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INTRODUCTION 

Coal burning i s  a " d i r t y "  p r o c e s s ,  w i t h  t h e  major p o l l u t i o n  c u l p r i t s  
now considered as be ing  s o l i d  f l y a s h  p a r t i c u l a t e s  and s u l f u r  d iox ide .  
More than  l i k e l y ,  n i t r o g e n  o x i d e s  and o t h e r  u n d e s i r a b l e s  w i l l  come under 
a t t a c k  a f t e r  t h e  SO2 and f l y a s h  problems have been s a t i s f a c t o r a l l y  c o n t r o l l e d .  
(Jimeson, 1972) Because c o a l  is c u r r e n t l y  t h e  most p l e n t i f u l  sou rce  of 
energy,  t h e  combined e f f o r t s  of i n d u s t r i e s  and governmental  agenc ie s  are 
u r g e n t l y  needed t o  develop economical ,  e f f i c i e n t  and a c c e p t a b l e  methods 
t o  conve r t  c o a l  i n t o  c l e a n  e l e c t r i c a l  power. 

I n  t h i s  paper ,  w e  are p r e s e n t i n g  a scheme t o  p y r o l i z e  caking c o a l  i n  
a f l u i d i z e d  bed,  some expe r imen ta l  d a t a ,  a p y r o l y s i s - g a s i f i c a t i o n  r e a c t i o n  
model and a concep tua l  flowscheme f o r  a p rocess  t o  conve r t  c o a l  i n t o  e l e c t r i c i t y  
v i a  t h e  product ion of low-Btu g a s .  Although t h e  expe r imen ta l  d a t a  p re sen ted  
h e r e  are no t  comprehensive, w e  hope t o  exp lo re  some of t h e  a l t e r n a t i v e s  
involved i n  such a manner as t o  r e c o g n i z e  t h e  most e f f i c i e n t  ways t o  maximize 
t h e  c o a l - u t i l i z a t i o n  e f f i c i e n c y .  

EXPERIMENTAL 

Equipment 

An experimental  15-inch d i ame te r  f l u i d i z e d  bed was used a t  West 
V i r g i n i a  U n i v e r s i t y  f o r  t h e  s t u d y  of t h e  p y r o l y s i s  of c o a l  and o t h e r  carbo- 
naceous compounds. The schemat i c  of t h e  p i l o t - p l a n t  f l u i d i z e d  bed r e a c t o r  
and i t s  a u x i l i a r y  equipment is  shown i n  F igu re  1. 

There are t h r e e  s e c t i o n s  t o  t h e  f l u i d i z e d  bed r e a c t o r .  The h o t  bottom 
i s  a mixing and gas  combustion chamber where t h e  f l u i d i z i n g  gases  a r e  pre- 
h e a t e d  by burning n a t u r a l  g a s  (over  90% methane) i n s i d e  t h e  L-shaped 
chamber. The f l u i d i z i n g  gases  are composed of s p e c i f i c  r a t i o s  of t h e  
combustion p roduc t s  of t h e  n a t u r a l  g a s  and a d d i t i o n a l  a i r .  

Between t h e  gas  combustion chamber bottom and t h e  r e a c t o r  bed 
s e c t i o n  is t h e  high-temperature  g r i d  p l a t e .  This gas  d i s t r i b u t i o n  p l a t e  
i s  114 i nch  t h i c k ,  18 inches  i n  d i ame te r  and made of Type 310 s t a i n l e s s  
s teel .  
Each h o l e  is 0.0960 i n c h e s  i n  d i a m e t e r .  

There a r e  584 h o l e s  i n  a s q u a r e  p a t t e r n  l o c a t e d  on 114 inch  c e n t e r s .  
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I n  t h e  middle of t h e  r e a c t o r  i s  t h e  f l u i d i z e d  bed. This  r e a c t o r  
s e c t i o n  has  a 28-inch o u t s i d e  d iameter  and a 15-inch i n s i d e  d iameter .  The 
i n s u l a t i o n  l i n i n g  is  4 112 inches  of Type 1620-K f i r e  b r i c k  (Babcock and 
Wilcox Company, Augusta,  Georgia) and 2 i nches  of " P l i c a s t  Tuff-Mix" 
c a s t a b l e  r e f r a c t o r y  ( P l i b r i c o  Company, Chicago, I l l i n o i s ) .  The h e i g h t  of 
t h i s  s e c t i o n  is e i g h t  f e e t .  Above t h e  f l u i d i z e d  bed s e c t i o n ,  t h e  reactor 
d iameter  expands t o  a 35-inch o u t s i d e , d i a m e t e r  and a 22-inch i n s i d e  diameter. 
This  p a r t i c l e  d i sengaging  chamber is f o u r  f e e t  h igh  and is l i n e d  i n  the '  
same manner as i n  t h e  f l u i d i z e d  bed s e c t i o n .  

A f t e r  l e a v i n g  t h e  r e a c t o r ,  the e f f l u e n t  g a s e s  are cooled and then  
c leaned  by passage  through e i t h e r  a c a n i s t e r - t y p e  nylon-bag f i l t e r  o r  a 
dry-gas cyc lone  (10 inches  d iameter  and 22 inches  i n  l e n g t h ) .  Before be ing  
f i n a l l y  exhaus ted  t o  t h e  b u i l d i n g  e x t e r i o r ,  t h e  e f f l u e n t  gases  are scrubbed 
i n  a s e r i e s  of two w e t  scrubber 's ,  t h e  f i r s t  be ing  a t r ay - type  and t h e  second 
scrubber  be ing  packed w i t h  one-inch " I n t a l o x  Saddles" (U. S.  Stoneware, 
Akron, Ohio) .  

The s o l i d s  are f e d  i n t o  t h e  f l u i d i z e d  bed by means of a screw conveyor 
having a s p e c i a l l y  des igned  f e e d e r  v a l v e .  The f e e d  l o c a t i o n  i s  f i v e  i n c h e s  
above t h e  gas  d i s t r i b u t i o n  p l a t e  through a 6-inch f l a n g e d  p o r t  i n  t h e  w a l l  
of t h e  r e a c t o r .  The 2 1 1 2  i n c h  screw is  cons t ruc t ed  of carbon s tee l  wi th  
a Type 310 s t a i n l e s s  s t e e l  c o a t i n g  on t h e  wearing s u r f a c e s .  
d e t a i l s  of t h i s  f e e d e r  and t h e  a u x i l i a r y  s o l i d  f e e d  hopper system have 
been desc r ibed  by Burton and Bailie (1973). The f e e d i n g  u n i t  h a s  
performed s u c c e s s f u l l y  i n  f eed ing  1 5  t o  60 pounds of s o l i d s  pe r  hour smoothly 
i n t o  t h e  f l u i d i z e d  bed. 

The c o n s t r u c t i o n  

The gases  l e a v i n g  t h e  f lu id-bed  r e a c t o r  are sampled every  f i v e  
minutes  and ana lyzed  by a Bendix "Chroma-Matic" Model 618 Process  Gas 
Chromatograph (Process  Ins t rumen t s  D i v i s i o n ,  The Bendix Corpora t ion ,  
Ronceverte,  West V i r g i n i a ) .  
H 2 ,  C02, C O Y  CH4 and 02/Argon. 
of t h e  oxygen and t h e  a rgon  composi t ions ,  s i n c e  t h e  gas  chromatograph peaks 
of bo th  components a r e  i d e n t i c a l  when u s i n g  a molecular  sieve column. 
P e r i o d i c a l l y ,  grab-samples of t h e  e f f l u e n t  gases  were withdrawn and ana lyzed  
on a Beckman GC-2A Gas Chromatograph and a F i s h e r  S c i e n t i f i c  Company Gas 
Chromatograph f o r  t h e  gas  components l i s t e d  above, p l u s  a c e t y l e n e ,  e thy lene ,  
e thane  and n i t r o g e n .  

This  u n i t  q u a n t i t a t i v e l y  ana lyzes  t h e  gas  f o r  
The 021Argon v a l u e  is  t h e  a d d i t i v e  sum 

Opera t ing  Procedure  

The r e a c t o r  i s  f i l l e d  wi th  0.025 i n c h  d i a m e t e r  sand t o  a c o l l a p s e d  
The gas  v e l o c i t y  through the' bed i s  main ta ined  a t  bed h e i g h t  of 30 i n c h e s .  

a l e v e l  where a good f l u i d i z a t i o n  of t h e  sand is a s s u r e d ,  and then  t h e  bed 
i s  hea ted  up t o  t h e  p re - se l ec t ed  tempera ture  (1840'F) by t h e  combustion 
of methane i n  t h e  bottom s e c t i o n  of t h e  r e a c t o r .  The o p e r a t i n g  c o n d i t i o n s  i n  
the  r e a c t o r  a r e  summarized i n  Table  1. 
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TABLE 1 

OPERATING CONDITIONS FOR 
FLUIDIZED BED PYROLYSIS REACTOR 

OPERATING TEMPERATURE 1400 - 1900°F 
OPERATING PRESSURE 
COLLAPSED BED HEIGHT 2.5 f e e t  
EXPANDED BED HEIGHT 3.5 - 4 f e e t  
AVERAGE PARTICLE S I Z E  OF SAND 0.025 i n c h e s  
DENSITY OF SOLID SAND PARTICLE 
SUPERFICIAL FLUIDIZING GAS VELOCITY 1.5 f e e t l s e c o n d  

0 - 10 p s i g  

100 pounds/cubic f e e t  

A f t e r  t he  bed r eaches  the d e s i r e d  tempera ture ,  the r a t e  of a i r  
t o  t h e  methane burner  and t h e  r a t e  of i n e r t  g a s  f low a r e  a d j u s t e d  t o  g ive  
t h e  oxygen l e v e l  and gas f low rate s p e c i f i e d  i n  t h e  expe r imen ta l  p l a n .  The 
r e a c t o r  sys tem is then  allowed to come t o  s t e a d y - s t a t e  c o n d i t i o n s  as judged 
by a l e v e l i n g  of t h e  e f f l u e n t  g a s  composi t ion  as r ead  on t h e  con t inuous ly  
o p e r a t i n g  p rocess  gas  chromatograph and by c o n s t a n t  bed t empera tu res .  

The test beg ins  by s lowly  i n t r o d u c i n g  the s o l i d  f e e d  i n t o  t h e  bed 
v i a  t h e  screw feede r .  
t h e  s e n s i b l e  h e a t  r equ i r ed  t o  h e a t  the s o l i d  t o  t h e  r e a c t i o n  t empera tu re  
p l u s  t h e  h e a t  of p y r o l y s i s .  The s o l i d  feed  rate is c a r e f u l l y  a d j u s t e d  s o  
that  the bed tempera ture  does  n o t  d rop  below the d e s i r e d  1400-1500°F 
range .  The r e a c t i o n  sys tem is then allowed t o  come t o  a new s t e a d y - s t a t e  
c o n d i t i o n  w i t h  a c o n s t a n t  s o l i d s  f e e d  ra te ,  and t h e  f eed  r a t e  of the s o l i d s  
is then  determined by weight  d i f f e r e n c e .  

The bed t empera tu re  immediately drops  because  of 

Exper imenta l  Data 

The results of t h e  c o a l  and sawdust p y r o l y s i s  exper iments  are re- 
po r t ed  h e r e .  The  composition of these two s o l i d  f eed  m a t e r i a l s  are l i s t e d  
i n  Table  2 .  Four tests were made w i t h  sawdust and one tes t  us ing  c o a l .  In 
a d d i t i o n ,  s e v e r a l  t ypes  of carbonaceous s o l i d s  were pyrolyzed i n  t h e  f l u i d i z e d  
bed ,  i n c l u d i n g  munic ipa l  s o l i d  waste, ch icken  and cow manure, rubbe r ,  p l a s t i c ,  and 
sewage s ludge .  

TABLE 2 B ITTJMINOUS 
SAWDUST COAL 

COMPOSITION OF SOLID FEED MATERIAL 

MOISTURE (Weight %, Wet B a s i s )  
ULTIMATE ANALYSIS (Weight %, Dry Bas i s )  

CARBON 
HYDROGEN 
OXYGEN 
SULFUR 
NITROGEN 
ASH 

HEATING VALUE (Btu/Dry Pound) 
PARTICLE SIZE (Harmonic Mean Diameter) 

i n  n;icrons 

2.62 

47.20 
6.49 

45.34 
- 
- 

0.97 
8114 

603 

3.42 

73.3 
5.34 

10.23 
2.80 
0.70 
7.57 

13  , 097 
504 

‘i 
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A s  desc r ibed  p rev ious ly  i n  t h i s  paper ,  i n  t h e  cour se  of t he  r e a c t i o n  
test  t h e r e  were two p e r i o d s  of s t e a d y - s t a t e  r e a c t o r  o p e r a t i o n ,  t he  f i r s t  
per iod  j u s t  b e f o r e  t h e  s o l i d  i s  in t roduced  i n t o  t h e  f l u i d  bed ,  and t h e  
second p e r i o d  happening du r ing  t h e  c o n s t a n t - r a t e  s o l i d s  f eed ing .  In  the 
case  of a l l  f i v e  tests, t h e  r e a c t o r  o p e r a t i o n  j u s t  p r i o r  t o  feeding  t h e  
s o l i d s  were i d e n t i c a l ,  a s  l i s t e d  i n  Table  3. 

TABLE 3 

OPERATING CONDITION VALUES 
DURING PYROLYSIS EXPERIMENTS 

INLET FLOW RATE OF AIR: 35.26 SCFM 
INLET FLOW RATE OF NATURAL GAS: 3.40 SCFM 
REACTOR TEMPERATURE PRIOR TO FEEDING SOLIDS: 1840°F 
DRY COMPOSITION OF GAS EXITING REACTOR BEFORE SOLIDS FEED I S  STARTED 

H2 - 0.1123% C02 - 10.1674% 
OZ/Argon - 1.1808% CH4 - 0.0726% 

remainder i s  assumed t o  b e  N2 

STEADY-STATE C O N D I T I O N S  DURING SOLIDS PYROLYSIS 

COAL SAWDUST TESTS 
A TEST - C - B - 

Opera t ing  T i m e  Under 
S teady-Sta te  Condi t ions  155 86 75 70 

(Minutes) 

Reac tor  Temperature,OF 1430 1430 1460 1450 

S o l i d s  Feed Rate 
(Dry Pounds/Minute) 0.336 0.368 0 .122  0.682 

D - 

577 

1500 

0.342 

A f t e r  t h e  s o l i d s  were f e d  i n t o  t h e  r e a c t o r  and a f t e r  t h e  s y s t e m  
aga in  reached s t e a d y - s t a t e  c o n d i t i o n s ,  the  e f f l u e n t  gas  w a s  ana lyzed ,  w i t h  
t h e  r e s u l t i n g  e f f l u e n t  gas  composi t ion  v a l u e s  f o r  each  of t h e  f i v e  exper iments  
g iven  i n  Table  4. 
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TABLE 4 

PERCENT COMPOSITION OF EFFLUENT GAS (DRY) 
DURING PYROLYSIS EXPERIMENTS 

COAL 
TEST -- 

MEASURED BY PROCESS 
GAS CHROMATOGRAPH 

H2 4.954 
11.288 
0.885 
1.790 
2.244 

co2 

CH4 
0 2 / A r  gon 

co 

MEASURED BY RESEARCH 
GAS CHROMATOGRAPH 

0.215 
NM ZH4 

C2H6 0.113 
N2 73.451 

C2H2 

NM - Not Measured 

A - 

4.577 
12.180 

0.810 
2.235 
7.543 

0.532 
NM 

0.113 
73.451 

SAWDUST 
B - 

2.498 
12.108 

1.070 
0.318 
2.206 

0.068. 
NM 

0.035 
80.783 

TESTS 
C 

6.030 
12.237 

0.825 
3.305 

11.498 

0.960 
0.073 
0.159 

66.745 

D - 

5.208 
11.468 

0.934 
1.850 
7.565 

0.557 
0.047 
0.055 

73.527 

The composition v a l u e s  of COp,O2/Argon, CO,  CH4 and H2 were averaged 
from t h e  a n a l y s i s  r ead ings  of the p rocess  gas  chromatograph, and t h e  composi- 
t i o n  v a l u e s  of C2H2, C2H4,  C2H6 and N2 were averaged from t h e  a n a l y s e s  
by t h e  r e s e a r c h  gas  chromatographs of s e v e r a l  grab samples t aken  du r ing  t h e  
d u r a t i o n  of t h e  tes t .  

Using t h e s e  expe r imen ta l ly  measured gas  a n a l y s i s  v a l u e s ,  a mass 

The mass ba lances  were q u i t e  good cons ide r ing  
ba lance  w a s  computed about  t h e  r e a c t o r  system u s i n g  t h e  n i t r o g e n  flow rate 
as t h e  c a l c u l a t i o n  base.  
t h e  2-5% accuracy of t h e  flow-measuring meters and a n a l y t i c a l  i n s t r u m e n t s .  
The gas  produced from t h e  c o a l  o r  sawdust p y r o l y s i s  is cons ide red  t o  be t h e  
n e t  gas  flow rate v a l u e ,  a f t e r  s u b t r a c t i n g  t h e  v o l u m e t r i c  f l o w r a t e  of t h e  
e f f l u e n t  gases  p r i o r  t o  f e e d i n g  t h e  s o l i d s  from t h e  f l o w r a t e s  of t h e  gases  
l e a v i n g  t h e  r e a c t o r  d u r i n g  t h e  s o l i d s  p y r o l y s i s  r e a c t i o n .  These computed 
" P y r o l y s i s  Gas Product ion Values ' '  f o r  t h e  f i v e  expe r imen ta l  runs .  are l i s t e d  
i n  Table  5 .  
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TABLE 5 -- 

COMPUTED PYROLYSIS GAS 
COMPOSITIONS AND PRODUCTION RATES 

PYROLYSIS GAS 
COMF’OSITION COAL SAWDUST TESTS 
(Volume % dry)  D - C - B - A - TEST - 

H2 46.876 25.645 37.493 23.592 30.022 
11.685 14.965 24.256 14.075 11.105 
16.630 12,427 3.724 11.880 10.483 
21.722 43.264 33.824 45.714 44.513 co 

C2H2 2.081 3.050 1.043 3.817 3.277 
NM NM NM 0.290 0.277 
1.007’ 0.648 0.537 0.632 0.324 

C2H4 
C2H6 

co2 
CH4 

PRODUCTION RATE 
(SCFf Pound Dry 

f eed )  10.92 18.25 18.20 15.95 18.62 

GAS HEATING VALUE 
(Btu/SCF) 435 398 286 412 399 

NM - Not Measured 

The r e s u l t s  of t h e s e  experiments  i n d i c a t e  t h a t  c o a l  can be  
pyrolyzed t o  y i e l d  10.92 SCF of a 435 BtufSCF gas p e r  pound of d r y  f e e d .  
S i m i l a r l y ,  one pound of d r y  sawdust can  be  pyro lyzed  i n t o  18.29 SCF of 
a 398 BtufSCF p y r o l y s i s  gas .  

ASPECTS OF A PYROLYSIS REACTION MODEL 

General ized C r i t e r i a  f o r  a Coal P y r o l y s i s  Model 

When a c o a l  p a r t i c l e  i s  py ro lyzed ,  t h e  fo l lowing  p roduc t s  are 
g e n e r a l l y  found: 
d e n s i b l e  l i q u i d  hydrocarbonssuch as benzene, toluene,  e t c . ,  aqueous 
compounds and s o l i d  cha r .  When des ign ing  a c o a l  conversion p l a n t ,  one may 
des ign  t h e  r e a c t o r  system t o  maximize t h e  p roduc t ion  of t h e  gaseous 
hydrocarbon, t h e  l i q u i d  hydrocarbon, o r  t h e  cha r  p roduc t s .  The s l o t - t y p e  
coke oven i s  d e l i b e r a t e l y  designed t o  maximize t h e  char p roduc t ion  by 
al lowing t h e  v o l a t i l e  gases  t o  evolve s lowly from t h e  s o l i d  phase wi thou t  
e x t e r i o r  gas  pu rg ing ,  t he reby  p ro long ing  t h e  gas - so l id  c o n t a c t  t i m e .  

ga ses  such as C O Y  H 2 ,  CH4,  C2H2, C2H6, C02,etc. ,  con- 

Upon h e a t i n g  c o a l  becomes s o f t e n e d  and forms a m e t a p l a s t i c  w i th  
s imultaneous d e v o l a t i l i z a t i o n s  of vapor pushing s u r f a c e  bitumen from 
i n t e r i o r  of p a r t i c l e .  I f  h e a t i n g  r a t e  is r a p i d ,  this phenomena is so  
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v i o l e n t  t h a t  t h e  p a r t i c l e  l i t e r a l l y  b u r s t s  and develops a s o l i d  wi th  a l a r g e  s u r f a c e  
a r e a  s o l i d  m a s s .  I f  t he  h e a t i n g  r a t e  i s  s low,  t h e  products  du r ing  p y r o l y s i s  
tend t o  repolymerize i n t o  l a r g e ,  mor'e t he rma l ly  s t a b l e  molecules of s o l i d  
matter t h a t  are r e t a i n e d  i n  t h e  i n t e r s t i c e s  of t h e  r e s i d u a l  cha r  p a r t i c l e .  
A t  h igh  t empera tu res ,  t h e  p r o d u c t s  of p y r o l y s i s  are lower i n  molecular  
weight  than those  produced a t  lower temperatures .  

The maximization of t h e  condens ib l e  hydrocarbon p roduc t ion  i s  
reached when the  evolved v o l a t i l e  product  i s  quenched or cooled r a p i d l y  
a f t e r  l e a v i n g  t h e  s o l i d  phase,  a l l o w i n g  a minimum of t i m e  f o r  t h e  l a r g e r  
molecules  t o  thermally decompose i n t o  t h e  lower molecular  weight  gases .  
I n  converse,  t h e  s y n t h e s i s  gas  p roduc t ion  is  maximized i f  t h e  v o l a t i l e  
hydrocarbon p roduc t s  a r e  h e l d  a t  a h i g h  temperature  f o r  a prolonged per iod 
of t i m e .  This  exposure t o  h igh  t empera tu res  w i l l  c r ack  t h e  tars and o t h e r  
condens ib l e  molecules  t o  lower c h a i n  a l i p h a t i c s  - CH4, C2H6, C3H8, e t c .  
The p y r o l y s i s  r e a c t i o n  mechanism has been  d i scussed  by a number of inves-  
t i g a t o r s .  (Burton and Bai l ie  (1972) ,  P e t e u a n d  Ber th ing ,  (1964),  Kertamus 
and H i l l  (1964),  Jones (1964),  Ki rov  and Stephens (1967),  and Squ i re s  
(1972). Squ i re s  c i t e s  expe r imen ta l  d a t a  r e p o r t e d  by Schroeder (1962) 
i n  which c o a l ,  ca t a lyzed  w i t h  1% molybdenum and i n  a hydrogen atmosphere 
a t  800°C y i e l d e d  a 42.2% l i q u i d  hydrocarbon f r a c t i o n  a f t e r  a 5 second gas  
r e s i d e n c e  t i m e ,  a 23% l i q u i d  f r a c t i o n  y i e l d  a f t e r  a gas  r e s idence  time of 
10 seconds,  and ,  a f t e r  a 25 second r e s i d e n c e  t i m e  of t h e  g a s ,  t h e  l i q u i d  
f r a c t i o n  y i e l d  was only 9.9%. 

Although t h e  l i q u i d  f r a c t i o n  w a s  no t  c o l l e c t e d  i n  t h e  experiments  
wh i l e  f e e d i n g  c o a l  or sawdust,  a l i q u i d  f r a c t i o n  and a cha r  f r a c t i o n  w a s  
c o l l e c t e d  w h i l e  py ro lyz ing  a mun ic ipa l  s o l i d  w a s t e  mixture .  
f r a c t i o n  was analyzed a s  r e p r e s e n t i n g  7,0% and t h e  char  f r a c t i o n  was 13.5% 
(moi s tu re  and a sh - f r ee  weight b a s i s )  of t h e  i n l e t  s o l i d  f eed .  This  c o n t r a s t s  

w i t h  t h e  d a t a  r epor t ed  by Sanner ,  e t  a l .  (1970),  who d e s t r u c t i v e l y  d i s t i l l e d  
a munic ipa l  r e f u s e  i n  a r e t o r t ,  c o n s t r u c t e d  t o  s i m u l a t e  a coke oven p rocess .  
They found t h a t  a t  900°C, t h e  l i q u i d  f r a c t i o n  from t h e  r e f u s e  w a s  about 
47% and t h e  cha r  f r a c t i o n  w a s  c l o s e  t o  9%. The equipment used by Sanner,  
e t  a l . ,  a l lowed t h e  e f f l u e n t  g a s e s  t o  b e  cooled immediately a f t e r  l eav ing  
t h e  r e t o r t ,  w h i l e  t h e  e x i t i n g  g a s e s  w e r e  he ld  for more t h a n  8-10 seconds 
a t  c l o s e  t o  t h e  r e a c t i o n  t empera tu re  a f t e r  l e a v i n g  t h e  p y r o l y s i s  zone of 
t h e  f l u i d  bed r e a c t o r ,  t h u s  accoun t ing  f o r  t h e  condensible  hydrocarbon 
f r a c t i o n  from t h e  f l u i d  bed be ing  a 40% smaller va lue .  

The l i q u i d  

I n  F i g u r e  2 ,  t h e  f i n a l  conve r s ion  of c o a l  a t t a i n a b l e  a s  a f u n c t i o n  

' of t h e  c o a l  avo ids  t h e  po lymer i za t ion  r e a c t i o n  which can t u r n  t h e  c o a l  t o  
S ince  t h e  o b j e c t i v e  i s  t o  

of o v e r a l l  h e a t i n g  ra te  is shown. Th i s  f i g u r e  i n d i c a t e s  t h a t  r ap id  h e a t i n g  

s t a b l e  cha r  b e f o r e  v o l a t i l e  m a t t e r  i s  evolved. 
"cream o f f "  t h e  c o a l  t o  o b t a i n  as high h e a t i n g  v a l u e  gas  a s  p o s s i b l e ,  a 
t empera tu re  of approximately 1400-1500°F was s e l e c t e d  f o r  experimentat ion.  
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Mathematical Model f o r  Coal P y r o l y s i s  Reac t ion  

A mathematical  model i s  formula ted  h e r e  based on an  assumption t h a t  
t h e  weight l o s s  du r ing  p y r o l y s i s  r e a c t i o n  is c l o s e l y  r e l a t e d  t o  h e a t i n g  
r a t e  of t he  c o a l  p a r t i c l e ,  w h i l e  t h e  products  d i s t r i b u t i o n  i s  p r i m a r i l y  
determined by t h e  vapor  r e s i d e n c e  t i m e .  

A h e a t  ba l ance  on a py ro lyz ing  c o a l  p a r t i c l e  may b e  w r i t t e n  as: 

a L T  2 aT  3 k ( + - -1 -  r rate)(^^) = p c r a r  R s Ps a t  

where ra te  = !?& = k ( f  - X) 
3 d t  

The ra te  of p y r o l y s i s  is assumed t o  b e  p r o p o r t i o n a l  t o  the  amount 
of unconverted p o r t i o n  of c o a l  which w i l l  e v e n t u a l l y  be  d i s t i l l e d ' o f f  a t  t h e  
given cond i t ion .  Thus, f ,  t h e  f i n a l  conve r s ion  a t t a i n a b l e  i s  a cons t an t  
which depends on r e a c t o r  tempera ture  and type  of c o a l  employed, as shown 
i n  F igure  3. Equation (1) can  be  so lved  numer i ca l ly  based on t h e  fo l lowing  
boundary cond i t ions :  

I t = 0,  T = To and X = 0 

The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  p a r t i c l e  i n c l u d e s  convec t ive ,  
conduct ive  and r a d i a t i v e  h e a t  t r a n s f e r .  
is  normally r a t h e r  small ,  roughly 300 Btulpound c o a l .  
a s s o c i a t e d  wi th  h e a t  of p y r o l y s i s  i s  n e g l e c t e d ,  t h e  s o l i d  tempera ture  can  
be  approximately r e l a t e d  t o  t i m e  as: 

The h e a t  of r e a c t i o n  f o r  p y r o l y s i s  
Thus, i f  t h e  term 

When c o a l  p a r t i c l e s  are blown i n t o  a h o t  f l u i d i z e d  bed ,  t h e  hea t  
t r a n s f e r  c o e f f i c i e n t  is s o  l a r g e  (approximate ly  25 B tu lh r  f t 2 " F )  t h a t  
t he  p a r t i c l e  r eaches  bed tempera ture  w i t h i n  a few seconds a s  shown i n  F igure  4 .  

The c a l c u l a t e d  tempera ture  and t i m e  r e l a t i o n  f o r  f l u i d i z e d  bed 
py ro lys i s  a t  t h e  bed tempera ture  of 1450" 2, 1500°F is shown f o r  bituminous 
coa l  of p re sen t  s t u d y  and E lko l  c o a l  r e p o r t e d  by J o n e s ,  e t  a l .  (1964). The 
c a l c u l a t e d  convers ion  us ing  a k i n e t i c  rate c o n s t a n t ,  k = ko exp(-Efir), where 
ko = 1.224 x l o 3  l b / ( f t 2  h r )  and E = 2100 Btullb-mole ( 4 . 6  Kca l /mole ) , i s  
p resented  i n  F igu re  5. 

4 3  



CONCEPTUAL FLOWSCHEMES OF LOW-BTU GAS FROM COAL 
AND SUBSEQUENT ELECTRICITY CONVERSION PROCESSES 

A number of  conceptual  d e s i g n s  have a l r e a d y  been  proposed t o  
conve r t  a low-Btu gas and t h e n  c o a l  i n t o  e l e c t r i c a l  power e f f i c i e n t l y  and 
c l e a n l y .  A modi f i ca t ion  of t h e  Bituminous Coal Research 's  high-Btu 
"BI-GAS" P rocess  two-stage g a s i f i e r  h a s  been proposed t o  u t i l i z e  a i r  i n s t e a d  
of pure oxygen and t o  o p e r a t e  t h e  g a s i f i e r  a t  300 p s i g .  BCR concluded t h a t  
an i n - p l a n t  c o a l  g a s i f i c a t i o n  p r o c e s s  may compare f avorab ly  w i t h  o t h e r  
envi ronmenta l  c o n t r o l  concepts  (such as t a i l - end  SO2 removal),  i f  t h e  t o t a l  
c o a l - t o - e l e c t r i c i t y  p rocess  were t o  b e  re-designed i n t o  an op t ima l  system, 
(Bituminous Coal Research (1971)) .  

I n  t h i s  s e c t i o n  we i n t e n d  t o  d e s c r i b e  a concep tua l  p rocess  
a l t e r n a t i v e  based on t h e  expe r imen ta l  data  p resen ted  i n  t h e  p rev ious  
s e c t i o n ,  and t o  use  this flowscheme t o  show t h a t  t h e r e  w i l l  be  a d i s t i n c t  
advantage i n  cons ide r ing  a two-step c o a l  g a s i f i c a t i o n  subsystem. I n  
t h e  f i r s t  s t e p ,  t h e  coa l  is pyrolyzed  t o  r e l e a s e  t h e  l a r g e r  molecule 
hydrocarbons,  such as methane, e t h a n e ,  propane, e t c . ,  which Arthur 
S q u i r e s  c a l l s  t h e  "cream" of t h e  decomposition p roduc t s  of t h e  c o a l  
"molecule" (Squ i re s  (1972)).  The second-step g a s i f i e r  v e s s e l  r e a c t s  t h e  
r e s i d u e  p y r o l y s i s  char  w i t h  steam and a i r  t o  form t h e  gas  c o n t a i n i n g  H2, 
CO, CO2 e t c . ,  t h a t  i s  needed t o  f l u i d i z e  t h e  py ro lyze r .  

The two p rocesses  compared h e r e  are i l l u s t r a t e d  i n  Figures  6 and 
7. I n  F i g u r e  6 ,  t h e  "one-step" Coal G a s i f i e r  is i l l u s t r a t e d ,  i n  which 
t h e  r a w  c o a l  is f e d  d i r e c t l y  i n t o  t h e  high-temperature (1900°F) s y n t h e s i s  
gas g e n e r a t o r  o p e r a t i n g  a t  150 p s i g .  There,  t h e  c o a l  is d i r e c t l y  g a s i f i e d  
w i t h  a i r  and steam t o  produce a stream of H2, CO, H 2 0 ,  CO2, CH4, H2S and 
N 2 .  This product gas is c leaned  of t h e  H2S and o t h e r  i m p u r i t i e s  and is then  
burned i n  a combustion chamber. 
chamber are then  s e n t  through a combined gas t u r b i n e  - steam t u r b i n e  cyc le .  
The c o a l  would have  t h e  same composi t ion as was  used i n  t h e  p r e s e n t  p y r o l y s i s  
experiments  (Table 2 ) .  I n  t h i s  model, t h e  g a s i f i e r  sys tem was assumed t o  
o p e r a t e  a d i a b a t i c a l l y ,  t h e  gases - H2, CO, C02, H20 - are assumed t o  emerge 
from t h e  r e a c t o r  i n  t h e  same composi t ion r a t i o  as t h e  e q u i l i b r i u m  composition 
of t h e  wa te r -gas - sh i f t  r e a c t i o n ,  and t h e  carbon-steam r e a c t i o n  p roduc t s  are 
at  a 20% approach t o  thermodynamic e q u i l i b r i u m .  

The e f f l u e n t  gases  from t h e  combustion 

The "Two-Step Coal Pyro lys i s -Gas i f i e r ' '  is i l l u s t r a t e d  i n  Figure 7 .  
The r a w  c o a l  is f e d  t o  t h e  f l u i d i z e d  bed where t h e  p y r o l y s i s  of t h e  c o a l  
t a k e s  p l a c e  at  1400°F. 
chemical  r e a c t i o n s  between t h e  f l u i d i z i n g  gases  and t h e  v o l a t i l i z e d  coal-  
p y r o l y s i s  product gases. 
from t h e  c o a l  p y r o l y s i s  r e a c t i o n  are produced a t  t h e  same r a t e  and i n  
t h e  same composition as was produced i n  t h e  expe r imen ta l  bed desc r ibed  
i n  t h e  p rev ious  s e c t i o n .  The c h a r  s e p a r a t e d  from t h e  e f f l u e n t  gas is then 
r e a c t e d  wi th  a i r  and steam t o  produce t h e  f l u i d i z i n g  gases f o r  

It i s  c o n s e r v a t i v e l y  assumed t h a t  t h e r e  a r e  no 

It i s  also assumed t h a t  t h e  product  gases  evolved 

I 
I 

I 

I 
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f 

co2 co H2 H20  CH4 C2H2 C2H6 H2S 

GASIFIER 1.00 34.77 9.34 0.51 0.20 - - 0.82 

coal-pyrolyzer. 
t o  the g a s i f i e r  i n  order  t o  maintain the  1900'F g a s i f i e r  temperature and to  
produce enough gas t o  f l u i d i z e  t h e  incoming c o a l  i n  t h e  pyrolyzer. 
gas produced i n  t h i s  two-stage g a s i f i c a t i o n  system i s  then p u r i f i e d  t o  
remove the  s u l f u r  and other  undesr iable  compounds, and is  then burned i n  the  
combustion chamber with t h e  combustion gases processed t o  generate  e l e c t r i c i t y  
i n  the same gas- and steam-turbine system as  descr ibed previously. 

A s m a i l  amount of raw coal  must be added t o  t h e  char feed 

The 

I n  Table 6 e f f l u e n t  gas compositions from pyrolyzer  and g a s i f i e r  
a r e  l i s t e d  respec t ive ly .  

N2 

53.36 

TABLE 6 
COMPOSITIONS OF EFFLUENT GASES FROM PYROLYZER AND GASIFIER 

PYROLYZEq 3.19 31.54 16.95 1.78 3.59 0 . 4 3  0 . 2 1  0.64 ~ 41.68 

A s  can be  seen  i n  Figure 8 ,  the  "Two-Stage Pyrolyzer-Gasifier" System 
generates  e l e c t r i c i t y  with a 2% o r  b e t t e r  thermal e f f i c i e n c y  than does t h e  
"Single-Step Coal G a s i f i e r  System". 
the  heat  equivalent  of the  product e l e c t r i c i t y  generated divided by t h e  
heat  of combustion of the i n l e t  coa l  feed.  

The thermal e f f i c i e n c y  is  defined a s  

I' 

The e l e c t r i c i t y  generat ing a b i l i t y  of t h e  present  day gas turb ines  
are l imi ted  by the  temperature of t h e  i n l e t  gases ,  t h e  maximum allowable 
operat ing l i m i t  of around 2000°F governed by t h e  thermal to le rance  o r  t h e  
turbine cons t ruc t ion  metal .  Figure 8 i n d i c a t e s  t h e  e f f e c t  t h a t  a 200'F 
higher i n l e t  gas temperature w i l l  make on the o v e r a l l  process  e f f ic iency .  

A very important system des ign 'cons idera t ion  i s  t h e  degree of carbon 
u t i l i z a t i o n  i n  the  synthesis-gas generator .  An i n c r e a s e  of 5% carbon 
u t i l i z a t i o n  i n  the  g a s i f i e r  implies  an increase  of approximately 2% o v e r a l l  
p lan t  thermal e f f ic iency .  

I 1 I 1'' 

CONCLUSION 

Experimental d a t a  of coal  pyro lys i s  i n  a sand f l u i d i z e d  bed i n d i c a t e s  
t h a t  i t  i s  poss ib le  t o  e x t r a c t  considerable  amounts of hydrocarbons 
from t h e  caking coa l  by a rap id  hea t ing  and subsequent cracking i n  t h e  vapor 
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phase.  
h o t  sand and e l u t r i a t i n g  t h e  c h a r  a long  w i t h  gaseous product  from t h e  f l u i d i z e d  
bed.  
h e a t i n g  r e q u i r e d  f o r  t h i s  p r o c e s s .  
i n  c o a l  i s  e x t r a c t e d  either as f r e e  hydrogen o r  as hydrocarbons i n  t h e  gas 
phase product .  
c h a r  t o  g e n e r a t e  s y n t h e s i s  g a s  by g a s i f i c a t i o n  wi th  a i r  and steam f o r  use  
i n  t h e  pyro lyzer .  
p r o c e s s  w i t h  the combined gas  and steam t u r b i n e  c y c l e  shows t h a t  t h i s  scheme 
is a promising way t o  produce c l e a n  power from coal .  

T h i s  is  done by blowing p u l v e r i z e d  c o a l  i n t o  a f l u i d i z e d  bed of 

The ex t remely  good h e a t  t r a n s f e r  of t h e  f l u i d i z e d  bed p r o v i d e s  t h e  r a p i d  
I n  t h i s  manner, t h e  v a l u a b l e  hydrogen 

A c o n c e p t u a l  scheme i s  p r e s e n t e d  which u t i l i z e s  t h e  product  

The thermal e f f i c i e n c y  c a l c u l a t e d  based on t h e  two s t a g e  
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/ NOTATION 

cPs 
E 

f 
I 

/ 

\ 

h 

rate 
il 

r 

T 

J 

TO 

Tb 

TS 

t 

X 

P S  

Heat capacity of solid (Btu/lb) 

Activation energy (B tu/mo le) 

Fiual conversion attainable - 
Heat transfer coefficient, include convection and radiation 

Rate constant 

Frequency factor 

Thermal conductivity of particle 

(B t u/ f t 2-h r-' R) 
(lb / f t2-hr ) 
(lb / f  t *-hr) 

(B tu / f t -hr- R) 

Radius of particle (ft) 

Gas constant (Btu/mo le- O R )  

Reaction rate (lb / f  t2-hr) 

Radial distance in particle (cm) 

Solid temperature at r = r (OR) 

Room temperature ( O R )  

Bed Temperature (OR) 

Surface temperature of Solid particle (OR) 

Solid residence time (hr) 

Solid conversion, dry-ash-free basis - 
Solid density (lb/f t3) 
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T i m e ,  S i c  

FIGURE 4 

CALCULATED PARTICLE TEMPERATURE AS A FUNCTION OF TIME FOR PYROLYSIS 
REACTION IN FLUIDIZED BED SYSTEMS 
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FIGURE 5 

CALCULATED PARTICLE VOLATILE MATTER CONVERSION AS A FUNCTION OF TIME 
FOR PYROLYSIS REACTION IN FLUIDIZED BED SYSTEMS 
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Carbon conversion = 0.85 
(I) Gasifier- Pyrolyzer Reactor System 
(I I ) Gasifier Reactor System 
Gas Turbine Inlet Temperature 

2200 'F 
2000 'F 

( 1  1 

------- 
43 

42 

41 

I I I I I 
300 400 500 600 700 

Power Per Unit Air Flow R o t e ,  KW/lb/sec 

391 

Figure 8 Thermal Efficiencies Of Two Processes Converting 
Coal To Electricity 
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