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1. INTRODUCTION 

This r e p o r t  desc r ibes  t h e  modeling of a f i x e d  bed s t i r r e d  

g a s i f i e r  ope ra t ed  by t h e  Morgantown Energy Research Center (MERC) 

of t h e  United States Department of Energy a t  Morgantown, West V i r -  

g i n i a .  This work w a s  conducted i n  p a r t  under a MERC p r o j e c t  en- 

t i t l e d :  "Advanced G a s i f i c a t i o n  Concepts--Engineering Assessment". 

One o b j e c t i v e  of t h i s  p r o j e c t  w a s  t o  i n c r e a s e  t h e  fundamental un- 

ders tanding  of e x i s t i n g  g a s i f i c a t i o n  processes  w i t h  mathematical 

modeling, and thereby assist  t h e  Department of Energy i n  i t s  o v e r a l l  

p r o j e c t  planning. 

Models are used f o r  scale-up and op t imiza t ion  purposes and 

a l s o  f o r  e x t r a p o l a t i o n  beyond t h e  normal ope ra t ing  cond i t ions .  How- 

ever ,  very o f t e n ,  due t o  t h e  complexity of t h e  real  system and t h e  

mathematical l i m i t a t i o n s ,  c e r t a i s  s impl i fy ing  assumptions are made. 

Therefore ,  b e f o r e  us ing  any model, i t s  assumptions and hence i t s  

l i m i t a t i o n s  should b e  examined and c l e a r l y  understood. 

r e p o r t ,  t h e  theory and t h e  development of t h e  model are descr ibed  

i n  Sec t ions  2 and 3 .  

I n  t h i s  

Resu l t s  and conclus ions  are presented  in 

Sec t ions  4 and 5. Background informat ion  about t h e  MERC's g a s i f i e r  

is provided i n  t h e  fo l lowing  s e c t i o n .  

1.1 MERC COAL GASIFIER 

The r ecen t  energy crisis has  g iven  a g r e a t  impetus t o  research  

e f f o r t s ,  e s p e c i a l l y  i n  the  f i e l d  of coa l  g a s i f i c a t i o n .  Coal can 

be  g a s i f i e d  t o  produce e i t h e r  p i p e l i n e  q u a l i t y  gas  (900-1000 BTU/SCF') 

o r  low/medium BTU gas (100-400 BTU/SCF) . Low BTU gas ,  i s  obtained by 

1 



g a s i f y i n g  c o a l  wi th  a mixture  of a i r  and steam. Although not  

s u i t a b l e  f o r  long d i s t a n c e  t r a n s p o r t a t i o n ,  low BTU gas has  a g r e a t  

p o t e n t i a l  when used n e a r  t h e  source of product ion.  This is  e s p e c i a l l y  

t r u e  with regard t o  power genera t ion .  

c u r r e n t l y  a v a i l a b l e  or being developed f o r  t h e  production of low o r  

Various g a s i f i e r s  which are 

medium BTU gas  can be broadly c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s  de- 

pending on t h e  type  of c o a l  bed used. (394J6)mey are .  

(1) Fixed bed g a s i f i e r s  
( 2 )  F lu id ized  bed g a s i f i e r s  
( 3 )  Entra ined  bed g a s i f i e r s  

I n  f i x e d  bed g a s i f i e r s ,  c o a l  i s  charged from t h e  top of t h e  

g a s i f i e r  through lock-hoppers, whi le  a i r  and steam are introduced 

from t h e  bottom of t h e  r e a c t o r .  Because of t h i s  countercur ren t  

f low, t h e  s e n s i b l e  h e a t  of t h e  a s h  i s  recovered by t h e  cold incoming 

gas  stream, and a t  t h e  top  of t h e  bed, t h e  s e n s i b l e  h e a t  of t h e  gas 

i s  u t i l i z e d  t o  h e a t  t h e  c o a l  f eed .  General ly ,  high conversion of 

c o a l  is obtained i n  t h e  f i x e d  bed g a s i f i e r s  because of t h e  long 

res idence  t i m e .  Fines  of c o a l ,  which tend t o  block t h e  passage of 

gas through t h e  bed, cannot be used i n  f i x e d  bed g a s i f i e r s .  Caking 

c o a l s  a l so  cannot be g a s i f i e d  wi thout  pre t rea tment  o r  without  t h e  

use  of t h e  stirrer t o  break up t h e  agglomerated p a r t i c l e s .  

Entrained bed g a s i f i e r s  use  very  small p a r t i c l e s  and can g a s i f y  

caking coa l s .  Some of t h e  c o a l  p a r t i c l e s  are blown o u t  of t h e  

g a s i f i e r  and c a r r i e d  i n  t h e  gas  stream. The res idence  t i m e  of 

s o l i d s  i s  very s h o r t .  The flow of s o l i d  and gas  can be e i t h e r  upward 

o r  downward. 

S o l i d s  are i n  motion cont inuously i n  t h e  f l u i d i z e d  bed. Gas 
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flow rates are less  than  t h a t  used i n  t h e  e n t r a i n e d  bed so as t o  

prevent  t h e  excess ive  e l u t r i a t i o n .  The f l u i d i z e d  bed provides  

e x c e l l e n t  h e a t  exchange and hence can b e  opera ted  a t  lower t e m -  

p e r a t u r e s .  However, caking c o a l s  cannot b e  g a s i f i e d  because of 

agglomeration. 

Fixed bed c o a l  g a s i f i e r s  commercially a v a i l a b l e  today inc lude  

t h e  Lurg i ,  t h e  Wellman-Galusha and t h e  Woodall-Duckham. MERC 

(p rev ious ly  of t h e  U.S. Bureau of Mines) cons t ruc t ed  and began 

t e s t i n g  a f i x e d  bed gas  producer p i l o t  p l a n t  i n  1968. The main 

o b j e c t i v e  of t h i s  p i l o t  p l a n t  w a s  t o  demonstrate t h a t  h i g h l y  ag- 

glomerating c o a l s  could be  g a s i f i e d  a t  h igh  p res su res  i f  s t i r r i n g  

is provided i n  t h e  bed where c o a l  becomes p l a s t i c  and f u s e s  upon 

completion of d e v o l a t i l i z a t i o n .  Resu l t s  ob ta ined  from these tests 

have been publ i shed  i n  v a r i o u s  r epor t s .  (8,9,12,13,14J7,181 In this 

s e c t i o n ,  Lurg i  and Wellman-Galusha g a s i f i e r s ,  a long  w i t h  one being 

developed by t h e  General Electr ic  Company are descr ibed  and compared 

wi th  t h e  MERC g a s i f i e r .  

1.1.1 Desc r ip t ion  of t h e  g a s i f i e r  

MERC's high  p res su re  g a s i f i c a t i o n  system i s  shown i n  F igure  1. 

The g a s i f i e r  used is  s imilar  t o  o t h e r  commercial f i x e d  bed producers 

except f o r  i t s  smaller diameter (3.5 f e e t  ID) and its p r o v i s i o n  f o r  

s t i r r i n g  deeply w i t h i n  t h e  f u e l  bed. 

g a s i f i e r  is  shown i n  Figure  2 .  

introduced below t h e  g r a t e  a t  400-450°F (475-500°K) and flows up- 

ward through t h e  descending f u e l .  

A schematic diagram of t h e  

Air mixed w i t h  superhea ted  steam i s  

A s tepped  g r a t e  o f  9.6 squa re  
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n 
2 feet (0.9 m ) a r e a  suppor ts  t h e  f u e l  which can e i t h e r  r o t a t e  contin- 

uously a t  a slow rate  o r  o p e r a t e  on a t i m e  b a s i s  wi th  a manual on- 

off  c o n t r o l  ad jus ted  t o  match ash product ion.  The frequency of ash 

d ischarge  is  governed by t h e  g r a t e  temperature  which is maintained 

below 700°F (650°K). Ash is removed through a l o c k  hopper, then  

weighed and sampled f o r  a n a l y s i s .  Producer gas e x i t s  through an  

o f f t a k e  i n  t h e  top cover. 

r e s i s t a n c e  t o  gas  flow through t h e  o f f t a k e  l i n e  which conta ins  f ixed  

diameter o r i f i c e s .  Some o f  t h e  d u s t  i n  t h e  gas i s  removed by a cyclone 

s e p a r a t o r ,  then discharged through a l o c k  hopper and subsequently 

weighed and sampled. A s m a l l  gas  flow is  d i v e r t e d  from the main 

stream, cooled and cleaned of d u s t ,  tar  and water b e f o r e  i t  is  analyzed 

f o r  CO,  C 0 2 ,  H 2 ,  N 2 ,  0 2 ,  CH4 and H2S. 

P r e s s u r e  i n  t h e  g a s i f i e r  is  developed by 

The st irrer r o t a t e s  a t  one-half r e v o l u t i o n  per  minute while  

a l s o  moving v e r t i c a l l y  t o  about two f e e t .  Continuous s t i r r i n g  of t h e  

bed main ta ins  a dense f u e l  bed providing b e t t e r  c o n t a c t  between gas 

and s o l i d s ,  which y i e l d s  a product gas  of h i g h e r  q u a l i t y  and com- 

p o s i t i o n .  The stirrer arrangement is  shown i n  Figure 3 .  Nuclear 

d e n s i t y  gauges i n d i c a t e  condi t ions  i n s i d e  t h e  p r e s s u r e  v e s s e l  by 

d e t e c t i n g  bed l e v e l s  and v o i d s  as shown i n  Figure 4 .  

The w a l l s  of t h e  vesse3 are maintained a t  low temperature by 

cool ing water pass ing  through t h e  water j a c k e t .  T h i r t e e n  inch  t h i c k  

r e f r a c t o r y  is  used i n  t h e  upper p o r t i o n  o f  t h e  bed. The d e t a i l s  

are shown i n  F igure  2 .  

n 
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1 . 2  MEASUREMENT OF DATA 

A d a t a  per iod  commences when s teady  condi t ions  are a t t a i n e d  as 

shown by a cons tan t  c o a l  ra te  ove r  s e v e r a l  hours.  Samples c o l l e c t e d  

during a d a t a  per iod  inc lude  dus t ,  t a r ,  and water en t r a ined  i n  t h e  

gas ,  cyclone dus t  and ash.  Dust, tar ,  and water conten t  of t h e  

product gas are c a l c u l a t e d  based upon t h e  weights  c o l l e c t e d  from a 

sample of measured volume (about 25 s c f h )  taken  over  a timed i n t e r -  

v a l .  Direct measurement of gas product ion is  impossible  due t o  

meter ing devices  becoming inope ra t ive  as t h e  r e s u l t  of r ap id  clogging 

of tar  and dus t .  Gas product ion i s  c a l c u l a t e d  by ob ta in ing  a p r e -  

l iminary  va lue  from a mass ba lance  i n  which gas output  i s  taken as 

t h e  d i f f e r e n c e  between t h e  input  ( c o a l ,  a i r  and steam) and t h e  output 

(bottom ash ,  tar  and water). Gas composition is  determined by an 

on-l ine chromatograph which analyzes  a gas sample f o r  CO, C02 ,  H2, 

N2, and CH4 every seven minutes and then  p r i n t s  t h e  da t a .  Composite 

samples are c o l l e c t e d  by continuous sampling and are analyzed on a 

l abora to ry  chromatograph which g ives  t h e  con ten t s  of H2S, C2Hg and 

02 and o t h e r  components. F i n a l  compositions are ad jus t ed  t o  an a i r  

f r e e  b a s i s  and an average va lue  i s  c a l c u l a t e d  f o r  a d a t a  pe r iod  using 

a l l  ana lyses  recorded. 

Figure 5 .  

The gas  sampling system is presented  i n  

Fur the r  d e t a i l s  about MERC's p i l o t  p l a n t  can b e  found i n  

t h e  r e fe rences  l i s t e d  a t  t h e  end of t h i s  r e p o r t .  

1.3 COMPARISON OF MERC GASIFIER W I T H  
OTHER FIXED BED GASIFIERS 

I n  t h e  fol lowing s e c t i o n ,  o t h e r  c u r r e n t l y  a v a i l a b l e  f i x e d  bed 

g a s i f i e r s ,  namely Lurgi ,  Wellman-Galusha and GEGAS-D are descr ibed  

b r i e f l y .  Performance of t h e s e  g a s i f i e r s  is compared with t h a t  of 
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t h e  MERC's g a s i f i e r .  

1.3.1 Lurgi G a s i f i e r  

The Lurgi g a s i f i e r  is  a c y l i n d r i c a l  v e s s e l  w i th  a diameter of 

12-13' i n  which coa l  flows downward by g r a v i t y  and steam and oxygen 

stream flows upward as shown i n  F igure  6 .  Lurgi g a s i f i e r s ,  which 

use non-caking c o a l s  on ly ,  have been widely used i n  South A f r i c a  

and Europe. Recently,  tests were c a r r i e d  ou t  s u c c e s s f u l l y  a t  West- 

f i e l d ,  Scotland t o  g a s i f y  va r ious  American c o a l s  i n  t h e  Lurg i  

g a s i f i e r .  A mechanical s t irrer w a s  used dur ing  t h e s e  tests t o  pre-  

vent  t h e  agglomeration of caking c o a l s  . ( 6 )  

1 . 3 . 2  Wellman-Galusha G a s i f i e r  

The Wellman-Galusha g a s i f i e r  shown schemat ica l ly  i n  F igure  7 is  

a se l f -conta ined  u n i t  and does no t  r e q u i r e  a steam p l a n t .  A i r  pass-  

i ng  through t h e  water j a c k e t  becomes s a t u r a t e d  wi th  water, thus  

supply ing  t h e  steam requ i red  f o r  g a s i f i c a t i o n .  

can a l s o  be g a s i f i e d  i n  the  producer us ing  a stirrer. 

Galusha producers have been b u i l t  i n  s i z e s  ranging from 1.5 f e e t  i n  

diameter t o  10  ft.(l5$he g a s i f y i n g  capac i ty  v a r i e s  from 7 .5  t o  99 

l b s  1 f t -hr . 

Mild caking c o a l s  

Wellman- 

2 

1 . 3 . 3  General E lec t r ic  P res su re  G a s i f i e r  

The General Electr ic  Company is  p r e s e n t l y  ope ra t ing  a f i x e d  

bed producer known as GEGAS-D g a s i f i e r .  

w i t h  a diameter of 3 f e e t  and i s  equipped wi th  a st irrer as shown i n  

Figure 8. 

This  g a s i f i e r  i s  a v e s s e l  

It was r e c e n t l y  opera ted  a t  225 p s i g  wi th  a c o a l  feed 
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r a t e  of 1000 l b / h r .  The g a s i f i e r  is  w e l l  i n s u l a t e d  t o  o p e r a t e  a t  

low a i r  t o  c o a l  and steam t o  c o a l  r a t i o s .  General E l e c t r i c  i s  a l s o  

developing a p r o p r i e t a r y  ex t rus ion  process  t o  feed  coa l  d i r e c t l y  

i n t o  t h e  g a s i f i e r  a t  h igh  p res su res .  Tar i s  used as a b inding  

material f o r  c o a l  f i n e s .  The f i n a l  product ob ta ined  has a hea t ing  

va lue  of about 160 BTU/SCF. 

1 . 3 . 4  Comparison 

I n  Table 1, c h a r a c t e r i s t i c s  of t h e  va r ious  g a s i f i e r s  are l i s t e d  

f o r  r e l a t i v e  comparison. As previous ly  s t a t e d ,  Lurgi g a s i f i e r s  have 

been used commercially f o r  non-caking c o a l s  on ly ,  but r e c e n t l y  tests 

were performed a t  West f ie ld  (6 

and oxygen. Wellman-Galusha g a s i f i e r s  are w e l l  s u i t e d  f o r  i n d u s t r i e s  

wi th  s a m l l  f u e l  requirements,  such as space h e a t i n g ,  steam gene ra t ion ,  

e t . ,  because of t h e  small gas i fy ing  capac i ty .  Wellman-Galusha gas i -  

f i e r s  are opera ted  a t  atmospheric p re s su re ,  r e q u i r i n g  t h e  compression 

of t h e  product gas  i f  t h e  product gas i s  t o  be used f o r  power gen- 

er a t  i on .  

t o  g a s i f y  American coa l s  w i t h  steam 

The General E l e c t r i c  Company's GEGAS-D g a s i f i e r  is  e s s e n t i a l l y  

t h e  same as MERC's g a s i f i e r  except  f o r  t h e  d i f f e r e n c e  i n  t h e  coa l  

feeding  system. 

GEGM-I) g a s i f i e r ' s  a i r  requirement seems lower and thermal e f f i c i e n c y  

Resu l t s  of t h e  tests performed s o  f a r  show t h a t  t h e  

seems h ighe r  compared t o  t h e  MERC g a s i f i e r .  The main reason  is t h e  

s m a l l  h e a t  l o s s  i n  t h e  GEGAS-D g a s i f i e r  due t o  t h e  heavy i n s u l a t i o n  

of t h e  g a s i f i e r .  Heat l o s s  i n  MERC's p i l o t  g a s i f i e r  is about 10- 

13% of the  t o t a l  h e a t  i npu t  as compared t o  3 4 %  l o s s  i n  t h e  GEGAS-D 
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g a s i f i e r ( 2 6 ) .  However, i f  t h e  MERC's g a s i f i e r  i s  scaled-up t o  t h e  

commercial s i z e ,  t h i s  h e a t  l o s s  w i l l  b e  expected t o  reduce consid- 

e rab ly .  Fur ther  test r e s u l t s  from t h e  GEGAS-D g a s i f i e r w i l l  have 

t o  be examined p r i o r  t o  making any q u a n t i t a t i v e  comparison. 

The model developed f o r  MERC's g a s i f i e r  i n  t h i s  r e p o r t  can be 

used, with minor modi f ica t ions ,  t o  p r e d i c t  t h e  performances of t h e  

Lurgi  and GEGAS-D g a s i f i e r s .  
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2 .  THEORY 

2 . 1  REACTIONS I N  A FIXED BED GASIFIER: 

In a f i x e d  bed g a s i f i e r ,  a i r  (or  oxygen) and steam a r e  introduced 

below t h e  g r a t e  and t r a v e l  upward i n  t h e  d i r c t i o n  oppos i te  t o  t h a t  o f  

t h e  coa l  flow. 

oxygen) and t h e  steam feeds .  Coal moving downward i s  success ive ly  

Sens ib le  hea t  o f  ash i s  used t o  prehea t  t h e  a i r  (or 

d r i e d ,  d e v o l a t i l i z e d ,  g a s i f i e d  and burned as t h e  temperature  increases  

i n  t h e  g a s i f i e r .  The g a s i f i e r  can be d iv ided  roughly i n t o  t h r e e  main 

zones 

(1) Combustion Zone 

(2) G a s i f i c a t i o n  Zone 

(3) Devo la t i l i za t ion  and Drying Zone 

In t h e  combustion zone, d i r e c t l y  above t h e  ash zone, t h e  fol lowing 

r e a c t i o n s  t a k e  p l a c e :  

c* + 1 / 2  02+ co 
c* + o2 -f co2 

co + 1 / 2  0 2  + co 2 

+ 1 / 2  O2 -+ H20 H2 

C* ir. above r e a c t i o n s  refers t o  carbon p resen t  i n  char  r a t h e r  than  i n  

i t s  pure  form. 

The combustion zone i s  r e l a t i v e l y  narrow and p a r t  o f  t h e  hea t  

generated 

c* + 

c* + 

i s  absorbed by t h e  endothermic r e a c t i o n s .  

H 2 0  + CO + H2 

co, -+ 2 co 
L 

The combus t i o n  

f u r t h e r  endothermic 

r e a c t i o n .  

CO + H 2 0  2 

gas flows upward i n t o  t h e  g a s i f i c a t i o n  zone where 

r e a t i o n s  occur  along wi th  t h e  water  - gas s h i f t  

co2 + H2 

n 

n 
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Depending upon the hydrogren pressure, methane is produced by the 

hydrogasification reaction. 

C* + 2H2 + CH4 

The gases then flow upward into the devolatilization zone near the top 

of the bed where coal is devolatilized. Tar, higher hydrocarbons, CO, 

C02, CH and H are produced in this zone, Coal, prior to devolatili- 

zation, is dried and heated by the hot gases leaving the gasifier, 

The zones and the temperature profile is shown in Figure 9, 

taking place in each of the above zones are presented in Figure 10. 

4 2 

Reactions 

2.2.  KINETICS 

Major solid gas reactions involved in coal gasification are 

pyrolysis, char-hydrogen, char-carbon dioxide, char-steam and char- 

oxygen reaction. Pyrolysis of coal which releases the moisture and 

volatile matter in coal, is usually the first to occur and the 

fastest among these reactions, 

changes, there is a substantial change in the physical characteristics 

of the solid during the rapid stage of pyrolysis. 

volatiles and its composition are dependent not only on the volatile 

matter content of coals but also on the temperature level and rate of 

heating during pyrolysis. 

only at high pressures, Char-hydrogen, char-carbon dioxide and char- 

steam reactions are usually much slower and these reactions can take 

place with considerable gas penetration within the pores of the particles, 

Volumetric reaction models are, therefore, a proper representation of 

these reaction systems. 

place at the external surface of the char particles. 

trolled by gas film diffusion and/or ash layer diffusion, 

ing model can be applied to the analysis of this reaction. 

In addition to the major chemical 

The yields of 

The char-hydrogen reaction becomes important 

The char-oxygen reaction is rapid and takes 

The rate is con- 

Unreacted core shrink- 

The kinetics of 
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Devol a t i  1 i z a t i o n  

Tar ,  CO, C02, CH4, CzH6 

G a s i f i c a t i o n  

I CO + H20 - C02 + H2 

I co2 + c*- 2 co 
C + H20 4 CO + H2 

C *  + H20 - t C O  + H2 
Combus ti on 

c* + o2 - co + cop 

Ash Steam 

Fig.  10. Chemical Reactions Occur r ing  i n  a Fixed Bed G a s i f i e r  



t h e s e  r e a c t i o n s  w i l l  be  considered i n  more d e t a i l  fol lowing t h e  d i s -  

22 

n 
cussion on t h e  r e a c t i v i t y  o f  coa l .  

2.2.1.REACTIVITY OF COAL 

Most commonly, coa l  i s  c l a s s i f i e d  i n t o  p e a t ,  l i g n i t e ,  sub- 

bituminous, bituminous and a n t h r a c i t e .  Lurgi uses  a modified method 

t o  determine t h e  r e a c t i v i t y  o f  coa l  Qg). In  t h i s  method, CO i s  

passed through a f i x e d  bed of  char  produced by carboniza t ion  o f  coal  

2 

under p re s su re .  This s imulated g a s i f i c a t i o n  is c a r r i e d  out  under 

p re s su re  and a t  1470 O F  i n  a small r e a c t o r .  The r e a c t i v i t y  o f  coa l  

i s  es t imated  by measuring t h e  amount o f  CO produced as a r e s u l t  o f  

C 0 2  decomposition. 

aga ins t  t h e  hea t ing  va lue  of coal ( 6 ) .  T h i s  f i g u r e  c l e a r l y  shows 

In  Figure 11, r e a c t i v i t y  of  coa l  i s  p l o t t e d  

t h a t  l i g n i t e  and sub-bituminous coa l s  a r e  more r e a c t i v e  than  

bituminous c o a l .  High r e a c t i v i t y  c o a l s  w i l l  react a t  lower tempera- 

t u r e s  as compared t o  low r e a c t i v i t y  c o a l s .  For example, t h e  lowest 

r e a c t i o n  temperatures  a t  which t h e  r e a c t i o n  r a t e s  approaches zero 

are shown f o r  d i f f e r e n t  coa l s  i n  t h e  following: 

L ign i t e  1200 O F  (approximately) 

Sub-bituminous 1350 O F  

Semi-anthrac i te  1450 O F  

Coke 1550 O F  

Reac t iv i ty  o f  a given coal  no t  only depends on i t s  rank ,  but  

a l s o  on i t s  oxygen content  and t h e  composition of  mineral  ma t t e r .  I t  

has been demonstrated t h a t  a number of  inorganic  elements p re sen t  i n  

ash act as c a t a l y s t s  f o r  coa l  g a s i f i c a t i o n  r e a c t i o n s ,  For example, 

CaandFe  a r e  c a t a l y s t s  f o r  t h e  char-carbon d ioxide ,  and char-steam 

reac t ions .  (23) 
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2 . 2 . 2 .  DEVOLATILIZATION: 

Devo la t i l i za t ion  o r  py ro lys i s  of coa l  i s  def ined  as a process  by 

which coa l  i s  thermally decomposed i n t o  char ,  gas and l i q u i d  products .  

When coa l  i s  hea ted ,  most of  t h e  uncombined water i s  dr iven  o f f  below 

105 "C.  Remaining water (moisture) i s  removed when t h e  temperature  

reaches around 300 "C. As t h e  temperature  i n c r e a s e s ,  coa l  p a r t i c l e s  

s o f t e n  t o  form a me tap la s t i c  then  depolymerizes t o  y i e l d  t h e  primary 

v o l a t i l e  products  and semi-coke. 

t o  form secondary and t e r t i a r y  v o l a t i l e s  and coke. The suggested 

mechanism f o r  p y r o l y s i s  i s  as shown i n  Figure 1 2  (23) .  Devo la t i l i za -  

t i o n  i s  a complex phenomena not  y e t  completely understood. Exce l len t  

literature reviews can be found in r e p o r t s  by Anthony and kloward ( 1 )  

and by Dutta  and Wen (23) .  

These products  f u r t h e r  decompose 

The composition o f  products  depends on t h e  type  of c o a l ,  hea t ing  

r a t e ,  res idence  t ime of  vapor and a hos t  of  o t h e r  f a c t o r s ,  

In  a f i x e d  bed g a s i f i e r ,  coa l  i s  heated slowly (< lo0  C/sec) and 

hence, t h e  time requ i r ed  f o r  almost complete d e v o l a t i l i z a t i o n  i s  s i g n i f i -  

c a n t l y  less than  t h e  time requ i r ed  f o r  hea t ing  t h e  p a r t i c l e s  t o  t h e  f i n a l  

temperature .  Therefore ,  i n  f i x e d  bed g a s i f i e r s ,  t h e  u l t i m a t e  y i e l d s  and 

t h e  q u a l i t y  o f  v o l a t i l e s  and cha r s ,  r a t h e r  than  t h e  r a t e  o f  p y r o l y s i s ,  

a r e  important .  

temperature  curves  as observed i n  t h e  Fischer-Assay of  some coa l  samples. 

The curves i n  t h i s  figure are c a l c u l a t e d  based on t h e  equat ion of Gregory 

and L i t t l e j o h n  (1965) shown below ( 1 0 ) :  

Figure 13  shows a few typical v o l a t i l e  y i e l d s  versus  

V =  V M - R - W  

(11.47 - 3.961 loglOT + 0.005 MI) R = 10 

w = 0 . 2  (W! - 10.9) 

where, 

24  

n 
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n 
MI = v o l a t i l e  ma t t e r ,  maf % 

T = temperature  i n  O C  

V = y i e l d  of t o t a l  v o l a t i l e s ,  % maf coa l  

The above equat ion can be used t o  p r e d i c t  t h e  t o t a l  v o l a t i l e  y i e l d .  

However, e s t ima t ion  of v o l a t i l e  product  composition i s  d i f f i c u l t .  For a 

few coa l s ,  t h e  composition of  p y r o l y s i s  products  as a func t ion  o f  tempera- 

t u r e  i s  shown i n  Figure 14,  However, t h e  small amount of  experimental  d a t a  

a v a i l a b l e  could not  be used s i n c e  t h e  d a t a  were obta ined  under va r i ed  condi- 

t i o n s .  
(23)  

A s i m p l i f i e d  method was developed t o  roughly e s t ima te  t h e  coniposi- 

t i o n  of  d e v o l a t i l i z a t i o n  products  and i s  presented  i n  t h e  Appendix. 

2 . 2 . 3 .  CIIAR-STEAM REACTION: 

The char-steam r e a c t i o n  i s  r a t h e r  slow when compared t o  o t h e r  r eac t ions  

occurr ing  i n  a g a s i f i e r .  This  endothermic r e a c t i o n ,  a long with t h e  char-  

carbon d ioxide  r e a c t i o n ,  c o n t r o l s  t h e  maximum temperature .  Therefore ,  t h e  

k i n e t i c s  of  t h i s  r e a c t i o n  is very  important .  Unfortunately,  a v a i l a b l e  

d a t a  f o r  t h i s  r e a c t i o n  widely d i f f e r  as shown i n  Figure 15 .  

Most of  t h e  ear l ie r  i n v e s t i g a t o r s  used Langmuir-type adsorp t ion  

equat ions t o  express  t h e  r a t e  of t h i s  r e a c t i o n .  For example, t h e  fol lowing 

mechanism and r a t e  expression was proposed by Walker e t  a1 (1959). 

However, t h i s  type  of  express ion  r e q u i r e s  t h e  knowledge of  a t  least  t h r e e  

parameters t o  inc lude  t h e  e f f e c t  o f  temperature  on t h e  ra te .  



2 9  

100 

80 

n 
e-? 

7 
0 

I- 

v) 
0 
[h 

0 

v) 

- 60 
W 

Y 

Z 40 

3 

20 

H2 

co+co, 

'C H 
2 6  

I 

200 400 600 800 1000 1200 
TEMP OC 

FIGURE 14 Gas composition as a function of temperature i n  slow pyrolysis 



3 0 

I I I I I I I I I 
0.6 0.7 0.8 0.9 1 .o 03 ' 

1 0 0 0 / T  OK' 

F i g u r e  15 A r rhen ius  p l o t s  f o r  v a r i o u s  forms o f  carbon coa l  and char  
i n  carbon-steam o r  char-steam r e a c t i o n  (see legend on page 
31 ) .  
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LEGEND TO FIGURE 1.5 

To t a l  
Pressure  

Line 

1, 2 

3, 4 

- I n v e s t i g a t o r s  (Year) Material 

J o l l y  & Pohl (1953) Coke 1 . 0  

Gadsby e t  a1 (1946) Nut char  
c o a l  char  

1 .0  

5 

6 

Long & Sykes (1948) Coconut she1  1 

Feldkirchner  & Low temperature  
Linden (1963) bituminous c o a l  

charcoal 

char  

0.2-1.0 

104 

7 Feldkirchner  & 
Huebler (1965) 

Low temp era t u re  
bituminous coa l  
char  

70 

8 Johnstone et a1 
(1952) 

Cy l ind r i ca l  
porous g r a p h i t e  
rod 

1.0 

9, 10  

11 

Blackwood & 
McGrory (1958) 

Coconut carbon 1.-50. 

35.0 Johnson (1974) Air -pre t rea ted  
HVab P i t t sbu rgh  
No. 8 

12  Jensen (1975) Coal minerals  
from Kentucky 
No. 9 coa l  

1.0 



C RT/k (l-X) 
eq v ('H20 - cH2 co dx = K  - 

dt 

where, 

K is the equilibrium constant of the reaction, 
eq 

CIS denote the concentration of H 2 0 ,  H and CO respectively, 2 

is the rate constant per unit volume. 
KV 

I n  Figure 15, values of K 

against temperatures. Identification of  the different curves i s  pro- 

for various forms of chars are plotted 
V 

vided on the preceeding page. 

2 . 2 . 4 .  CHAR-CARBON DIOXIDE REACTION 

32 

In this report, a simple rate expression proposed by Wen is used 

(24 ) :  

The char-carbon dioxide reaction is a relatively slow reaction and 

is similar to the char-steam reaction. At lower temperatures and for 

smaller particles, this reaction is controlled by the chemical reaction 

rate and occurs nearly uniformly throughout the interior surfaces of 

the char particles. The reaction rate can be expressed as follows ( 5 ) :  

- -  dx - a K '  c2(1 - x) 
dt 

a ailable ore surface area per unit weight at any stage a = oY conversqon - -~ 

initial available pore surface area per unit weight 

2 CA = concentration of CO 

Oc rl <1, rl is order of the reaction with respect to C 0 2  concentration. 

The rate of the char-carbon dioxide reaction, with respect to C02 

concentration, is first order up to atmospheric pressure but approaches 

zeroth - order at high pressure (pressures above 15 atmospheres). 

In the model developed, it was assumed that a = 1, rl = 1 and I ( '  = 

-59000/ RTs 12 
2 .  X 10 exp ( 



3 3  

dxC In  Figure 16, (-) a t  x = 0 . 2  i s  p l o t t e d  versus  r e c i p r o c a l  of  d t  C 

temperature ( 2 3 ) .  The Legends used are explained on page 35 . The va lue  

of K '  determined from Figure 16, i s  a p p l i c a b l e  only  when t h e  chemical 

r e a c t i o n  c o n t r o l s  t h e  ra te .  A t  high temperatures ,  however, d i f f u s i o n  re- 

s i s t a n c e  wi th in  t h e  p a r t i c l e  may become apprec iab le  and, t h e r e f o r e ,  an 

e f f e c t i v e n e s s  f a c t o r  which t akes  i n t o  account t h e  e f f e c t i v e  d i f f u s i v i t y  

must be used f o r  such cases. 

Then, t h e  ra te  of  g a s i f i c a t i o n  i s  expressed as: 

- -  dx - q a K '  cA (1 - x) 
d t  

where, rl is  t h e  e f f ec t iveness  f q c t o r .  

2 . 2 . 5 .  WATER - GAS SHIFT REACTION: 

Various ra te  expressions f o r  t h e  water-gas s h i f t  r e a c t i o n  have been 

proposed. For example, t h e  fol lowing c o r r e l a t i o n  f o r  c a t a l y t i c  r e a c t i o n  

was developed by Moe (24  ) 

where, Pco, PH20, P co , PH2 are t h e  p a r t i a l  p re s su res  o f  carbon-monoxide, 

steam, carbon d ioxide  and hydrogen r e s p e c t i v e l y .  K is  t h e  equi l ibr ium 
wg 

cons tan t  f o r  t h e  s h i f t  r e a c t i o n .  

K ,  based upon t h e  measurement o f  commercial i r o n  c a t a l y s t ,  i s  expressed 

as 

TI 
5 -4895/ K = 0 3.586 10 exp ( 

where, 0 i s  used as a f a c t o r  r ep resen t ing  t h e  a c t i v i t y  of a sh  re la t ive  t o  

t h e  commercial c a t a l y s t  ( 2 1  ) .  In  t h i s  s tudy ,  t h e  value of 0,00005 was 

used for 0 .  

2.2.6.  CHAR-OXYGEN REACTION: 

The burning of  char  i s  t h e  fastest among t h e  char  gas r e a c t i o n s  t ak ing  

p l a c e  i n  a g a s i f i e r .  
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F i g u r e  16 Ar rhen ius  p l o t s  f o r  t h e  g a s i f i c a t i o n  o f  va r ious  forms o f  
carbon i n  C02 (see legend on page351 - 
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LEGEND TO FIGURE 16 

Line NO. Type, Size and Shape of Carbon Remarks Inves t iga tors  

Yoshida and Kunii 

E r  gun 

Year 

(1969) 

(1956) 

(1969) 

(1963) 

(1977) 

(1975) 

1 

2 

Graphite Sphere, 1.5 cm.  d i a .  I n i t i a l  Rates 

Ceylon Graphite, -lot200 mesh I n i t i a l  Rate i n  a 
f lu id i zed  bed. 

-do- 

-do- 

Turkdogan and 
Vinter s 

-do- 

Activated Graphite,  -10+200 mesh 

Activated Carbon, -104-200 mesh 

-do- 

-do- 

Electrode Graphite P a r t i c l e s ,  
-lot40 mesh 

I n i t i a l  Rates 

6 Coconut charcoal p a r t i c l e s ,  
-10+40 mesh 

I n i t i a l  Rates 

7 Austin and Walker Graphitized Carbon cy1 inde r  , Calculated i n i t i a l  
Rates 5.1  

0 -  
0 -  

A -  
u -  
A -  
X -  
A l l  

cm. long and 1.27 cm. d i a .  

I l l i n o i s  Coal #6 
Synthane Char /I122 
Hydrane Char #49 
IGT Char f H T l 5 5  
Hydrane Char /I150 
Pit tsburgh HVab Coal 
of s i z e  -35+60 mesh 

8 & 9  Dutta e t  a1 Rates a t  20% 
conversion l e v e l  

10 Average Rate i n  a 
f lu id ized  bed a t  16-32 
a t m .  p a r t i a l  pressure 
of C02 with H e  as d i luent  

Fuchs and Yavorsky Hydrane Char from Pi t t sburgh  
Coal, -6Oe100 mesh 

11 -do- Synthane Char from I l l i n o i s  
Coal # 6 ,  -6ot100 mesh 

Average Rate i n  a 
f lu id ized  bed a t  32 a t m .  
p a r t i a l  p r e s s u r e  of C 0 2  
with He as  d i luen t .  



36 

co2 C* + a O2 + (2  - 2a) CO + (-1 + 2a) 

The s to i ch iomet r i c  c o e f f i c i e n t  l’all i n  t h e  char-oxygen r e a c t i o n  shown 

above depends on t h e  temperature  as well as t h e  type  o f  coa l .  I t  has 

been shown t h a t  when t h e  temperature  i s  low, t h e  c o e f f i c i e n t  Iratr i s  

approximately u n i t y  and carbon d ioxide  i s  t h e  prominent product ,  On t h e  

o the r  hand, rrarr decreases  t o  0 . 5  a t  h igh  temperatures  and carbon monoxide 

i s  mostly produced. 

t h e  temperature  i s  shown below ( 2 ) .  

One such equat ion c o r r e l a t i n g  t h e  r a t i o  of  CO/CO, t o  

= 103.4 e - 124001 RT 
CO’CO, 

where T i s  i n  

In  most ca ses ,  t h i s  r e a c t i o n  t akes  p l a c e  a t  t h e  ex te rna l  s u r f a c e  of 

t h e  char  p a r t i c l e s  and i s  c o n t r o l l e d  by ash l a y e r  d i f f u s i o n .  However, 

i f  t h e  temperature  and/or t h e  p a r t i c l e  s i ze  inc reases ,  t h e  r e a c t i o n  may 

proceed towards t h e  gas f i l m  d i f f u s i o n  con t ro l  regime. 

For such cond i t ions ,  t h e  char-oxygen r e a c t i o n  r a t e  developed by F ie ld  

e t  a1 ( 7)  can be used 

where - dx - - ra te  p e r  u n i t  area o f  e x t e r n a l  p a r t i c l e  su r face  
d t  

= p z r t i a l  p re s su re  o f  oxygen i n  free stream 

= d i f f u s i o n a l  r e a c t i o n  r a t e  c o e f f i c i e n t  
po2 

d i f f  I: 

= s u r f a c e  r e a c t i o n  ra te  c o e f f i c i e n t  
KS 

The d i f f u s i o n a l  r e a c t i o n  ra te  c o e f f i c i e n t  can be approximately c a l -  

cu la ted  by us ing  fol lowing formula ( 7 ).  

- 0.292 @ D - 
K d i f f  T 

dP m 

i s  t h e  average o f  p a r t i c l e  s u r f a c e  temperature  and gas temperature  

i n  O K .  

Tm 

n 
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d = p a r t i c l e  diameter i n  cms 

D = d i f f u s i o n  c o e f f i c i e n t  of  oxygen 
P 

sec  
cm*/ 

u p  
T 1.75 = 4 . 2 6  (1) 
1800 

P = t o t a l  p re s su re  i n  atmospheres 

where @ i s  t h e  mechanism f a c t o r  and t akes  a va lue  of  2 when CO is  t h e  

d i r e c t  product of  char-oxygen r e a c t i o n  and a value of 1 when C02 is t h e  

d i r e c t  product .  

o f  c$ as a func t ion  of  temperature ,  p a r t i c l e  s i z e  and carbon type .  

Several  i n v e s t i g a t i o n s  were made t o  determine t h e  value 

No 

q u a n t i t a t i v e  conclusions can be drawn from t h e s e  s t u d i e s .  However, 

value of 1 .0  f o r  Q i s  suggested if t h e  p a r t i c l e  diameter i s  g r e a t e r  

than 0 .1  cm. 

The s u r f a c e  r e a c t i o n  c o e f f i c i e n t ,  Ks, can be ca l cu la t ed  from t h e  

fol lowing equat ion (7 )  : 

Ks = K so 

The va lue  o f  Kso 

value f o r  Kso i s  

exp (-E /R Ts> 

v a r i e s  with t h e  type  o f  coa l  o r  carbon. 

8710. gm/cm s e c  atm. cal/gmole. The value o f  35.7 

An approximate 

2 

Kcal/gmole f o r  t h e  a c t i v a t i o n  energy w a s  repor ted  by F i e l d  e t  a1 ( 7 ) .  

Recently,  an a c t i v a t i o n  energy of 27 Kcal/mole was repor ted  by 

Seargent and Smith ( 20) f o r  p a r t i c l e  s i z e s  ranging from 0.18 t o  0 .7  

cm f o r  bituminous coa l .  In  t h i s  model, t h i s  va lue  of  a c t i v a t i o n  energy 

was used f o r  char-oxygen r e a c t i o n .  

In t h e  combustion zone of  t h e  moving bed g a s i f i e r ,  char-oxygen 

r e a c t i o n ,  char-steam and char-carbon d ioxide  r e a c t i o n s  a r e  t ak ing  p l ace  

simultaneously.  In o t h e r  words, char-oxygen r e a c t i o n  would t a k e  p l ace  

/ \  on t h e  o u t s i d e  s u r f a c e  o f  t h e  p a r t i c l e  reducing t h e  diameter  of  t h e  

unreacted core arid a t  t h e  same time steam and carbon d ioxide  w i l l  
w 

p e n e t r a t e  i n t o  t h e  p a r t i c l e  a l s o  reducing t h e  concent ra t ion  of carbon. 
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Thus, a n a l y s i s  of char  p a r t i c l e  i n  t h e  combustion zone i s  complex. The 

p a r t i c l e  s i ze  i n  t h e  combustion zone depends on t h e  i n i t i a l  s i ze  of t h e  

coal  feed .  In  one of  MERC's g a s i f i e r s ,  t h e  major f r a c t i o n  o f  t h e  feed 

was 3/4" (1 .9 cm) i n  s ize .  In  t h i s  model, r a t e s  were c a l c u l a t e d  by 

assuming t h a t  t h e  average diameter  of t h e  p a r t i c l e  i s  about 0 .5  cm i n  

t h e  combustion zone. This  assumption, though not  v a l i d ,  s i m p l i f i e s  t h e  

c a l c u l a t i o n s .  

compared with each o t h e r  i n  Figure 17  . Symbols are explained on t h e  

page fo l lowing  t h i s  f i g u r e .  

The rates of s o l i d  gas r e a c t i o n s  descr ibed  above a r e  

n 

n 
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Figure 17 Comparison o f  char-gas reaction rates 
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LEGEND TO FIG. I? 

Sample f o r  t h e  Arrhenius Lines (atmospheric p re s su re )  : Pi t t sbu rgh  HVab 
Coal (40.0) 

Data p o i n t s  are f o r  i n i t i a l  rates (unless  o therwise  mentioned) a t  supe r -  
atmospheric p re s su res .  The numbers on p o i n t s  i n d i c a t e  p re s su res  i n  a t m .  

0 A Q : Char-H2 Reaction 

-e- : Char-H20 Reaction 

@ : Char-C02 Reaction 

I l l i n o i s  #6 Coal (32.8), Overall rates a t  35 atm. (unless  
o therwise  i n d i c a t e d )  ; Fuchs and Yavorsky (1975). @ 

0 P i t t s b u r g h  HVab Coal (40.0),  35 a t m .  ; Johnson (1974). 

Concoal Char (19.1), 103 a t m .  (lower p o i n t )  and 1 3 7  a t m .  
(upper p o i n t ) ;  Pyrcioch and Linden (1960). 0 

Concoal Montour #lo B i t .  Coal (37.0),  103  a t m . ;  
Fe ldki rchner  and Linden (1963). n 

A Wyo. HVcb Coal, 409 a t m . ;  Hiteshue e t  a1 (1957). 

n 
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3. MODEL DEVELOPMENT 

One of the reasons why modeling of fixed bed (or moving bed) 

gasifiers is difficult is that the flows of solid and gas are 

countercurrent. 

by the complex structure of coal and by the lack of experimental 

data on rates of gasification for various coals. 

Complexity of the modeling is further compounded 

3.1 LITERATURE SURVEY 

Very few studies on modeling of fixed bed gasifiers are 

available in literature. 

Gumz in the early fifties 01). 

temperature of gas leaving was the same as the temperature of solids 

entering the reduction zone. 

reactions above this zone because of the low solids temperature. 

Temperature at the end of the reduction zone was calculated by the 

heat balance over the bottom half of the reactor for a specified 

heat loss. 

steam and carbon-dioxide reactions were in equilibrium. 

an approach factor (assumed equilibrium constant = approach factor x 

theoretical equilibrium constant) of 0.25 was used for hydro- 

gasification reaction for methane production. The effects of 

devolatilization and the heats required in the drying and devolati- 

lization zone were not included in this model. Material balance 

equations were solved by initially assuming the values of mole 

fractions of carbon monoxide and hydrogen and then forcing the sum 

of the mole fractions to be 1.0. 

An equilibrium model was developed by 

In this model it was assumed that 

There were no further endothermic 

It was further assumed that at this temperature, carbon- 

In addition, 

This model was used by Woodmansee ( 2 5 )  to estimate the composition 



and t h e  temperature of  t h e  r a w  gas f o r  Lurgi g a s i f i e r  and t h e  MERC's 

g a s i f i e r .  

c a l c u l a t i o n s  of  gas composition. 

with t h e  experimental  da t a ;  however , c e r t a i n  d iscrepancies  were 

Products of d e v o l a t i l i z a t i o i i  were not  included i n  t h e  

The r e s u l t s  were i n  fa i r  agreement 

found i n  t h e  es t imat ion  of h e a t  l o s s  and t h e  temperature o f  t h e  

raw gas.  

Recently,  a s teady  s t a t e  model f o r  Lurgi r e a c t o r  was developed 

by Yoon, Wei, arid Denn (27). ?he main assumptions of t h i s  model 

were as fol lows:  

(1) 
(2)  

Plug flow f o r  s o l i d  phase and gas phase. 
Equal gas and s o l i d  phase temperatures .  

In  t h i s  model, t h e  r e a c t o r  was divided conceptua l ly  i n t o  two 

reg ions ,  an a d i a b a t i c  core  occupying most of  t h e  r e a c t o r  space and a 

co lder  boundary l a y e r  occupying an annular  p o r t i o n  of t h e  coa l  bed 

surrounding t h e  a d i a b a t i c  core .  I t  was f u r t h e r  assumed t h a t  t h e  hea t  

l o s s  a f f e c t e d  t h e  boundary l a y e r  only and t h a t  t h e r e  was no hea t  

transfer between t h e  a d i a b a t i c  core  and t h e  boundary l aye r .  The 

model p r e d i c t i o n s  were compared wi th  the a v a i l a b l e  p l a n t  d a t a  for 

Lurgi r e a c t o r s .  

of t h e  conclusions l i s t e d  i n  t h e  r e p o r t  were as fol lows (27):  

The r e s u l t s  seemed t o  be i n  good agreement. Some 

(1) The m a x i m u m  temperature  i n  t h e  bed i s  determined l a r g e l y  
by t h e  steam t o  oxygen r a t i o  i n  t h e  feed.  

(2) The e f f i c i e n c y  at a given steam t o  oxygen r a t i o  is 
determined by t h e  carbon-oxygen feed r a t i o  

(3) There i s  a c r i t i ca l  steam and oxygen feed temperature,  
dependent on t h e  r e a c t i v i t y  of  coa l ,  below which 
e f f i c i e n t  opera t ion  cannot be  c a r r i e d  out  because of  
excess ive  carbon loss i n  t h e  ash and i n s u f f i c i e n t  
ex ten t  of g a s i f i c a t i o n .  

42 
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The model had c e r t a i n  l imi ta t ions .  For instance,  conclusion 

rimber 3 was based on the  assumption t h a t  

T a t  Z = 0 = Tg 

where 

Tat Z = 0 

i s  the  temperature a t  t he  bottom of the  g a s i f i e r  ( i . e .  above t h e  

g ra t e  l eve l )  and T is  the  feed gas temperature. From experimental 

da ta  it has been found t h a t  t he  temperature of  the ash i s  always 

grea te r  than the  temperature of t he  feed gas. 

heat  exchange between the  cold feed gas and hot ash i s  c i t e d  as one 

of the advantages of  t he  moving bed g a s i f i e r s .  

shown t h a t  during c,ombustion, s o l i d  temperature can be higher than 

the  gas temperature by as much as 200-3OO0c. 

espec ia l ly  chemical reac t ion  r a t e  constant,  i s  c r i t i c a l l y  dependent 

8 

This countercurrent 

I t  has a l so  been 

The r a t e  of oxidat ion,  

on the  s o l i d  temperature. 

so l e ly  dependent on the  feed gas temperature. 

Therefore, onset of combustion may not be 

3 . 2  SCOPE OF WORK 

The main object ive of t h i s  pro jec t ,  sponsored by the Morgantown 

Energy Research Center of Department of Energy was to  develop a model 

which can simulate mathematically t h e  phenomena taking place i n  the 

f ixed bed g a s i f i e r .  Experimental da t a  covering 81 da ta  per iods f o r  

t h ree  d i f f e r e n t  coals ,  namely, Arkwright Bituminous, Upper Freeport 

and Western Kentucky ff 9 were obtained from WRC. 

The e n t i r e  pro jec t  was divided i n t o  t h e  following th ree  main 

tasks : 
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(1) Analysis of experimental data 
(2) Development of equilibrium mode1 
(3) Development of  steady state nodel 

3.2.1 AUALYSIS OF EXPERIMENTAL DATA 

It was logical to analyze the data obtained from EERC gasifier 

p r i o r  to the model development. 

the effect of  various operating variables, namely, pressure, steam/ 

coal ratio, type of  coal, etc. 

were then compared with the data obtained from other fixed bed 

Therefore, data were examined f o r  

The typical data f o r  this gasifier 

gasifiers. Result of the data analysis are presented in Section 4 

of  this report. 

3.3 EQUILIBRIUM MODEL 

In order to develop a comprehensive and realistic gasifier 

model, it is necessary to start with a simple model to understand 

and test the sensitivity and the number of the various parameters 

needed in the model. 

important reactions are in equilibrium. 

One simple approach i s  to assume that all the 

This simplification will 

provide insight into the number of gasification reactions necessary 

for consideration. Even in such approach, calculations are com- 

plicated due to the large number of  reactions and the gas components 

involved. 

In the equilibrium model developed in this study, the gasifier 

was conceptually divided into three main zones, combustion zone, 

gasification zoneland drying and devolatilizationzone. 

diagram is shown in Figure10 . 
from the hot ash leaving the combustion zone to steam and air streams. 

The schematic 

In the ash zone, heat is transferred 
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In  t h e  combustion zone it was assumed t h a t  a l l  t h e  oxygen p r e s e n t  

i n  t h e  a i r  r e a c t s  with carbon t o  form CO and C02. Approach f a c t o r  of 

0.006 was used i n  t h i s  zone f o r  carbon-steam r e a c t i o n .  Carbon is  

f u r t h e r  g a s i f i e d  by steam forming CO and H 2  i n  t h e  g a s i f i c a t i o n  

zone. Other minor r e a c t i o n s  i n  which N, S, and 0 from coal  r e a c t s  

t o  form N 2 ,  HzS and €120 a l s o  t akes  p l ace  i n  t h i s  zone. 

composition i s  es t imated  by assuming t h a t  t h e  water  gas s h i f t  r e a c t i o n  

i s  i n  equi l ibr ium.  

steam r e a t i o n .  

The gas 

Approach f a c t o r  of  0.2-0.5 was used f o r  carbon- 

In  t h e  d e v o l a t i l i z a t i o n  zone, CO, C02,  H2, I120 and CIl4 a long 

w i t h  tar  a r e  produced from coal .  

were es t imated  approximately f o r  a given coal .  

program developed, m a t e r i a l  balance and hea t  ba lance  equat ions  

wore so lved  f o r  each zone. 

and temperature  of t h e  gas l eav ing  t h e  g a s i f i e r  when coal  composition, 

a i r  and steam feed  r a t e s  a r e  given. 

The amounts o f  p y r o l y s i s  products  

In  t h e  computer 

This  program ca lc i i la tes  t h e  composition 

This  type  of model can be used t o  p r e d i c t  t h e  gas composition 

as well as t o  p r e d i c t  t h e  t r e n d s  f o r  changes i n  gas composition when 

a i r / c o a l  and steam/coal r a t i o s  are changed. However, t h e  model 

cannot be used f o r  sca le -up  and op t imiza t ion  purposes and i s  u s e f u l  

wi th in  a given range of t h e  ope ra t ing  cond i t ions  only.  

due t o  t h e  lack  of  experimental  d a t a ,  e s t ima t ion  of p y r o l y s i s  products  

i s  not  accu ra t e .  

i f  t h e  program i s  t o  be used f o r  d i f f e r e n t  c o a l s  o r  d i f f e r e n t  

g a s i f i e r s  . 

In  a d d i t i o n ,  

I t  may be necessary  t o  a d j u s t  t h e  approach f a c t o r s  
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3 . 4  STEADY STATE MODEL 

The equilibrium model, as described previously, has limited 

uses. 

which can be used for optimization and scale-up purposes. 

type of model, kinetics of various reactions as well as the dimensions 

of the gasifier are taken into consideration. 

be used for interpolation and minor extrapolation beyond the normal 

operating conditions. 

during the start-up, is not considered in the steady state model. 

Therefore, it is necessary to develop a steady state model 

In this 

A good model can also 

The effect of time variable, which is important 

Assumptions made in this model were as follows: 

Plug flow in solid phase and gas phase; 

Steady state; 

Drying and devolatilization reactions are instaritencous 
and devolatilization reactions are thermally neutral; 

Carbon-steam and carbon-carbon dioxide reactions are 
volume reactions while carbon-oxygen reaction is a 
surface reaction; 

The extent of hydrogasification reaction is negligible 
because of low pressure and low concentration of 
hydrogen; 

Temperature of bed at the bottom of the gasifier is 
within the range defined by the feed gas temperature 
and the ash temperature (500°k-6500k) ; 

Heat loss, which includes the heat recovered by 
cooling water and unaccountable heat, is proportional 
to the heat of  generation. 

Development of mathematical representation of gasifier 

Material Balance 
-l---_l_- 

dF 

dZ 
- -  - Ari 

n 

n 
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where 

Fi = flow rate of i, gmole or gm/sec, 

A = cross-sectional area, cm? 

- 11 ri - 1 vij ~j = net rate of formation of i per tinit volume 
j =1 of  bed,’ 

R = rate of reaction j , pole/sec cm3; 

Vij = Stoichiometric coefficient of component i in reaction 
j, it is positive if component i is generated, 
negative if consumed,and is equal to zero f o r  an inert,’ 

F 

F 

Z = height, cms. 

= positive for gas component; 

= negative for solid component; 

1 Ieat Balance 

For solid phase: 

ws cps Ts n 
= - {  (-A€Ijrj)A - U A a (Ts - Tg> - H i s )  

j =1 dZ 

For gas phase: 

W,, Wg = flow rate of solids, gms/sec, and flow rate of gas 

Cps 

Cpg 
0 ,  

TS = temperature of solid in K ,  

TS 

Z = Height, cms; 

gmoles/sec; 

= specific heat of solid, cal/gm OK,’ 

= specific heat of gas, cal/gmole OK; 

= temperature of gas in OK ; 
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heat  of r e a c t i o n  j ,  cal/gmole; 

r a t e  of r e a c t i o n  j ,  gmole/sec cm3 

h e a t  l o s s  i n  s o l i d  phase cal/sec/cm; 

hea t  loss i n  gas phase cal/sec/cm; 

o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  ; 
c ross - sec t iona l  area o f  bed, cm2; 

con tac t  a r ea /un i t  volume of bed;  

W) ; 
void f r a c t i o n ;  

p a r t i c l e  diameter  cms. 

Stokhiometry of Reactions: 

Coal is  a complex polymeric compound c o n s i s t i n g  of C,  H,  0 ,  N ,  S 

and ash.  Hence, s to ich iometry ,  assuming coa l  as g raph i t e  carbon, is  

of l i t t l e  USO. Therefore ,  t h e  s to ich iometry  as shown below was used. 

Here a, 8, y, 6 and E a r e  gm-atoms of carbon, !iydrogen, oxygen, 

n i t rogen  and s u l f u r  p re sen t  i n  t h e  coa l  r e s p e c t i v e l y .  

d SO2 + eNO 

2.  char-steam reac t ion :  

3 .  water gas s h i f t  r e a c t i o n :  

co + H2O z co2 + 112 
ash 

cat a1 ys t 

4. eo2 + c + 2 co 
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Unfortunately, experimental data are not available for the 

production of compounds mentioned above. 

of char obtained after devolatilization is not known. 

assumed that 11, 0 ,  N and S reacting with oxygen or steam are pro- 

portional to their amount present relative to the fraction of 

In addition, composition 

Hence, it was 

carbon reacting. For example, 

Hydrogen € lydr ogen 
reacting = f [CC] present 

where f is 0 . 5  

co + v co2 + 

- Method of solution: 

Material balance equations were written for the following components: 

Gas: co, 0 2 ,  N2, 1120 C H 4 ,  C*H6, HZS, 02, H 2 0 ,  so2, NO, "3 

Solids: C, H, 0 ,  N, S, Ash 

Since it was assumed that temperatures of the solid and gas phases 

were the same, the heat balance equations reduced to 

- -  dT - (IfRA - HL)/ (Fgcp - Fs Cps) 
32 

where 

T = temperature,OK. 

Z = height, cms. 

IIR = total heat of  reactions/unit volume. 

I I l  = heat loss (Th i s  heat loss includes unaccountable heat and 
heat recovered by cooling water). 

Fg = flow rate of gas, gmole/sec. 



Fs = flow r a t e  of  s o l i d ,  gm/sec. 
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In a l l ,  19 equat ions were solved which cons i s t ed  of 18 mater ia l  

balance equat ions and one hea t  balance equat ion.  

These 19 simultaneous f i rs t  o rde r  non- l inear  d i f f e r e n t i a l  equat ions 

were solved using Runge-Kutta wi th  f ixed  length  i n t e g r a t i o n  scheme. 

I n i t i a l l y ,  t h e  va lue  of carbon conversion i s  assuncd and is  used t o  

es t imate  t h e  s o l i d s  concent ra t ion  a t  t h e  bottom of  t h e  g a s i f i e r .  ?'lie 

i n t e g r a t i o n  i s  s t a r t e d  a t  t h e  p o i n t  above the  g r a t e  (2 = 0) using gas 

and s o l i d  concent ra t ion  as t h e  i n i t i a l  va lues .  

i s  used ( t o t a l  number of s t e p s  = 100).  

over t h e  e n t i r e  length  of  t h e  bed. 

gm/sec, at Z = L (where L = height  o f  bed, cns)  i s  compared with t h e  

carbon feed r a t e .  If t h e  d i f f e r e n c e  i s  found t o  be more than 1 . 0  

gmlsec, t h e  assumed carbon conversion i s  changed anJ t h e  e n t i r e  pro-  

cedure i s  repeated.  

t o  e igh t  i t e r a t i o n s .  In these c a l c u l a t i o n s ,  ii, L), N, and S ,Flow r a t r s  

were riot conpared. 

The s t e p  s i z e  of 2 cms 

The i n t e g r a t i o n  i s  continued 

The value of  carbon flow r a t e ,  

General ly ,  convergence was obtained wi th in  seven 

Flow d iagran  o f  t n e  niodel i s  shown i n  Figure 18. 



FIGURE 18 
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n 
4 .  l l esu l t s  --- 

Tn t h i s  s e c t i o n ,  a d i scuss ion  o f  t h e  r c s u l t s  and t!ieir signific:lncc 

are presented  i n  t h e  fol lowing o rde r :  

(1) Resul t s  of d a t a  a n a l y s i s  

(2) Comparison of  equi l ibr ium model resglts with t h e  cxyerimei:tal 
d a t a  

(3) n e s u l t s  o b t a i n d  from s t e a d y - s t a t c  iiiotlel f o r  

(a) ai-r-steam sys te l !~  

(b) oxygen-steam system 
and 

4.1 ,Ixialysi s of Data. ~ - -  
:lata obtnine(1 from ?IERC (Worgantown Energy Research Center) f o r  

17 Runs (Run 57-10) covering (71 d a t a  per iods  viere analyzed. Con1 

frorii t h r e e  d i f f e r e n t  seams namely, Arkwright-Rituminous , Upper Freeport  

and Vestern Kentucky #9 were g a s i f i e d  using a i r  and stem a t  p re s su res  

varying from 15 p s i g  t o  225 ps ig .  The amount o f  steam fed  p e r  l b  of 

coa l  ranged from 0.35 l b s  t o  0.75 l h s  and the r a t i o  o f  a i r  tb coal 

was variec! from 2 .35  t o  3.75. The t y p i c a l  coEpos i t ions  o f  gas obtained 

from t h e s e  t h r e e  c o a l s  are shown i n  Table 2 .  

I n  t h e  a n a l y s i s  of t h e  runs, d a t a  pe r iods  wi th  t i m e  less than  

10 hours were neglec ted  because of t h e  p o s s i b i l i t y  t l i a t  s teady  s t a t e  

could not  have been a t t a i n e d  i n  such a s h o r t  time. 

In  t h e  fo l lowing  s e c t i o n s ,  effects  of d i f f e r e n t  ope ra t ing  v a r i a h l e s  

such as p res su re ,  steam t o  coa l  r a t i o ,  type  o f  coa l  e tc . ,  are d iscussed .  

1:. 7fcct of Pressure  

Thc gas y i e l d  (SCFj lb)  and t h e  heatini;  value (nTU/SCP) of the  
n 

procluct gas inc reases  s l i g h t l y  with t h e  inc rease  i n  p re s su re  3 s  shown 



TARLE 2 

Typical  Range o f  Compositions of  Coal and Proc!nct gas Covered 
i n  Experiments 

Type of  Coal 

111 t imat e Analysis 
C 
!I  
N 
s 
0 

No i s t u re  
Ash 

I k a t  ing Value GT1J/ l b  

Airlcoal,  l b / l b  

Steam/coal, l b / l h  

Steam Teinp. , O F  
A i r  Temp., O F  

Temperature of  Gas, O F  

Gas Composition 
co 
:a2 c02 

H2 
CI 14 
C2% 
112s 

Ileating Value of 
gas, BTU/SCF 

Arkwright 
Pi t t sbu rgh  

75.5 
5.9 
1.5 
3 . 3  
4.0 
1.2 
8.7 

13,860. 

2.5 - 3.75 

0.5 - 0.74 

990 - 1155 

88 - 245 

722 - 1285 

16. - 23. 
7. - 1 2 .  

48. - 55. 
13. - 17. 

2.  - 3.5 
0.3 

0 . 3  - 0 . 4  

100 - 179 

Upper 
F r  e eport  

66.8 
4.4 
1 . 2  
3.8 
2.5 
1 . 0  

20.5 

11,580. 

2.6 - 3.55 

0.35 - 0.48 

990 - 1115 

206 - 267 

730 - 1050 

18. - 22.  
7. - 3 . 4  

51. - 53. 
13. - 15. 
2.5 - 2.6 

- 
0.25 

138 - 142 

Western 
Xantucky # ! I  

64.5 
5.5 
1.7 
3 . 0  
4.0 
5.0 

15.4 

11,450. 

2.5 - 2.87  

0.39 - n.5 

950 - 1025 

220 - 260 

539 - 1136 

17. - 20. 
6 .  - 11. 
50. - 5 5 .  
13.6 - 15.6 
2.0 - 2.7 
0.26 - 0.28 
0.87 - 1.95  

128 - 148 



i i i  F i g u r e s  19 and 20. 

o f  methane Froducecl (SCF,llb rnaf coal )  with mi i nc rease  i n  pressiirc 3s 

shown i n  Figure 21. 

Ilowever, t h e r e  i s  a % l i g h t  i nc rease  in the n :oou i i t  

P ressure  docs no t  seelo t o  a f fec t  t h e  perfornancc of  t h e  gas iT ic r ,  

s i g n i f i c a n t l y .  

p re s su re  because of iiiglier a i r  an3 steam flow r a t e s .  

i n  l l ) / h r  i s  p l o t t e d  a g a i n s t  g a s i f i e r  p re s su re  i n  Figure 22-  

;%ut morc cop1  can be gasifiecl  per  u n i t  t i n c  a t  high 

Con1 fcctl r a t e  

54 

l ' f f c c t  of Stealic/Coal -- Rat io  

Steam i s  utltletl i n  excess  iiot only t o  absorb heat but  t o  preveiit 

t h e  c l i n k e r i n g  of ash p a r t i c l e s .  

i s  endotherniic 

The r e a c t i o n  o f  steam with carboil 

c + ii20$ (:o + 11, 
L 

and hence he lps  t o  maintain t h e  temperature  i n  the combusti, TI zone he lo\^ 

t h e  f J s ion  p o i n t  o f  ash. 

Fxress  s t c m  s h i f t s  t h e  woter :;as equi l ih r ium and thus  inc reascs  

tlic percentage of  hydrogen am1 carbon d ioxide  and recluces t h e  percentage 

of  carbon monoxide i n  the  proctiict g a s .  

co + 1120s CO? + :i2 

This  i s  show; i n  FiLiires 23, 24, and 25.  

From gas a n a l y s i s  and weight balance,  water-gas cyui libriiiin 

cons tan t  k i s  c a l c u l a t e d  f o r  each d a t a  per iod  and i s  p l o t t e d  aga ins t  

tei:ipernture ( O F )  of  t h e  gas i n  F igure  26. 

where i: = (CO?) I (112) / (CO) (I12c)) 

TIie gray!: s!iows t h a t  t h e  ;;as coq>os i t i o i i  i n  t h e  water  gas s h i f t  

cqxi1il)riui.i a t  tci?pcrati ires (r.lnginy, froin 1.100- 1700 17)  i s  h ighe r  t h m  thc 
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Figure 20 E f f e c t  o f  pressure on the gas heating value 



+J 
L
 
0
 

Q
 

aJ a, L 
L
L
 

/
\

 

L
 

aJ 
Q

 
Q

 
3
 

0
 

\ l a 

m
 

=
I 
0
 

S
 

\ 0 
\ 

c, 
I: 

\ 
0
 0 y 

0
 

..- 

0
 



0 

0 
0 

0 
0 

Q 
F i g u r e  22  Tffect  of Pressurc. on Coal 5 a s i f l c a t l o n  Rate. 



25 

20 

n 
). 

0 

Arkwright Bituminous Coal 
a ir /coal=2.5 - 3.75 l b / l b  
Pressure=l5 - 225 psig 
Gas Temperature= 7200- 1 285OF 

D 

5 D 

a A 
D 

A- 
D 

a 

D 

- 
a 

- -  4 
A A 

1 I 1 I I I 1 1 I 

0 8  25 0.30 0,35 O B  40 0.45 0.50 OB55 

STWKOAL, D/LB 

Figure 23 Ef fect  o f  steam/coal on H2 content o f  gas 

0.60 OB65 0870 



0
 

h
 

n
 

1 
W

 0
0
 

I I 
0
 

0
 I \ 

0
2
 0
 

O
 
lo

 00
 

0
 

0
 

\ 

0
 0
 

L
L

 

L
o
 

co 
n
 

N
 

0
 

0
 

\
%

 
\"" 0 
O
\
 \ 

0
 

0
 

4
- 

0
 

- L
n

 
M
 

0
 

-8
 

3
 

cv 
h

 

0
 

M
 

0
 

cv 
0
 

4
 

0
 

c, 
E
 

Q
, 

c, 
E
 
0
 

V
 cu 
0
 

0
 

E
 
0
 

tu 
0
 

V
 
\
 

al c, 
In 
cc 0

 

c, 
V

 
Q

, 
cc 
lb

 
W

 

d
 

N
 

W
 
L
 
1
 

Is, 

L
L
 

7
 

5 .I- 

60 

n
 

n
 



n > a 
E? 

!3 
"2 

30 

25 

20 

15 

0 
\ 

O -  1 0 0 

0 

0 

0 
- 

0 
0 0 
0 

0 0  
0 

0 

Arkwright Bituminous Coal 
Air/Coal = 2.5  - 3.75  lb/lb 
Pressure = 15 - 225 psig 
Gas Temperature = 7200 - 1285OF 

0 

O O  

000 0 
0 

0 - 
0 

0 

- - -  

0 

0 

0 

0 
0 

0 0 

0 u 

I 
STEAM/COAL, LB/LB 

Figure 25 Effect o f  steam/coal on CO content o f  gas 



62 

Experimntal 
Points 

0 m .  

0 

I I I I I I 
600 700 800 900 IO00 1100 1200 OJ 

TEMP, "F 
Figure 26 Water gas s h i f t  equillbriurn a t  the g a s i f i e r  e x i t  

n 



63 

e x i t  gas temperatures .  I t  is poss ib l e  t h a t  water gas r e a c t i o n  would 

not  nave taken p l ace  a t  low temperatures  p r e v a i l i n g  i n  t h e  d e v o l a t i l i z n t i o n  

Z O l l e .  

!:l'fect of  'i'ype of Coal ---- -I_-- 

I t  has been shown t h a t  t h e  r e a c t i v i t y  of coa l  decreases  with a11 

i nc rease  i n  coa l  rank.  i3ituninous coa l s ,  e. g. P i t t sbu rgh  scan coa l ,  

a r e  caking c o a l s  and tend t o  agglomerate on hea t ing .  

is d i f f i c u l t  t o  g a s i f y  P i t t sbu rgh  Seam coa l  and h igher  steani/coal 

Therefore ,  i t  

ra t io  (ahout 0.5) i s  r equ i r ed  while  low ranking c o a l s ,  e .g .  Wescern 

Kentucky # 9 ,  can be e a s i l y  g a s i f i e d  a t  low steam/coal r a t i o  (0.35-0.4).  

Gas y i e l d  i s  p ropor t iona l  t o  t h e  carbon throughput which i n  t r u n  

depends on t h e  composition o f  c o a l .  

An at tempt  was a l s o  Eade t o  c o r r e l a t e  the moun t  o f  t a r  formed t o  

o t h e r  v a r i a b l e s  l i k e  t h e  temperature  of  product  gas ,  coa l  feed r a t e ,  

gas flow r a t e ,  e t c .  However, no s i g n i f i c a n t  c o r r e l a t i o n  was found. 
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4.2 Comparison of Equilibrium Model Resu l t s  w i t h  t h e  Experimental Data 

In Table  3 ,  t h e  r e s u l t s  ob ta ined  from t h e  equ i l ib r ium model are 

compared w i t h  t h e  experimental  d a t a  Run 61 Pe r iod  4 .  A s  can be seen 

from t h e s e  t a b l e s ,  t h e  equ i l ib r ium model p r e d i c t s  t h e  gas composition 

rather accu ra t e ly .  However, f o r  reasons  mentioned previous ly ,  t h e  

equi l ibr ium model has  very l i m i t e d  use ,  and i t  i s  obvious t h a t  approach 

f a c t o r s  have t o  b e  changed f o r  d i f f e r e n t  types  of coa l .  

a way t o  begin  t o  quan t i fy  t h e  e f f e c t s  of va r ious  f a c t o r s  on g a s i f i e r  

It is  n e v e r t h e l e s s ,  

performance. 

n 
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TABLE 3 
COMPARISON OF EQIJILIIIRIUM MOODEL RESULTS ~VI”l1 
1,XPERIMENTAL RESULTS FOR UPPER FREEPORT C O N .  

RIJN 61 PERIOD 4 

Air /coa l ,  l b / l b  

Steam/coal, l h / l b  

Air-steam temp., O F  

Heat loss  = 96 IIeat loss 
1 1 . ~ .  of  coa l  in 

Gas Composition, mole’% (dry) 

co % 

‘Temp. of Gas, ‘I: 

1 I . V .  of Gas, BTU/SCF 

Cold Gas Eff ic iency ,% 

Gzs Yield,  s c f / l l )  coa l  1 

Ste,un Decomposition, %’ 

‘Rased on o v e r a l l  mass balance 

Experimental 

2.83 

0.35 

24 .‘74 

18. i n  

8.35 

53.24 

14.10 

2.55 

0.00 

0.25 

0.00 
96.59 

730. 

130.0 

70% 

Equi 1 ibriuin 
:.lode 1 

2 . 5 3  

0.35 

21.29 

8.35 

54. 

13.23 

2.33 

- 

0.8 

- 
100.00 

1054 

139 

66% 



4.3  Resu l t s  of Steady S t a t e  Model 

Resul t s  ob ta ined  from t h e  s t eady  state model corresponding t o  Runs 

70 Period 6, 71 Period 5 ,  69 Per iod  2, and 76 Period 3 are compared with 

t h e  experimental  d a t a  i n  Tables  4 ,  5 ,  6 ,  and 7 .  This  comparbson 

shows good agreement except f o r  Run 76 Per iod  3. 

coa l  composition between t h e  experimental  d a t a  and t h e  nodel r e s u l t s ,  

even though s m a l l ,  i s  due t o  t h e  method used f o r  s imula t ion  as d iscussed  

i n  Sect ion 3.  In  Tables  8 and 9 ,  model r e s u l t s  a r e  compared t o  t h e  experi-  

mental  r e s u l t s  f o r  upper Freepor t  and Western Kentucky coa l .  These 

results show good agreement i n s p i t e  of t h e  f a c t  t h a t  same rate cons t an t s  

and similar d e v o l a t i l i z a t i o n  product d i s t r i b u t i o n  were used. 

The d i f f e r e n c e  i n  t h e  

Comparison of r e s u l t s  i n  t h i s  f a sh ion  has c e r t a i n  drawbacks 

because t h e  experimental  data r epor t ed  are t h e  average va lues  as descr ibed  

i n  Chapter 1. For example, i n  one run f o r  Arkwright Bituminous c o a l ,  t h e  

fo l lowing  lowest and h ighes t  va lues  were a c t u a l l y  measured. 

Lowest Highest 

Pressure  Ps ig ,  
Coal. Feed 
Rate l b s / h r  

co 
2 

8 co 

85 9 137. 

729 
16.4 

6.0 

1432. 
23.1 
9.3 

11.8 14.7 

I n  a d d i t i o n ,  f o r  a l l  t h e  runs t h e  output  t o  inpu t  r a t i o  f o r  carbon, 

'hydrogen, and oxygen v a r i e d  from 0.85 t o  1.1. 

drawbacks, t h e  comparison i s  necessary  t o  check t h e  v a l i d i t y  of t h e  model. 

I n  t h i s  e x e r c i s e ,  model r e s u l t s  a r e  compared wi th  t h e  va lues  r epor t ed  by 

14ERC without  any adjustment .  

However, d e s p i t e  t h e s e  

66 



67  

TABLE 1 

COMPARISON O F  STEADY -STATE MODEL RESULTS TO 
EXPERINENTAL RESULTS FOR ARKWRlGI IT- B ITUMINOUS COAL 

RUiJ No: 70 Period G 

Coal feed  rate,  l b s / h r  

Composition % 
C 
11 
0 
?I 
S 

Ash 
No i s  t u r e  

Pressure ,  ps i g  
?teaxi, l b / h  
A i r ,  l b / h r  
Steam,  temp., OF 
A i r  temp., 'I: 
Product gas 

1brnoIes/hra 

Gas Conposit ion 
CO 
co2 
..I2 
112 
Ci 14 
c2116 
i 12s 
0 2  

Steam Decomposition; ob /o 

Gas Temp. ,OF 
1I .V .  Gas, BTU/SCF 
Carbon Conversion' 
Heat Loss, %(of  h e a t i n g  

va lue  of  coa l )  
Maximum Temperature, 

d 

Experimental 
1218. 

75.92 
5.7 
4.92 
1.35 
2.71 
8.25 
1 .12  

90. 
576. 

3826 
1072.0 

99 

199.6 

16.2 
12.2 
52.5 
15.7 

3.6 
0.36 
0.58 
0.1 

69.4 
1253.  

146. 
0.572 

23.0 

Mode 1 
1234. 

f4.81 
5.24 
6.22 
1.54 
2.93 

1 . 1 2  
a .  1 4  

576. 
5326 
- 

200.5 

14.54 
12.70 
52.24 
15.54 

3.34 
0.27 
0.45 -- 

66.2 
380. 
142. 

0.864 

15.74 
1560. 

a: 
b: 

c : From riiaterial ba lance  (n i t rogen  basis) 
tl : 

e :  

Calcula ted  from t h e  r epor t ed  va lue  of gas y i e l d ,  s c f h  
Calcu la ted  from amount of water r epor t ed  i n  weight ba lance  

From repor t ed  h e a t  ba lance  (n i t rogen  b a s i s )  
I t  i s  t h e  average tcmpkrature and n o t  s o l i d  temperature 



68 

n 

TABLE 5 

COMPARISON OF STEAlIY STATE :,lODEL IESULTS TO 
EXPERIIENTAL RESULTS FOR ARk3VRIGI IT BITUMINOIIS COAL 

RUN No: 71.5 

Composition,% 
C 
1: 
0 
N 
S 

Ash 
ldoistiire 

Pressure, p i g  
Stean, Lbs/lir 
A i r ,  l b s / h r  
Steam temp., O F  

A i r  temp., O F  

Product gas,  lbxnoles/hra 

Gas Composition 
co 
co2 
iJ 2 
112 
CI I4 
C $6 
112s 
02 

o b  Steam Decoxxposition, /J 
I1 .V .  of gas, BTU/SCF 
Tenperature of  gas, O F  

Carbon Convers ionc  
]!eat LOSS, ?id 
'4aximum Ter:iperature, O F e  

Experiment a1 
1097. 

75 * 92 
5.7 
4 .9  
1.38 
2.71 
8.25 
1 . 1 2  

76 - 
501. 

4112. 
1120. 

240. 
205 

20.3 
7.7 

55.2 
12.9 

2.3 
0.3 
0.5 
0 .1  

46.4 
142 

1062 
0.955 

20.3 

!4odel ~- 
1O!>8. 

76.4 
4.6 
5.59 
1.36 
2.57 
8.23 
1.25 

501. 
4112. 

206.5 

16.86 
11.37 
54.49 
13.26 

2.89 
0.24 
0.39 
-- 

6 6 .  
1.3s. 

1110. 
0.976 

17.63 
1574. 

* a.-e See TAULE 4 f o r  legenci. 
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TABLE 6 

COMPAAISON OF STEADY STATE MODEL RESULTS TO 

RUN No. 69.2 (Bed heizht = 61") 
EXPE;II'&XI'AL RESULTS FOR ARKWRIGIIT BITUMINOUS COAL 

Coal, lbsjhr 

Composition, % 
c 
11 
0 
N 
S 

Ash 
740 is tur e 

Pressure,psig 
Steam lbs/hr 
Air lbs/hr 
Steam temp., 'I: 
ilir temp.; O F  

Product gas, lbmoles/hra 

Gas Composition 
CO 
c02 
N 2  
H2 
a14 

Steam Decomposition, ~ i b  
1I .V .  of gas BTU/SCF 
Temperature of gas, O F  

Carbon Conversionc 
Iieat L o s s ,  sod 
:laximum teinperature, O F  

Experimental 
925. 

75.32 
5.7 
4.92 
1.38 
2.71 
8.25 
1.12 

23.2 
342. 
2887. 
1028. 
187. 
148. 

20.71 
9.16 
53.4 
13.13 
2.86 
0 . 3  
0.26 
0.1 

31.4 
144. 
948. 
0.923 
21.5 

;.lode1 
943.0 
-- 

74.64 
5 . 3 2  
6.30 
1.56 
2 . 9 7  
8.10 
1.11 

342. 
2887. 

147.3 

17.5 
10.57 
53.67 
13.64 
3.25 
0.27 
0.47 

62.5 
143.6 
1106.0 

14.7 
0.844 

1644. 

*a-e See TABLE 4 f o r  legend. 
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TABLE 7 

COMPARISON OF STEADY STATE MODEL RESIJLTS TO 
EXPERIMEYTAL R E S U L T S  FOR ARKWItIGIIT RITUI4INOUS COAL 

RUN N o .  76.3 

Experimental Mode 1 
Coal feed rate, lhs/hr 1240. 1263. 

Composition, % 
C 
11 
0 
N 
S 
Ash 

Moisture 

76.8 74.48 
5.7 5.38 
4.77 6 . 3 4  
1.13 1.58 
2.50 2.99 
8.32 8.10 
0.7 1.23 

Pressure, qsig 141. 
Steam, lbs/hr 693. 
Air, lbs/hr 3756. 
Steam temp. O F  1026 

Product gas, lbnoles/hra 206. 
Air temp. O F  220. 

Gas Conposition 
CO 
co2 
?? 2 
112 
CH4 

02 
b Steam Decomposition 

I1.V. o f  gas, BTU/SCF 
Temperature of  gas, O F  

Carbon Conversion,c 
11eat LOSS, %d 
~aximum temperature, O F e 

21.3 
8.9 
49.4 
16.9 
2.6 
0.34 
0.43 

71.6 
156 
1065 

0.907 
24.57 

693. 
3756. 

200. 

13.11 
13.34 
51.39 
16.32 
3.38 
0.29 
0.46 

60.7 
141.2 
987. 
0.836 
15.30 

1550. 

*a-e See TABLE 4 €or legend. 
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TABLE 3 

COMPARISON OF STEADY STATE MODEL RESULTS TO 
EXPERIfENTAL !ZESULTS FOR UPPER FREEPORT COAL 

RUN 61 Period 6 

Coal, l b s / h r  

Cornpos it ion ,  2 
c 
i I  
0 
TJ 
S 

Ash 
Voi s t u r e  

Pressure ,  p s i g  
Steam, l b s / h r  
A i r ,  l b s / h r  
Air temp., O F  

Steam temp., O F  

Product gas, lhnoles /hra  

Gas Composition, 06 
co 

C*li, 
112s 
02 

Steam Decomposition, o b  /o 

Heating Value of  Gas ,BTU/SCF 
Temperature of  gas, O F  

Carbon Convcrsionc 
06 €kat Loss (% of  hea t ing  

d value  of coa l )  

Experimental 
1371 

66.8 
4.4 
3.5 
1 . 2  
3 . 8  

20.3 
1.0 

126 
527 

4229. 
239. 

1058 
218. 

21.8 

53.1 
13.9 

2 .5  
0 .0  
0.25 

7.02 

- 
52.7 

140.7 
1050. 

0.913 

16.1 

Model 
1 3 9 1  

65.12 
4 . 1 2  
4 .5  
1.38 
4.2 

13.8 
1 .0  

126 
527 

4229. 

212.9 

17.67 
10.8 
54.38 
11.4 

3.97 
0 . 3 3  
0.81 - 

63.9 
147. 

1210. 
0.975 

17.5 

*a-e See ‘rA;%E 4 f o r  legend. 
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TABLE 9 

COI\IPARISON OF STEADY STATE MODEL RESULTS TO 
EXPERIMENTAL RESULTS FOR WESTERN KENTUCKY COAL 

RUN 65 Per iod  1 

Coal, l b s / h r  

Composition, 9; 
C 
11 
0 
?I 

Ash 
Yo i s t u r  e 

Pressure ,  p s i g  
Steam, l b s / h r  
A i r ,  l b s / h r  
A i r  temp., O F  

Steam temp., O F  

Product gas,  lbmoles/hra 

Gas Composition, % 
co 
CO? 

c2H6 
112s 
02 

o,b Steam Decomvosition, '0 

IIeating va lue  of  gas ,  BTU/SCF 
Temperature of gas ,  O F  
Carbon Conversionc 
Ileat Loss (% of h e a t i n g  

value of  coa l )d  

Exper i n e n t  a1 
1402. 

64.5 
5.5 
4 .0  
1 .7  
3 . 3  

15.4 
5 .0  

139. 
691. 

4001. 
231. 

1024. 
200.7 

18.6 
9.2 

54.3 
14.3 

2.11 
0.17 
0.85 
0.65 

65.4 
131. 
839.  

0.843 

23.53 

Model 
1 4 2 2 .  

63.8 
5.02 
4.97 
1.89 
4.23 

15.18 
4.91 

139. 
691. 

4001. 

215. 

14.55 
12.61 
50.93 
15.86 

4.06 
0.34 
0 .8  
- 

60.9 
154. 

1110. 
0.955 

16.7 

*a-e See TABLE 4 f o r  legend. 
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I n  Figure 27 t h e  b'ed temperature  p r o f i l e  i s  shown as a func t ion  of 

bed he igh t .  The maximum temperature  i s  only  about 1505eF(11250K) 

because of l a r g e  hea t  loss .  The temperature  shown i n  F igure  27 i s  t h e  

mean between gas and char .  It has been demonstrated t h a t  i n  t h e  

combustion zone, temperature  of c o a l  p a r t i c l e s  can be h ighe r  t han  gas 

temperature  by as much as (30O-50OeP) (200-3OO0C). I n  F igure  28 

concen t r a t ion  p r o f i l e s  f o r  CO,  C02, H2, H20 and 02 wi th  r e spec t  t o  bed 

he igh t  a r e  shown. 

a t  t h e  e x i t  cond i t ions  a r e  because of t h e  assumption of ins tan taneous  

The sudden changes i n  t h e  va lue  of t h e  gas concen t r a t ion  

d e v o l a t i l i z a t i o n .  

E f f e c t  of a i r / c o a l  r a t i o  on t h e  carbon conversion (de f ined  as f r a c t i o n  

of carbon i n  t h e  feed converted t o  gas and t a r )  and t h e  hea t ing  va lue  of 

t h e  product gas a r e  shown i n  F igure  29. Since t he  char-oxygen r e a c t i o n  i s  

very f a s t ,  and i n c r e a s e  i n  oxygen (or a i r )  inc reases  t h e  carbon conversion,  

but s imultaneously inc reases  t h e  f r a c t i o n  of  i n e r t  n i t rogen  i n  t h e  gas, 

thereby  reducing t h e  h e a t i n g  value of t h e  product .  

E f fec t  of a i r / c o a l  r a t i o  on t h e  product gas composition i s  shown 

i n  F igure  30. 

H2 and CO2 decreases  as a i r / c o a l  r a t i o  i s  inc reased  i s  due t o  one, or a 

The f a c t  t h a t  concen t r a t ion  of CO i n c r e a s e s  while  t h a t  of 

combination o f ,  t h e  fol lowing f a c t o r s .  

1. Inc rease  i n  n i t rogen  d i l u t e s  t h e  concen t r a t ion  of CO and H20 
i n  t h e  gas stream, thereby  reducing t h e  e x t e n t  of water-gas 
s h i f t  r e a c t i o n .  

2. Inc rease  i n  oxygen i n c r e a s e s  t h e  amount of  CO and C02 formed. 

3 .  Inc rease  i n  oxygen a l s o  t ends  t o  decrease  t h e  char-steam r e a c t i o n  
r e s u l t i n g  i n  t h e  reduct ion  of CO and H2 formed. 

S i m i l a r l y ,  e f f e c t s  of  s team/coal  r a t i o  on t h e  carbon conversion and 
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7 
6 

T y f  Run No. ght 70 B i  tumi Period nous 6 

p = 7.1 atm. 

- 1218 lbslhr 
Air/coal - 3.14D l b / l b  
Steadcoal - O A T D  l b / l b  

Air-Steam Temperature. O F  

I I I I 
440 800 1160 1520 "F 

I I I I 
700 900 11 00 "K 

TEMPERATURE 
500 

r igdre 27 Ternpcrature profile i r :  t he  fixed Sed gasifier 

n 
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m 3  

2 

1 

0 

FRACTION OF CARBON 
0 0.2 0.4 0.6 Qs 1.0 

1 I I 1 

4 8 12 16 20 
O/o OF GAS 

Flgure.28 Concentration profile for airlstm stream 
(Run No. 70 Period 6 -  A r h r l  81 tutahous Coa , 
0.47 I b / l b )  
cw1=1218 Ibs/hr, a i r l c o a l = 3 .  R4 bj  b ,  steam/coa ? = 
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n 

AIRICOAL Ib/lb 

Figure 29 Ef fec t  o f  airlcoal ratio on carbon 
conversion and heating value of 
the product 
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Arkwright Bituminous 
Steam/coal = 3.5, I b / l S  
Pressure = 9.5 atm 

-\ ‘\ 

AI R / COAL , I b / I b 
Figure 30 Effect o f  air/coal ratto on gas composition 



h e a t i n g  value of  t h e  product ,  and on gas composition a r e  shown i n  F igures  

31 and 32 r e s p e c t i v e l y .  

78 

Excess steam lowers t h e  temperature  i n  the bed and hence redbces 

t h e  ex ten t  of c h a r d 0 2  and chqr-steam r e a q t i o n s .  

heat produced by tbe ox ida t ion  r e a c t i o n  i s  converted t o  s e n s i b l e  hea t  

( i n  heht ing  up t h q  excess  of steam) rather than  the  chemical hea t  

(conver t ing  C t o  CO and H2). 

Furthermore, t h e  

However, as watergas s h i f t  i s  comparat ively fast even at low tem- 

p e r a t u r e ,  excess  steam conver t s  CO t o  C02 and H2 as shown by the  

fol lowing r e a c t i o n :  

CO + H20 C02 + H2 

E f f e c t s  of  p r e s s u r e  on t h e  carbon conversion and t n e  gas composition 

a r e  p re sen ted  i n  F i g u r e 3 3  and F igure34-  

The r a t e  o f  char-oxygen r e a c t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

p a r t i a l  p r -ssure  of oxygen. 

ox ida t ion  s tar t s  l a te  i n  t h e  upper p o r t i o n  of t h e  bed. 

t h e  combustion zone, which results i n  t h e  lower conversion and t h e  e x t e n t  

of sh i f t  conversion i s  a l s o  reduced. This  can a l so  be explained by t h e  

p l o t  of he igh t  ve r sus  t h e  temperature  of bed at d i f f e r e n t  p re s su res  shown 

i n  Figure 35. However, h ighe r  p re s su res  ( 5  a t m  and more) do not  have any 

s i g n i f i c a n t  e f f e c t  on t h e  g a s i f i e r  performance. 

Hence, a t  l o w  p re s su res  (1-3 a t m s )  , 
This  extends 

I n  a f i x e d  bed g a s i f i e r ,  t h e  r e s idence  t i m e  of c o a l  i s  long  (14% h r s ) .  

I f  t h e  bed h e i g h t  i s  inc reased ,  it i n c r e a s e s  t h e  he igh t  of t h e  drying- 
n 
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Flgure31 Effect of steam/coal ratfo on carbon 
conversion and the heating value o f  
product gas 
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d e v o l a t i l i z a t i o n  zone. This  cools  down t h e  outgoing gas and s l i g h t l y  

inc reases  t h e  e x t e n t  of watergas sh i f t  r e a c t i o n .  E f f e c t  o f  bed he igh t  

on gas composition and carbon conversion are shown i n  Figure36 and 

Figure  37. 

f o r  d i f f e r e n t  t o t a l  bed h e i g h t s .  

as t h a t  f o r  F igures  36 and37 . 

I n  Table  1 0 ,  temperatures  a t  d i f f e r e n t  he igh t s  are l i s t e d  

The ope ra t ing  v a r i a b l e s  used are same 

Heat loss  i n  t h e  M E R C ' s  g a s i f i e r  i s  s i g n i f i c a n t  because t h e  su r face  

a r e a  pe r  u n i t  volume of t he  g a s i f i e r  i s  high and a l s o  due t o  t h e  use  of 

water  j a c k e t .  

r e a c t i o n  r e q u i r i n g  more air .  

func t ion  of carbon conversion us ing  a i r / c o a l  r a t i o  as a parameter. 

i s  i n t e r e s t i n g  t o  no te  t h a t  by reducing  the  hea t  l o s s ,  t h e  consumption of 

a i r  can be lowered cons iderably  which i s  what i s  done i n  t h e  GECAS-J> 

g a s i f i e r .  

bu t  w i l l  i n c r e a s e  t he  h e a t i n g  va lue  of t h e  product gas .  

This h igher  hea t  l o s s  i s  compensated by t h e  char ox ida t ion  

I n  F igure  38, hea t  l o s s  i s  p l o t t e d  as a 

It 

Reduced heat lo s s  will not  on ly  i n c r e a s e  t h e  thermal  e f f i c i e n c y  

4.3.1 Resu l t s  For Oxygen-Steam System 

R e s u l t s ,  similar t o  t h e  air-steam system, a r e  p re sen ted  f o r  t h e  

oxygen-steam g a s i f i c a t i o n  system i n  t h i s  s e c t i o n .  

I n  Table 11, composition and t h e  h e a t i n g  va lue  of t h e  product gas 

a r e  l i s t e d  f o r  the  fol lowing feed rates ( s i n c e  experimtal. data are 

not  a v a i l a b l e ,  c o a l  feed  r a t e  w a s  a r b i t r a r i l y  s e l e c t e d ) .  

coal = 3000.1ba/hr 
Steam = 5250 l b s / h r  
oxygen = 2250 l b s / h r  

I n  F igure  40, concen t r a t ion  p r o f i l e s  f o r  CO, C02, 1;2, H20 and 02 

n 

n 
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Arkwright Bituminous Coal 
airlcoal = 3.2 l b / l b  
Pressure = 9.5 atm 
stearnlcoal = 0.5 l b / l b  

I I I I 

5.5 65 z5 85 95 
BED HEIGHT, FT. 

Figure 36 Ef fec t  o f  bed height on gas compositlon 
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Air/Coal = 3 .2  l b / l b  
Steam/Coal = 0 . 5  l b l  

Pressure = 9.5 atm. 

b 

1 - 140 

130 I I I 
5:5 6.5  7.5 

Bed Height ,  ft. 

8.5 

1 .o 

0.9 

0.8 

9.5 

Fig.  37. E f f e c t  o f  bed height  on carbon conversion and heat ing value o f  
the product gas 
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TABLE 10 

Total bed 
height ft . 
Height ft . 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3 . 0  

3.5 

4.0 

4.5 

TEMPERATURES AS FUNCTION OF IEIGIIT 
FOR DIFFERENT TOTAL BED HEIGHTS 

5.5 7.5 9.5 

620. (OF) 

649. 

1001. 

1486. 

1496. 

1440. 

1398. 

1356. 

1331. 

1300. 

5.0 1264. 

5.5 1241. 

6.0 -- 

6.5 - 
7.0 - 
7.5 - 

8.0 - 
8.5  - 

9.0 - 
9.5 - 
Exit Gas 
Temperature 1045. 

620. (OF) 

665. 

997. 

1486. 

1497. 

1442. 

1410. 

1.356. 

1322. 

1293. 

1264. 

1240. 

1214. 

1190. 

1167. 

114.5. 

- 

950. 

620. (OF) 

667. 

975. 

1530. 

1498. 

1443. 

1400. 

1358. 

1324. 

1295. 

1266. 

1241. 

1217. 

iigo. 

1167. 

1144. 

1124. 

13.01. 

1080. 

1063. 

870. 

a7 

Arkwright Eit-minous Coal 

Air/coal = 3.2 lb/lb 

Steam/coal = 0.5 15/15 

Pressure = 9.5 atms 
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n 

Arkwrlght B1 tuminous Coal 
Pressure = 9.5  

. Steam/coal = 0.5 
Parameter - air/coal 

\ 

\z3 \ 
\ 
\ 
\ 
\ 

‘,ZO 

0.4 
2 

1 I I I I I I I I I I I I I I I I 

7 12 17 
‘/OHEAT LOSS 

Figure 38 Effect of heat loss on carbon conversion 
Heat loss * X of  heatlng value of coal 

.@naccountable heat + heat recovered by 
cooling water) n 
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TABLE 11 

SIMULATION RESULTS OBTAINED FOR 
COAL GASIFICATION WITII STEAM AND OXYGEN 

Coal Type 

Feed Rate, l b s / h r  

% Composition 
C 
H 
0 
rJ 
S 
Ash 

Xoisture 

Steam, lbs/hr 
t’lxygen, lbs/hr 
Steam-Oxygen temp., O F  

Product gas, lbmo 1 es/hr 

Gas Composition 
co 
CO., 

C2II6 
IIZS 

Steam decomposition, % 
Heating value of gas BTU/SCF 
Temperature of  gas, O F  

Carbon conversion 
lleat loss, % (of coal 
heating value) 

Arkwright 
Ri tuminous 

3000. 

75.9 
5.7 
4.9 
l.. 4 
2.7 
8.2 
1.12 

5250. 
2250. 
620 
299. 

13.67 
34.9 
0.95 
42.16 

6.05 
0.5 
0.76 

35.8 
260. 
995. 
0.929 

18.5 

Upper 
Freeport 

3000. 

66.8 
4.4 
3.5 
1.2 
3 . 8  
20.3 
1.0 

4500. 
1600. 
62 0 
215.4 

11.63 
34.79 
1.41 
39.61 
8.6 
0.72 
1.76 

29.0 
283. 
964. 
0.779 

16.37 

!Vest ern 
Kentucky 

3000. 

64.5 
5.5 
4.0 
1.7 
3.9 
15.4 
5.0 

4500. 
lG00. 
62 0 
231.7 

10.71 
32.61 
1.31 
43.08 

8.07 
0.67 
1 . 7  

29.2 
286. 
980. 

0.806 

13.85 



are shown for the above conditions. 

Effects of various factors are shown in Figures39 through46 . 
Reasoning similar to what w a s  discussed in connection with the air-stem 

system can be used to explain these effects, and hence need not be 

repeated. 

90 

n 

The model developed in this study can be used to establish the o2c.r- 

ating variables. 

From the Figures, it may be suggested that the following ranges 

should be used for the operation of oxygen-steam system. 

oxygen/coal 0.6 - 0.8 lb/lb 
s t eam/coal 1.5 - 2.0 lb/lb 

The information available for Lurgi gasifier shows that the gasifying 

capacity (in Ibs/hr/ft*)inereases 2 to 2.5 times when oxygen is used for 

gasification in place of air. 
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F i  gure 39 Temperature prof  i 1 e for oxygen-s team sys tern 



0 
CARBON CONVERSION 

0.2 0.4 0.6 0.8 1.0 

6 

5 

G 
[L .. 
g 4  
(3 
W 
I 

3 

2 

1 

92 

n 

0 2 0  40 60 80 100 

Figure 40 Concentratton profiles for oxygen-steam system - 
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0.3 0.4 

steam/coal = 1.5 
coal = 2500 lbs/hr 

-- -- -- -------- -I- 
/- -- -- H, - 

0.5 0.6 0.7 0.8 
OXYGEN/COAL : lb / lb 

F i y r e  41 E f f e c t  of  oxygen/coal r 3 t i o  on the gas compositior, 
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Arkwright Bituminous Coal 
steamlcoal = 1.5 1 b/ l  b 

k340m 
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F i y r e  42 Effect .  o f  oxygen/coal ratio on carbon 
conversion and the  heat ing  value of 
the  p-oduct gas 
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Figure 43 E f f e c t  o f  steam/coal r a t i o  on gas composition 
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Flydre 44 Effect o f  steamlcoal ratio on carbon 
conversion and the heating value o f  
product gas 
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oxygen/coal = 0.75 
steam/coal = 1.75 
coal = 3000 7 bs/hr 

1 .o 

0.9 5 
3 a: 
W > 
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P, ATMS 

Figure 45 E f f e c t  of pressure on carbon conversion 
and heating value of product gas 
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S .  -- CONCLUSIONS AND - DISCUSSION 

s.  1 Conclusions 

'The comparison of  r e s u l t s  presented i n  t h e  previous s e c t i o n s  

show t h a t  MERC's f ixed  bed g a s i f i e r  has been nodeled s u c c e s s f a l l y .  

Following conclusions can be made from t h i s  srudy:  

1. Large amount of  a i r  has t o  lie suppl ied  t o  t h e  g a s i f i e r  

because of  t h e  high hent l o s s .  

2. The use of  excess a i r  reduces t h e  hea t ing  valuc of  t h e  

product gas. 

3 .  Excess a i r  inc reases  t h e  percentage of  CO and reduces t h e  

percentage of  CO2 and 1i2 i n  t h e  product gas .  

Excess steam does not  have a s i g n i f i c a n t  e f f e c t  on carbon 

conversion,  however CO is  s h i f t e d  by t h e  watcr gas 

equi l ibr ium t o  produce inore hydrogen. 

4 .  

5. Pressure ,  (higher  than 5 atms and l e s s  than 17 atms) does 

not  have a s i g n i f i c a n t  e f f e c t  on t h e  g a s i f i e r  performance 

except t h a t  more coa l  can be gasif ied per unit area .  

6. Amount of  methane formed i s  f a i r l y c o n s t a n t  and depends 

mainly on t h e  type  of  coa l .  

7. Height of  t h e  bed does not  s i g n i f i c a n t l y  a f f e c t  the  

carbon conversion o r  t h e  gas composition. I t  lowers t h e  

temperature  of  t h e  outgoing gas. 



8. There i s  no apparent  c o r r e l a t i o n  between t h e  amount o f  t a r  

100 

n 
produced and any of t h e  opera t ing  v a r i a b l e s .  

9 .  This  model can a l s o  be used t o  s imula te  an oxygen-steam 

sys  tem. 

10. The es t imat ion  of two s e p a r a t e  temperature p r o f i l e s  f o r  t h e  

gas phase and t h e  s o l i d  phase i s  necessary t o  p r e d i c t  t he  

a c t u a l  maximum temperature .  

5 .2 .  Suggestions f o r  Improving t h i s  Model: 

The model developed i n  t h i s  s tudy  can be f u r t h e r  improved 

along t h e  l i n e s  discussed below. 

5 .2 .1 .  Temperatue P r o f i l e  f o r  Gas Phase and So l id  Phase: 

The i n i t i a l  va lue  of temperature  assumed a t  t h e  bottom of t h e  

g a s i f i e r  (above t h e  g r a t e )  i n  c a l c u l a t i o n  of  temperature  p r o f i l e  

has a s i g n i f i c a n t  e f f e c t  on t h e  accuracy of  t h e  temperature  

p r o f i l e .  

t u r e  p r o f i l e s  f o r  both gas phase and t h e  s o l i d  phase a r e  es t imated .  

Therefore ,  it would be more u s e f u l  i f  s epa ra t e  tempera- 

This c a l c u l a t i o n  w i l l  be usefu l  e s p e c i a l l y i n  the drying-devolatiliaa- 

t i o n  zone and t h e  ash zone, I t  w i l l  a l s o  i n d i c a t e  t h e  a c t u a l  maximum 

temperature  of  t h e  s o l i d  r a t h e r  than  t h e  average temperature  of t h e  

bed. 

5.2.2. Heat Loss: 

Heat l o s s  i n  t h e  MERC p i l o t  p l a n t  g a s i f i e r  i s  about 13 - 18 % 

of t h e  hea t ing  value of t h e  c o a l .  In t h i s  s tudy ,  hea t  loss (which 

inc ludes  unaccountable h e a t  l o s s  and t h e  hea t  recovered by cool ing 

water) was assumed t o  be p ropor t iona l  t o  t h e  f r a c t i o n  of hea t  

generated i n  t h e  combustion zone. 

modi f ica t ion .  Since t h e  walls of  t h e  ves se l  a r e  cooled by t h e  water 

j a c k e t ,  t h e r e  i s  a temperature  g rad ien t  i n  t h e  r a d i a l  d i r e c t i o n ,  with 

This  assumption needs f u r t h e r  
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t h a t  p o r t i o n  o f  t h e  bed c l o s e  t o  t h e  w a l l  being a t  a lower temperature ,  

I t  is  p o s s i b l e  t h e r e f o r e ,  t h a t  l i t t l e  r e a c t i o n  w i l l  occur i n  t h i s  

reg ion .  Heat l o s s  i s  important i n  a MERC's g a s i f i e r  bu t  is expected 

t o  be l e s s  s i g n i f i c a n t  i n  case  of a l a r g e r  g a s i f i e r .  

5 . 3 .  Need of  Fur the r  Information: 

I t  has been mentioned a t  s eve ra l  p l aces  i n  t h i s  r e p o r t ,  t h a t  

experimental  d a t a  a v a i l a b l e  on t h e  k i n e t i c s  of  coa l s  under va r i ed  

condi t ions  a r e  scarce .  The need for t h e s e  d a t a  cannot be over 

emphasized. 

p l e t e l y  and needs add i t iona l  e f f o r t  t o  c l a r i f y  i t s  e f f e c t  on g a s i f i c a -  

t i o n .  In p y r o l y s i s ,  t o t a l  y i e l d  of  v o l a t i l e s  can be est imated with 

a f a i r  degree of  accuracy, However, t h e  composition of  product gas 

Even t h e  s t r u c t u r e  o f  coal  i s  not  y e t  understood com- 

o r  t h e  amount of t a r  cannot be determined with any, c e r t a i n t y .  Since 

product d i s t r i b u t i o n  depends on a number of f a c t o r s ;  f o r  example, 

type  of  coa l ,  p a r t i c l e  s i z e ,  temperature ,  hea t ing  r a t e ,  e t c . ,  f u r t h e r  

i n v e s t i g a t i o n  i s  needed i n  t h i s  a r ea .  S imi l a r ly ,  t h e  r a t e  cons tan ts  

repor ted  by var ious  i n v e s t i g a t o r s  vary  widely because of d i f f e r e n t  

experimental  condi t ions  and techniques employed, 

Very l i t t l e  information is a v a i l a b l e  on t h e  s to ich iometry  of 

char-oxygen o r  char-steam r e a c t i o n s ,  

he lp  i n  determining t h e  amounts of g a s i f i e r  products  l i k e  HCN, NH3,  

SO2 and cots which are p resen t  i n  small q u a n t i t i e s .  

This  type o f  d a t a  w i l l  a l s o  

The main products  o f  t h e  char-oxygen r e a c t i o n  a r e  carbon 

monoxide and carbon d ioxide ,  Data a v a i l a b l e  i n  t h e  l i t e r a t u r e  a r e  

i n s u f f i c i e n t  t o  es t imate  accu ra t e ly  t h e  r a t i o  o f  CO t o  C02 formed 

as  a r e s u l t  of ox ida t ion .  

oxygen i n  t h e  gas phase producing add i t iona l  carbon d iox ide .  This  

may be s i g n i f i c a n t  i n  t h e  es t imat ion  of a gas temperature  p r o f i l e .  

Part of  t h e  CO formed may r e a c t  with t h c  



Furthermore, t h e  ex ten t  o f  methane formation as a r e s u l t  o f  gas phase 

10 2 

r e a c t i o n  ( CO + 3H2 

C H 4 ) ,  o r  dur ing  py ro lys i s  needs f u r t h e r  c l a r i f i c a t i o n .  

-+ CH4 + H 2 0 ) ,  o r  s o l i d  gas r e a c t i o n  (C + 2H2 -+ 

5.4 .  Suggestions f o r  Fur ther  Work: 

Other f a c t o r s ,  which should be examined i n  modeling of MERC's 

g a s i f i e r  are l i s t e d  below: 

1. Effect o f  Feed S ize :  

Coal p a r t i c l e s  swel l  t o  d i f f e r e n t  degrees  dur ing  p y r o l y s i s  

depending upon t h e  c h a r a c t e r i s t i c s  o f  c o a l ,  This  change i n  

p a r t i c l e  s ize  w i l l  a f fect  t h e  rates of  va r ious  r e a c t i o n s .  

a d d i t i o n ,  t h e  h e a t  t ransfer  between s o l i d  and gas a l s o  depends 

on t h e  p a r t i c l e  diameter .  

In 

The composition and phys ica l  s t r u c t u r e  of  ash formed J u r i n g  

and a f te r  coa l  g a s i f i c a t i o n  p l a y  an important r o l e  i n  chemical 

and phys ica l  phenomena of  coa l  g a s i f i c a t i o n .  Very l i t t l e  if 

any information i s  a v a i l a b l e  on t h i s  a spec t .  

2 ,  Effect o f  S t i r r e r :  

There seems t o  be  a c o r r e l a t i o n  between t h e  s t i r r e r  speed 

and t h e  amount of d u s t  formed. The cool ing  water c i r c u l a t e d  

through t h e  st irrer may have some e f f e c t  on t h e  temperature  of  

bed, The e f f e c t  of stirrer speed on t h e  mixing of  t h e  bed 

should a l s o  be examined. 

n 
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APPEND I X 



Calculation of  devolatilization product distribution: 

Total yield of volatile products is estimated using Gregory and Little- 

John equation assuming that s o l i d  'is at 850'K. 

In addition, the following assumptions are made: 

Arnount of carbon in tar = 4% carbon in coal feed, composition of 

tar i s  as follows: 

(1) 

c = 85.04 by wt. 

I1 = 6.0 

0 = 5.0 

N = 1.4 

s = 1.9 

Ash = 0.7 

(2) Amount of  inethane formed/lb of coal = 0.0035 lhmole 

(3) C1I4/C2IIC = 12. 

(4) co/co* = 5. 

(5) % H converted = (0.35 - 0.65 Xc )100. - 
100. 

106 

Q 

S N converted = (0.3 - 0.74 XC )lr)O. - 
100. 

% S converted = (0.3 - 0.74 Xc 
-1 
100. 

where Xc = 5 of  carbon converted. 

(6) All the oxygen present in coal is converted to various products 

during pyrolysis using these assumptions, product distribution of 

CO, CO?, & ]I$,  NI13, CH4, C&, 112, and H20 was estimated. 

One such calculation gives the following results: 



co 

c02 

'I2 

CH4 

C2H6 

H2° 

"3 

H2S 

10. % 

2 .  90 

38 .  96 

33. % 

3 . 4  06 

4 . 4  % 

5.0 % 

4 . 2 3  96 

It is to be noted that this is a rough estimation based on material 

This calculation cannot be improved, at this balance of H,  0, N, and S. 

time, because of lack of experimental data. 

10 7 



NOMENC LATUKE 

108 

n 
Yain Program 

:ITLED = he igh t  of bed, c m  i .e. bed, cm 

AREA = c ross - sec t iona l  area, cm 2 

'TEMPA = temperature  a t  t h e  bo t ton  o f  the  hell 

xc: = assumed. carbon conversion 

X 0 2  

3 I 2 O  

XCO = mole f r a c t i o n  o f  carbon inonoxide 

= mole f r a c t i o n  of  oxygen 

= mole f r a c t i o n  o f  steam 

K O ,  = mole f r a c t i o n  of carbon d iox ide  
I 

Xi /?  

XC::4 

= mole f r a c t i o n  of hydrogen 

= mole f r a c t i o n  of  metliane 

XCARB = carbon € r a c t i o n  

XRSll = ash f r a c t i o n  

I IK = h e a t  of  r e a c t i o n  

= heat o f  r e a c t i o n  of exothermic r e a c t i o n  

= h e a t  of r e a c t i o n  of  endothermic r e a c t i o n  

= h e a t  of r e a c t i o n  i n  t h e  gas phase 

A9 

A10 

IITLOSS = h e a t  l o s s  i n  ca l j sec /cm 

WGEC 

WGrX 

= water gas equi l ibr ium cons tan t ,  t h e o r e t i c a l  

= water gas equ i l ib r ium cons tan t ,  calci t la tc t l  

XCAL = c a l c u l a t e d  carbon conversion 

STDE = s t e m  clecoinposition, % 

HVG = hea t ing  va lue  o f  t h e  gas, BTIJ/SCF 

PHLOSS = 0, of  hea t  l o s s  

COLDE = cold gas e f f i c i e n c y ,  % 

TEFF = thermal e f f i c i e n c y ,  % 

CPS = h e a t  capac i ty  of  s o l i d ,  cal/gm°K 



CSEQK 

AKV = char-steam r a t e  cons tan t  

WGEQK = water gas s h i f t  equi l ibr ium cons tan t  

AK2 = r a t e  cons tan t  f o r  char-carbon d ioxide  r e a c t i o n  

AK7 = rate cons tan t  f o r  char-hydrogen r e a c t i o n  

EQ7 = equi l ibr ium cons tan t  f o r  char-hydrogen r e a c t i o n  

= char-steam r e a c t i o n  equi l ibr ium cons tan t  

Subroutine S t o  1 

* CO + C02 + B/2 H 2 0  + E SO2 + 6 NO 

Subrout ine S t o  2 

C,HgOyN@, + (a - Y”0 

-+ ~1 CO + (a  - y - B/2 - & ) H 2 0  + 6/2  N 2  + E H2S 

Subroutine FPPLOT 

X 1  

Y1 

NPT = Number o f  p o i n t s  

ICIMR = Character  f o r  p r i n t i n g  

J 

= Array of  X v a r i a b l e  

= Array of  Y v a r i a b l e  

= Maximum number of p o i n t s  

Subroutine Input - 
MOIST = moisture  i n  c o a l ,  % 

VM = v o l a t i l e  mat te r  of  coa l ,  % 

F l X C  = fixed carbon i n  coal, % 

109 
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AS11 = ash i n  coal, % 

IIVCOAL = hea t ing  va lue  of  coa l ,  BTU/lb 

FC = f r a c t i o n  of carbon i n  coa l  

FI I = f r a c t i o n  of  hydrogen i n  coa l  

FO = f r a c t i o n  o f  oxygen i n  coa l  

FN = f r a c t i o n  of n i t rogen  i n  coa l  

FS = f r a c t i o n  of s u l f u r  i n  coa l  

FASiI = f r a c t i o n  of ash i n  coal  

COAL = coa l  feed r a t e ,  l h /h r  

AIR = a i r  feed r a t e ,  l b / h r  

STEN4 = steam feed r a t e ,  l b /h r  

TCOAL = temperature  o f  coal, O F  

TAIK 

TSTEAM = t e q i e r a t u r e  of  steam, O F  

I' = pres su re ,  p s i g  

D l A  = diameter  o f  t h e  v e s s e l ,  f t .  

I iT = height  of t h e  bed, f t .  

ITSTEN1 = entha lpy  of steam 

= ter igerature  o f  a i r ,  O F  

N,mV = molecular weight 

Subroutine CPH 

II., = Ilritlialyy of gas at teiTtperature T 

HFO = heat  of Formation a t  293'K 

Subroutine CRllECT 

XMEW = new assumed value f o r  convergence 

I N D X  = i d e n t i f i c a t i o n  iiimlm-, i f  equal t o  1, tile converged v z l w  
l i e s  betweeri t h e  assumed and t h c  ca l cu la t ed  value.  
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DX = s t e p  s i z e  

E l  = previous e r r o r  

E2 = present  e r r o r  

X1, X2 = old and new values of  t h e  var iab le  

Subroutine DEVO --- 
= moles o f  methane formed/lb of coal 

Y I E L D  = v o l a t i l e  products ye i ld  

ALPHA = gin-moles of carbon i n  coa l  (ash f ree)  

DETA = gm-moles of  hydrogen i n  coal  (ash f r ee )  

DELTA = p-moles  of ni t rogen i n  coal  (ash f r ee )  

EPSI = gm-moles of s u l f u r  i n  coal (ash f r ee )  

GAMMA = gm-moles of oxygen i n  coal (ash f ree)  

ALPIIPP = em-moles o f  carbon i n  t a r  

IETPP = gin-moles o f  hydrogen i n  t a r  

GAMPP p-moles  of oxygen i n  t a r  

UELPP = ,gn-moles of ni t rogen i n  t a r  

EPSPP = gm-moles of su l fu r  i n  t a r  

ATAR 

XP = % of carbon conversion i n  devo la t i l i za t ion  

EPSID = gm-moles of  s u l f u r  remaining i n  char 

RETAP = p-moles  o f  hydrogen remaining i n  char  

DELTAP = gm-moles of  ni t rogen remaining i n  char 

L)CI14 

DIl2S 

i)C*kIf, 

DHzO 

3 DNI! 

= amount of tar produced,&sec 

= gm-moles o f  methane formed 

= gm-moles of  hydrogen s u l f i d e  formed 

= em-moles of ethane formed 

= gm-moles of water formed 

= gm-moles of  ammonia formed 
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DE* 

~ C C ) ~  

nco 

= gm-noles of hydrogen forrned 

= gn-moles of  carbon d ioxide  formed 

= p - m o l e s  o f  carbon monixide forned 

Q 

Sabrout ine RA'rl-S - 

'E = s o l i d  tenipernture,  O K  

TG = gas temperature ,  O K  

RATE1 = char-oxygen r e a c t i o n  

PATE?. = char-stearn r e a c t i o n  

1 ~ m i . 3  

W,TT:4 

RATJ:S 

= water arts shif t  r e a c t i o n  

= CO + 1 / 2  0, L. -f CO, I 

= 1:2 + 1 / 2  0 2  -+ fI,c - 
rarm = clinr-carbon d ioxide  reac t ior l  

RATE7 = char-hydrogen r e a c t i o n  

TF! = meax t enpera ture  

ECS = surfacc r e a c t i o n  c o e f f i c i e n t  

KDlFF = d i f f u s i v i t y  c o e f ? i c i c n t  
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1 C: LEVEL 21 
L= 1 

i N n x s n  

MIIN DBTF! = 7 7 3 5 0  11/26/09 
114 

n 
61 

r 
C 
C 

61~~?iwDIA*30.4R 
SETS THE INITIAL VALUES FOR INTEGRATION. AT ZrO. FOR GAS-FPED 
FOR SOLIDS-tJNCONVERTED SOLIDS Y&JNf,Y ASH 4 N D  CARBON 

CnNTTNllE (10 ND 1 T IO N S 

KDG i 
J= 1 

e 
e L 

I~ITIALIZATION OF PBRAHFTERS REQUIRED JN THE INTEGRATION 1lSING C 
C 
C NLDEOS SUBROUTINE 

CALL N ~ D ~ Q S ~ 1 s N S F s E s F I s I n N I T S w , C B . Z . D X . b . N I 5 4 ~  
29 CONTINUE 
2 0  CnNTTWUE 

ESTTYATES SPECIFIC HEAT OF COAL DEPENDING ON TEMP. 
CPSmO. 32 
IF(TS ,GT. 1300.)  CQS*O.25 
IFfTS ,CE, 1200, .AND, TS ,LT. 1300,) CQS.O.35 
IF(TS .GE. l t 0 0 ,  .AND. TS ,LT, 1200,l CPS.0-27 

CPC~(2.673~6.002617*TS-l16Q~O./TS/T~~~l2.~4/¶~2 
TOTALC~6.0 

C 
C 

TF(TS .GT. 1000. .AND, 7 s  .LTe 1100.) CPSro.3.  

DO 21 KPlsl2 
21 TOTRLG8TOTALG*FCK) 

IFfFf8) .LE, 0.006011 FC81.0.00 
C c 

2 2  

CALCULATES FRACT 
XOP=F(@)/TOTALC 
XH208F(91/TOTA G 

XC02rF ( 2 1 /TOTALC 
XHloF(4I/TOTALG 
XCH48FfSI/TOTAbG 

XCO=F(l)/TDTAL !.? 
I ON OF 

DP. 
s Q s  

02 

la. 
EP s 

s w20 

xro I 

s CH4 

, xn7s 

FOR 

XH2. 

RATES 

XCHIsXCARB*XASUs 
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1 3 / 2 6 / 0 9  

c 
c 
C 

~ R A T E ~ D R ~ T E ~ . R A T F ~ , R A T ~ ~ D R ~ T ~ ~ * R ~ T E ~ * R A T E ~ ~  
I F f R A T F 7  .LE.  0.01 RATE7cQ.O 
I F f R A T E 2  .LF, 0.0) RATE2m0.0 
RATE4ln?,O 
RATE5tO . Q 

TFST F O R  VARIOUS RATES I . E .  IF THE MOLES REACTING ARE YORE THAN AVATLDRIiF 
.THEY THF RATES ARE REPUCFn PROPORTTDNATELY 

T l x 0 . 0  
I F f R A T E 3  LF. 0 . 0 )  Tl-RRTE3 

I F f T E S T l  .LE.  F f 2 ) 1  GO TO 37 
T F S T l  r ( R A T f 6 + T ¶  )*AREA*OZ 

P a T E 6 r R A T F 6 * F ( 2 ) / T P S T l  
I F f  T 1  ,EQ 0.0) GO TO 37 
RATE3n-T1*6. I 7  9 /TEST 1 

32 CONTINUE 
TEST3=fRATE4tRATE3)*AREA*DZ 
TFfTEST3 .LF. FI11) GO T n  2 4  

RATE48Ff¶) *RATEQ/TEST3 
R L T E 3 r F f t ) r R A T e J / T E S T 1  

T E S T 4 r  RATE2+RAT l?3 ) *AREAr~Z  
rFf'l'ES44 .LE. F(91)  GO TO 26 
RATE28Ff9 )oRATE2/TEST4 

PROCPG8O . 0 
Dn 25 W = l * ¶ 7  
C A t t l o  
C A L L  CPHfY,TG,CPfMI.HG(M), 
PRnCP~8PHoCPG+CP(~)*Ff~1 
HCWPC*12.*fTS*29B.I  

C A L I ,  ST02IRATE2.TS.HC,Rl.82.RlrR4rRSr86.R7.R8,R9~~l0~HR2~ 
T 3 t 0 . 0  

A S r f Z . * R a T I O + t . 1 / f 2 . + 2 . . R I T T O )  
A 6 8 l . / f l . + R 4 T I O >  

TFfARSfTEST33 .LT, 0,00001)  G3 T O  34 

2 4  CONTINUE 

RATE3nFf91*RATE3/TEST4 
26 CONTINUE 

CPHf M a  TS. CPf M 1 Hf Y 1  ) 

25 CONTINllE 

C CALCUL4TES STOICHIOMETRIC COEFFICIENTS F O R  CHhR STEAM RRbCTION 

l F f R A T F 3  .GT. 0.01 T3aRATE3 
~ A T I O ~ f t O , * * 3 . 4 ~ ~ E X P f - l 2 4 ~ 0 . / 1 . ~ ~ 7 / T S ~  

A7tA6*RATIO 
TESTZ=IASrRATEl+RATC4/2.1*AREq*D~ 
R A T E l r F f B 1 / T E S T P * R A T ~ l  

I F f T F S T 2  .LF. F f 8 ) )  GO TO 2 3  

23 CONTINVIE 
c1 CALCULATFS- STOICHIOMETRIC COFFFTCIFNTS F O R  CUAQ flXYGEN RFfiCTION i! 
c 
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93/26/09 

1 0  

3R 
I. 
\r 

II c 

39 
C 

37 

DFf 1 
DFI I 
D F 1  1 
DF c 

OF( 1 
DP 

O F  I 
D P I  1 

t01 
1 HTLOSSSO 
O=HTLOSS)/ 
OPE Fr I E ld D I 
1 
DFoP,X .NoT 
IS *DZ 

VALUES ARE STORED F O R  PLOTTTYC 3F CnNCEYTRBTTOY PP OFILES 

.7= J+ 1 
TC8DCARRO+FI131 
Jl'fTC .LE. fC*l,)) GO TO 1005 
IF(KX .EO. 1 1  xc80.999999 
DXo-0,0005 
KXIK X +  1 
rF(KX 103 GO TI, 62 
GO TO 6 f " -  

1005 CnNTINUE 
IFfKD .Ea. 2 )  GO TO 31 

0 T HER W I S E C A LC IJ L k 7 E $ D E V 0 L 4 T T L I Z9 T T 0 N P R 0 0 11 ET S TESTS FOR CnMPLETION OF RED HEIGHT, IF NnT COWTJNlJES INTrCRATION 
I F ( Z  .tT, (XTRED-I.)) GO TO 31 

~OISTPCOAL-C-HY-D-ANISOR8H 

c 
C 
C 

1002  CoNTINUE 
CALI, DEV~fTSoDCO~DC02~DH2rbH2O~OH2S~DC2HB~~CH4oDNH3,4TAR1 

K D=KD+ 1 
DCARBO r(DCO+DC02+DC2H6,2,+nCH41*AMWf~33 
O U y D R O 8 ( D H 2 + D H 2 ~ + D H 2 S + D C 2 H ~ * ~ , ~ D C H 4 ~ 2 . 1 * ~ ~ W ( l 4 1 * 2 ,  
DNITRO8DNH3+AMWT!61 
DSUL~DH2b*AMW f 17 > 
Ffl)xF(11+DCO 
Ff218F(71+OC02 
Ff418F(4)+OH2 
FI51sF(51+DCH4 

~ O X Y 8 ( D C O + D C 0 2 * 2 , + ~ H 2 0 1 ~ A ~ ~ 1 1 ~ 1  

n 
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5 1  

46  

2 1  MAIN DlTE a 77350 

Z=Z+1. 
T F f Z  .LT. HTBEnI GO TO 29 
CCOAL*Ff131 
XCALal.-XCOAL/CCOBL 

31  CflNTINUE 

WRTTFfh,109IDP,P,XASH~TOT~LS,XCARB 
I] 
C 
C 
C THE EMTIRE PROCEDURE IS  RKPEATEO 

COMPARISON OF CARBON FLOWRATES -ESTIMATED PMP CTVFN 
Y O  AGREEMENT THEN TNITXAL VALUE flF CARBON C'ONVERSIbN IS CHANCED 

MRITEf6.109) XCOAL,CCOAL.HLOSS,C(l),Ff2) 
W R I T E f 6 ~ 1 0 9 ) F f 4 1 , F f 9 ) . P O . F f S ~ ~ F f l ~ ~  

dRITEf6,103)XC,XCAL,HT~E~,~OAL,Z,TS,Ff13~,Ff8~ 
IF(At3SfC-CCOAL) .LT. 1.1 CO TO 1004 
X N F W S X C  A I, 

c 

C CALCULATION OF HEATING VALUE nF THE PRODIJCT GASSSTFAH DFrOMPflSITOTY c_ PERCENTAGE HPAT tiOSS FTC 
c 

3 3  

3 4  
I99 

11a0. 
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3s 

36 

1311 

601 
1 1 1  

1012 

110 
112 
1013 

101 

102 
63 
103 

1014 
104 

1015 
105 

1016 
106 
107 

1019 

1017 

C 

1 OR 

c 

C 

n 
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C 

C 

c 
602 

5 0 0 0  

PLOT OF CONC. OF H2 

PLOT OF CON€ OF 02 
CALL FPPLOTff6,Y3,NPTI 

CALL PPPLOTIXSrY3.NPTl 
WRITC(6rlOR) 

' E l b .  O A  9 WRiT- - - 
PLOT OF CONC. OF H20 

CONTINUE 
CALL FPPLOTfX7,Y3aNPT1 
CONTINUE 

STOP 
END 

VERSUS 

VERSUS 
I ICHAR 
VERSUS 

ICHAR 

ICHAR 

( 3  

r4 

( S  

ORTC I 77350 
HEIGHT 
1 , l . J )  

),l.J) 
HEIGHT 

HEIGHT 
1.lnJ1 

119 
1 3 / 2 6 / 0 9  
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1 

SnDC2H6 *DCH4* 

O,FN.FS*FASH. 

104 

102 

1 0 3  

101 

11 

DNH3 

COAL, 
ATAR 
A T R  

*DNH 

n 
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L. 

3 0 1  C D N T T N l l E  
R ETllR N 
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R U I  WO. 70.6 BTTllUIMOUS LRRURIGWT COaL 

ULTIMATE LWALISIS 
ChRllOM HYOROGEW OXYGEV NITPOGClN SULFltP LSW 

0.7S9 0.037 0.049 0.014 0.027 0.082 

COAL PEED Rhrt  L0/nR 1 
A I R  PEED RATC C R I W R  41 
S I E I W  FEED RIPE LBIWR 
OEUPCRATURC O F  COhL F 
TCWPERIIURE 3C A I R  P 
TEWPClltURC 3P SOEhU P 

091. nno 
12.noo 
501.000 

7.r.nna 
1 izn.noo 

240.000 
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