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

The inc reas ing  demand f o r  n a t u r a l  g a s  stems from i t s  freedom from emissions of 
p a r t i c u l a t e  matter and s u l f u r  ox ides  and i t s  a d a p t a b i l i t y  t o  r e l a t i v e l y  inexpensive 
and au tomat ic  combustion equipment. Many s t u d i e s  of f u e l  r e sources  i n  t h e  U.S. 
have ind ica t ed  an  impending shor tage  of n a t u r a l  gas .  
ment of c o a l  g a s i f i c a t i o n  i s  e s s e n t i a l  f o r  t h e  s u r v i v a l  of t h e  gas  indus t ry  and 
i n d i c a t e s  wellhead p r i c e s  of n a t u r a l  gas w i l l  r each  50$/MCF w i t h i n  15 yea r s .  

F i s d l  concludes t h a t  develop- 

S e v e r a l  c o a l  g a s i f i c a t i o n  processes  are be ing  developed f o r  product ion  of 
p i p e l i n e  gas .  
a s  a s o l i d  f u e l .  
h e a t i n g  va lue  of t h e  c o a l  f eed ,  depending on t h e  process .  

Coal Research Labora tory  R e a c t i v i t y  I n d i c e s '  shows a c l o s e  c o r r e l a t i o n  with t h e  
v o l a t i l e  matter c o n t e n t  of cokes,  r e a c t i v i t y  dec reas ing  wi th  decreas ing  v o l a t i l e  
m a t t e r  con ten t .  
same v o l a t i l e  ma t t e r  c o n t e n t ,  from those  o f  cokes t o  those  of a c t i v e  carbons.  The 
r e a c t i v i t y  of cha r  r e s i d u e s  from g a s i f i c a t i o n  w i l l  probably be nea re r  t h a t  f o r  coke. 

Walker21 r epor t ed  t h a t  cha r s  from a f l u i d i z e d  bed p rocess  can be burned i n  

These g e n e r a l l y  y i e l d  a c h a r  r e s i d u e  t h a t  must be recovered f o r  use  
The h e a t i n g  va lue  i n  t h e  cha r  r e s i d u e  can  amount to 50% of t h e  

The combustion p r o p e r t i e s  of cha r s  are u i t e  v a r i a b l e .  A s tudy  based on ehe 

The r e a c t i v e  p r o p e r t i e s  of cha r s  may d i f f e r ,  f o r  m a t e r i a l  of t h e  

pu lve r i zed  form i n  fu rnaces  normally used f o r  a n t h r a c i t  
ous-type u n i t s  with supplemental  f u e l .  
f lu id ized-bed  coking o f  petroleum f r a c t i o n s  i n  a s l agg ing  fu rnace  without supple- 
menta l  f u e l .  The furnace  used opposed f i r i n g  i n c l i n e d  downward t o  g ive  flame 
impingement on t h e  s l a g  pool and very  s t a b l e  i g n i t i o n .  

o r  i n  convent iona l  bitumin- 
Cra ig  and Smith- have burned t h e  product of ZI 

Experience is  l i m i t e d ,  bu t  i n d i c a t e s  t h a t  c h a r  r e s i d u e s  from g a s i f i c a t i o n  can 
be burned e f f i c i e n t l y  provided t h e  furnace  is  designed f o r  t h e  p a r t i c u l a r  f u e l  o r  
an  a u x i l i a r y  f u e l  is  used .  

T e s t s  such as those  f o r  t h e  CRL R e a c t i v i t y  Ind ices  o r  burning p r o f i l e s ,  
developed by Wagoner and DuzyAI can be  used t o  e s t ima te  r e l a t i v e  ease  of com- 
b u s t i o n ,  b u t  may not be s u f f i c i e n t  t o  p r e d i c t  combustion e f f i c i e n c y  i n  a p a r t i c u l a r  
t ype  of u n i t  not designed p r i m a r i l y  f o r  handl ing  low-vo la t i l e  matter f u e l s .  
t h e  tests a r e  not  s t anda rd ized  nor are they  gene ra l ly  a v a i l a b l e .  Th i s  h a s  r e s u l t e d  
because d a t a  have not  appeared t h a t  j u s t i f y  s tandard ized  r e a c t i v i t y  tests i n  con- 
s i d e r a t i o n  of t h e  c l o s e  c o r r e l a t i o n  between r e a c t i v i t y  i n d i c e s  and t h e  proximate 
ana lyses  of s o l i d  f u e l s .  

Also,  

The p resen t  paper r e p o r t s  on t h e  combustion exper ience  wi th  th ree  cha r s  of 
d i f f e r e n t  v o l a t i l e  m a t t e r  c o n t e n t s  i n  a f r o n t - w a l l - f i r e d ,  dry-bottom furnace  capable  
of burning 500 l b  of bituminous coa l  per hour.  

Supplemental f u e l  was needed f o r  s t a b l e  combustion of low-vola t i le -mat te r  cha r s  
i n  t h i s  u n i t .  The p ropor t ion  o f  supplemental  f u e l  r e q u i r e d ,  o t h e r  ope ra t ing  v a r i -  
a b l e s  h e l d  c o n s t a n t ,  is  then  a measure of t h e  combustion p r o p e r t i e s  of t he  given 
c h a r .  The percent  carbon convers ion  i n  g a s i f i c a t i o n  should be optimized i n  r e -  
l a t i o n  t o  u t i l i z a t i o n  of f u e l  va lue  i n  t h e  r e s i d u a l  c h a r ,  which i n  tu rn  depends 
upon combustion p r o p e r t i e s  o f .  t he  cha r .  
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Experimental Apparatus 

Combustion research  has long been hampered by t h e  u n a v a i l a b i l i t y  of s u i t a b l e  
equipment which could be used €or  experimental  purposes.  
furnaces  are too  l a r g e ,  c o s t l y ,  and unwieldy t o  be  used f o r  exper imenta t ion ,  whi le  
r e s u l t s  ob ta ined  from sma l l e r  experimental  combustion u n i t s  a r e  d i f f i c u l t  t o  i n t e r -  
p r e t  and e x t r a p o l a t e  f o r  use on f u l l - s c a l e  furnaces .  To overcome these  l i a b i l i t i e s ,  
a multipurpose combustion u n i t  was designed t o  s imula t e  the  performance o f  an i n -  
d u s t r i a l  steam-generating furnace .  The combustor, a d r y  bottom u n i t ,  i s  capable  of 
burning 500 l b s  o f  pu lver ized  f u e l  per hour wi th  an e x i t  gas  temperature of 20009. 
A photograph of t h e  furnace  i s  shown i n  F ig .  1. A s impl i f i ed  flowsheet of  t h e  com- 
bus t ion  system inc luding  the  pu lve r i z ing  and feeding system is shown i n  F i g .  2. A 
c r o s s - s e c t i o n a l  view of t h e  p r i n c i p a l  components, t h e  combustor, convec t ive  h e a t  
t r a n s f e r  s e c t i o n ,  a duc t  designed f o r  emission measurements, and a r ecupe ra t ive  a i r  
h e a t e r  i s  shown i n  F ig .  3 .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  furnace  has  been r epor t ed  
e a r l i e r  .!?I 

Presen t  day i n d u s t r i a l  

Operation 

The fou r  f ron t -wa l l  burners  were designed t o  f i r e  n a t u r a l  gas  and/or  pu lver ized  
s o l i d  f u e l .  P r i o r  t o  each tes t  pe r iod ,  t h e  exper imenta l  furnace  w a s  f i r e d  wi th  
n a t u r a l  gas  t o  prehea t  t h e  r e f r a c t o r y  and t o  provide  a source  o f  p rehea t  f o r  t h e  
secondary a i r .  
necessary secondary-a i r  swirl adjustments were made t o  provide flames t h a t  were 
a t tached  t o  t h e  burners ,  bu t  no t  drawn i n t o  t h e  burner tubes .  Prehea t ing  was then 
continued u n t i l  t he  secondary a i r  temperature reached about 550%. Na tu ra l  gas  
flow t o  each burner  was then  reduced by 50%, and pulver ized-char  feed  w a s  s t a r t e d  
a t  a r a t e  of  about 250 l b s  p e r  hour .  From t h i s  p o i n t ,  oxygen con ten t  of  t h e  f l u e  
gas was used a s  a guide i n  t h e  changeover. As the c h a r  feed  ra te  w a s  i nc reased ,  
n a t u r a l  gas  t o  each burner  was decreased t o  ma in ta in  a cons t an t  oxygen l e v e l  i n  the  
f l u e  gas.  
t o  provide s t a b l e  flames.  S ince  t h e  burners  are capable  o f  burning pu lve r i zed  
s o l i d  f u e l s  and n a t u r a l  g a s ,  t h e  la t ter  w a s  used a s  t h e  supplemental  f u e l .  Thus, 
the  next ope ra t ion  was de termina t ion  of t h e  minimum amount of n a t u r a l  gas  t o  provide 
s t a b l e  flames. 

During t h i s  pe r iod ,  combustion a i r  f lows  were e s t a b l i s h e d  and 

, 

A l l  of t he  cha r s  f i r e d  i n  t h i s  i n v e s t i g a t i o n  requi red  supplemental  f u e l  

, 
! 

When t h e  des i r ed  cha r  feed r a t e ,  nominally 400 l b s  per  hour,  was reached ,  
n a t u r a l  gas  provided about 25% of  the  t o t a l  thermal inpu t  t o  t h e  fu rnace .  
gas feed t o  each burner  was then  g radua l ly  decreased t o  t h e  minimum amount necessary 
t o  produce s t a b l e  flames,  a s  determined by observa t ion  of  t h e  bu rne r s .  F i n a l  
adjustments were then made on char  feed rate and secondary a i r  t o  provide  t h e  
des i r ed  excess  a i r  l e v e l  f o r  t h e  tes t  per iod .  

Natura l  

Char used i n  t h i s  i n v e s t i g a t i o n  was produced i n  an  en t r a ined  ca rbon ize r  us ing  
Utah King HVBA a s  t h e  pa ren t  coa l .  
ba tches ,  each ba tch  y i e l d i n g  a d i f f e r e n t  v o l a t i l e - l e v e l  c h a r ,  nominally 5 ,  12 ,  and 

\ 15 percent  by weight.  During each combustion t e s t ,  a char  sample was taken  from ' t he  primary a i r - f u e l  stream us ing  a small  cyc lone  sampler,  t he  t i p  of which ex- 
tended i n t o  the  c e n t e r  of  t he  r e c i r c u l a t i o n  loop. A t y p i c a l  a n a l y s i s  o f  cha r  o f  
each v o l a t i l e  l e v e l  and of t h e  parent  coa l  i s  given i n  Table I .  

About 50 t o n s  o f  c o a l  were processed  i n  3 

t\ 
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TABLE I.- Typical a n a l y s e s  of cha r s  and pa ren t  c o a l  

LOW Medium High Utah 
v o l a t i l e  v o l a t i l e  v o l a t i l e  King mine 

cha r  cha r  cha r  c o a l  

Proximate,  wt -pc t ,  as r ece ived  

Moisture 
V o l a t i l e  matter 
Fixed carbon 
Ash 

0.8 
5.1 

80.9 
13.2 

2.8 2.6 4.9 
12;o 15 .1  44.0 
73.2 72.0 45.9 
12.0 10 .3  5.2 

Ul t ima te ,  wt-dct,  as rece ived  

Carbon 
Hydrogen 
Nitrogen 
Su l fu r  
Oxygen 
Ash 

81.6 75.9 75.5 72.3 
1.0 2.3 3.0 5.8 
1.4 1 . 7  1.8 1.3 
0 . 5  0.6  0 . 6  0.5 
2.3 7.5 8.8 14.9 

13.2 12.0 10.3 5.2 

Discuss ion  of R e s u l t s  

Supplemental f u e l  requi rements  va r i ed  f o r  each v o l a t i l e  l e v e l  and, t o  a l e s s e r  
degree ,  f o r  each set o f  combustion cond i t ions  wi th in  a v o l a t i l e  l e v e l .  Minimum 
f u e l  requirements,  determined a s  percent  of t o t a l  en tha lpy  i n p u t  a r e  showh g raph ic ly  
i n  F ig .  4. The p l o t  shows t h a t  minimum supplemental  f u e l  depends somewhat upon t h e  
amount o f  prehea t  i n  combustion air. Ex t rapo la t ion  o f  t h e  curves  i n d i c a t e s  t h a t  
v o l a t i l e  matter con ten t  i n  excess  of 20% is  r equ i r ed  f o r  combustion of t h i s  cha r  
wi thout  supplemental f u e l  add i t ion .  

Combustion t e s t s  were performed according t o  a f a c t o r i a l l y  designed program 
us ing  t h r e e  independent v a r i a b l e s ,  each at two l e v e l s ,  as follows: 

* 
V a r i a b l e s  Levels 

Excess a i r  5 and 20% 
Secondary a i r  p rehea t  
Degree o f  p u l v e r i z a t i o n  80 and 95% t h r u  200 mesh 

600' and 700% 

*Supplemental f u e l ,  as percen t  of total  h e a t  i n p u t ,  w a s  a l s o  a v a r i a b l e ,  
b u t  a s  i n d i c a t e d  above, i t  was not an independent v a r i a b l e .  r ,  

When minimum a u x i l i a r y  f u e l  requirements were m e t ,  cha r s  of each v o l a t i l e  l e v e l  
burned wi th  very s t a b l e  flames.  Table  I1 is a swmnary of the experimental  d a t a  from 
t h e  combustion tests. Carbon combustion e f f i c i e n c i e s  g r e a t e r  than  99% were obta ined  
wi th  cha r  conta in ing  15% v o l a t i l e  ma t t e r .  Even with the  more  undes i r ab le  combustion 
variables--low a i r  p r e h e a t ,  l o w  excess  a i r ,  and l a r g e  f u e l  p a r t i c l e  s i z e ,  t h e  low 
v o l a t i l e  char y i e lded  about  94% carbon combustion e f f i c i ency .  

~ 

, 
/ ,  

Figure  5 shows t h e  e f f e c t  of v o l a t i l e  matter con ten t  on carbon combustion 
e f f i c i e n c y ,  with excess a i r  and f u e l  p a r t i c l e  s i z e  as combustion parameters.  While 
t h e  experiments were f a c t o r i a l l y  designed f o r  each v o l a t i l e  l e v e l  of cha r  ind iv idu-  
a l l y ,  t h e  da t a  were sub jec t ed  t o  r e g r e s s i o n  a n a l y s i s ,  s ince  t h i s  type o f  a n a l y s i s  
permi t ted  add i t ion  o r  t r ans fo rma t ion  of v a r i a b l e s ,  and ana lyses  of a l l  of the da t a  
a s  a s i n g l e  block. The ana lyses  y i e lded  an equat ion  a s  follows: 

f 
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31 
32 
33 
34 
35 
36 
37 
38 
91 
92 * 

93 
94  
95 
96 
97 
98 

151 
152 
153 
154 
155 
156 
157 
158 

TABLE 11.- Summary o f  exper imenta l  d a t a  

' . Degree of  . V o l a t i l e  Percent  
pu lve r i -  A i r  matter Carbon o f  t o t a l  

Obser - Excess z a t i o n ,  p rehea t  con ten t  combustion h e a t  input  
v a t  ion  a i r ,  p c t ,  th ru  temp., pe rcen t ,  e f f i c i e n c y ,  i n  n a t u r a l  

No. pc t 200 mesh "F as f i r e d  p c t  gas 

19.6 95.2 
5 .4  95.2 

10.6 94.9 
5 .4  94.9 

19.0 80.1 
4.9 80.1 

19.6 80 .3  
4.9 80.3 

19.6 95.1 
4.9 95.1 

20.2 95.0 
5.0 . 95.0 

20.3 79.8 
4.9 19 .8  

20.3. r 80.2 
4.9 80.2 

19.6 95.0 
5.4 95.0 

18 .2  94.9 
4.9 94.9 

18.9 79.9 
4.9 79.9 

19.6 80.0 
4.9 80 .0  

7 00 
695 
600 
600 
605 
600 
69 0 
69 5 
7 00 
695 
605 
600 
600 
600 
69 0 
69 0 

,700 
7 00 
600 
600 
600 
600 
705 
69 5 

5 .2  
5 .2  
4.7 
4.7 
5.0 
5.0 
5.6 
5.6 

12 .5  
12.5 
11.9 
11.9 
12.1 
12.1 
11.5 
11.5 
15.3 
15.3 
16.0 
16.0 
14.9 
14.9 
14.9 
14.9 

97 .5  15.4 
95.5 15.0 
97.2 14 .6  
95.2 15.2 
95.3 15.2 
93 .8  14.8 
95.7 15.2 
94.0 14.7 
98.7 12.0 
97.5 11.9 
98.3 13.0 
97.2 13.2 
97.3 13.9 
95.7 13.8 

96.0 12.3 
99.8 8.9 
99.5 9 .6  
99.5 10.9 
99.2 10.4 
99 .1  10.8 
98.1 11.0 
99.4 9.2 
98.5 9.5 

97.5 ' ' i i . 8  

Carbon combustion e f f i c i e n c y  = 85.5 + .077A + .067B + .00347C + 1.3 x 

where A = excess  a i r ,  pe rcen t  

D2 + .0007E 

B = degree  of p u l v e r i z a t i o n ,  percent  t h ru  200 mesh 
C = hea t ing  v a l u e  of v o l a t i l e  i n  c h a r ,  B tu / lb  cha r  a s  f i r e d  

E = thermal inpu t  i n  preheated a i r ,  B tu / lb  char .  
D = (C - 1400) 

Heat ing va lue  of v o l a t i l e  i n  the  c h a r ,  C ,  w a s  c a l c u l a t e d  by d i f f e r e n c e  i n  the  
hea t ing  va lue  of t h e  cha r  and the  hea t ing  va lue  of  t h e  f ixed  carbon i n  t h e  c h a r ,  
assuming 14,500 B tu / lb  of f ixed  carbon. 

Of i n t e r e s t  i n  t h e  equat ion  i s  t h e  absence  of  a term showing the e f f e c t  of t h e  
n a t u r a l  gas  used t o  provide flame s t a b i l i z a t i o n .  A s  t he  v o l a t i l e  matter con ten t  of 
the  cha r  was decreased ,  i t  was necessary t o  inc rease  t h e  pe rcen t  of  t o t a l  h e a t  i n p u t  
suppl ied  by n a t u r a l  gas i n  o rde r  t o  main ta in  a s t a b l e  flame. The percent  of hea t  
input  suppl ied  by n a t u r a l  g a s  was not an independent v a r i a b l e .  Accordingly,  t he  
e f f e c t  of n a t u r a l  gas  i s  included i n  the  e f f e c t  o f  t h e  hea t ing  va lue  i n  t h e  v o l a t i l e  
of t h e  char .  

Analyses of t h e  d a t a  i n d i c a t e  t h a t  excess  a i r ,  degree  of p u l v e r i z a t i o n ,  h e a t i n g  
va lue  of t h e  v o l a t i l e  i n  t h e  c h a r ,  and t h e  quadra t i c  e f f e c t  of t h e  h e a t i n g  va lue  of 
t h e  v o l a t i l e  i n  t h e  cha r  a r e  about equa l ly  important,  wh i l e  a i r - p r e h e a t  temperature 
i s  of margina l  s ign i f i cance .  
i s  expla ined  by the  equat ion .  

.Over 95% of  t h e  v a r c a t i o n  i n  carbon combustion e f f i c i e n c y  
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Conclusions 

The combustor used i n  t h i s  i n v e s t i g a t i o n  s imula ted  the  ope ra t ion  of a d ry -  
bottom, h o r i z o n t a l l y - f i r e d  , pulver ized-coa l  furnace .  When f i r e d  i n  t h i s  u n i t ,  cha r s  
with about  5% v o l a t i l e  m a t t e r  y i e lded  94-97.5% carbon combustion e f f i c i e n c y ,  whi le  
12% v o l a t i l e  char y i e lded  95.7-98.7%, and 15% v o l a t i l e  char  y i e lded  98.1-99.8% 
carbon combustion e f f i c i e n c y .  The ranges o f  carbon combustion e f f i c i e n c y  were t h e  
e f f e c t  of t h e  combustion parameters--excess a i r ,  f u e l  p a r t i c l e  s i z e ,  and secondary 
a i r  p rehea t .  As  expec ted ,  h ighe r  excess  a i r  and h ighe r  prehea t  with f i n e  p a r t i c l e  
s i z e  y i e lded  higher e f f i c i e n c i e s .  
f u e l  t o  provide  flame s t a b i l i z a t i o n .  
en tha lpy  i n p u t ,  was about  10,  13,  and 15% n a t u r a l  gas  f o r  c h a r s  con ta in ing  15, 12, 
and 5% v o l a t i l e  matter, r e s p e c t i v e l y .  It appears  t h a t  a v o l a t i l e  matter con ten t  i n  
excess  of 20% i s  necessary  f o r  combustion of t h e s e  c h a r s  wi thout  supplemental  f u e l .  
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