e  c a r b o n i z e r  was heated i n t e r n a l l y  r a t h e r  than  
e x t e r n a l l y  because of more e f f e c t i v e  h e a t  t r a n s f e r ,  a l t hough  a t  t h e  expense o f  gas  
q u a l i t y .  Thus, by i n t e r n a l  h e a t i n g ,  optimum c h a r  q u a l i t y  (15% V.M.) was achieved 
w i t h  a throughput  of 750 g / h r  i n  a 4 - inch -d iame te r  c a r b o n i z e r  a t  1,900'F. 
c h a r  q u a l i t y  could not  be a t t a i n e d  by e x t e r n a l  h e a t i n g  over  t h e  e n t i r e  range o f  t h e  
v a r i a b l e s  i n v e s t i g a t e d .  

Comparable 

Diagrams obta ined  by r e sponse  s u r f a c e  a n a l y s i s  of  t h e  two s e r i e s  of t e S t - r ~ n 8  
were found u s e f u l  i n  p r e d i c t i n g  t h e  c o n d i t i o n s  under which a p r o d u c t  of  g iven  y i e l d  
and q u a l i t y  can be  produced.  Op t imiza t ion  of p r o d u c t  y i e l d s  and q u a l i t i e s  could be  
achieved  by subsequent  s e r i e s  of f a c t o r i a l l y  des igned  t e s t - r u n s  guided by t h e  t r e n d s  
i n d i c a t e d  by the  p r e s e n t  r e s u l t s .  

' 
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