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Abstract:

PERFORMANCE AND MODELING OF FLDIDIZED-BED COAL GASIFIERS

By
A lan I . Avidan 

A dvisor: P ro fe s so r  R euel S h innar

N ear f u t u r e  c o m m e r c ia l iz a t io n  p la n s  a r e  b e in g  c o n s id e re d  f o r  p r e s ­
s u r i z e d  f l u i d i z e d - b e d  c o a l  g a s i f i e r s .  T h i s  w o rk  e x p l o r e s  t h e  
c o n s t r a i n t s  o f  th e s e  r e a c t o r s  and  t h e i r  c o m m erc ia l p o t e n t i a l .  A 
unique p r e d ic t iv e  k in e t i c  model t h a t  acco u n ts  f o r  c o a l /c h a r  o x id a t io n  
and  g a s i f i c a t i o n ,  w a te r-g a s  s h i f t ,  h e a t  lo s s e s ,  and re c y c le  and purge 
stream s was developed . The model p r e d ic ts  carbon  c o n v e rs io n , r e a c t o r  
te m p era tu re , bed ho ldup , and 30 o th e r  s t a t e  v a r i a b le s .  The s im u la tio n  
r e s u l t s  a re  in  good agreem ent w ith  p i l o t - p l a n t  d a t a .  The m odel h a s  
b e e n  u s e d  to  u n d e rs ta n d  th e  k in e t i c ,  p ro c e s s , and d e s ig n  c o n s t r a in t s ,  
and t h e i r  thermodynamic conseq u en ces .

P i l o t - p l a n t  s im u l a t i o n  in d ic a te s  t h a t  th ey  have been  o p e ra te d  in  th e  
wrong regim e f o r  com m ercial s c a le u p . The i n a b i l i t y  to  o p e r a t e  i n  a 
c o m m e rc ia lly  a t t r a c t i v e  re g im e  can  be a t t r i b u t e d  to  e x c e ss iv e  f in e s  
re c y c le  and th e  com plex  a s h - s e p a r a t i o n  b o tto m  zone w h ich  r e q u i r e s  
l a r g e  am ounts o f  ex cess  gas to  o p e ra te .  The u s e fu ln e s s  o f  t h i s  c l a s ­
s i f y in g  bottom  zone i s  in  doub t.

C o m m e rc ia l ly - s iz e d  r e a c t o r  s im u l a t i o n  i n d i c a t e s  t h a t  b o th  o f  th e  
c u r r e n t ly  developed  d e s ig n s  a r e  o f  no c o m m e rc ia l v a lu e  f o r  f u e lg a s  
g e n e r a t io n  from  h ig h - g r a d e  b itu m in o u s  c o a l .  One o f  th e  developed 
d es ig n s  (U-Gas) may be m a rg in a lly  a t t r a c t i v e  w ith  a  c a t a ly s t .

S im u la t io n  w i th  W e s te rn  c o a l  in d ic a te s  t h a t  f lu id iz e d -b e d  g a s i f i e r s
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V

a re  s u i ta b le  f o r  p a r t l y  d r ie d  W estern c o a l s  and  l i g n i t e s  . T h is  a d ­
v a n t a g e  i s  d u e  t o  f a s t e r  r e a c t i o n  r a t e s  a n d  a  m ore f a v o r a b le  
s to ic h io m e try .

U nder common g a s i f i c a t i o n  c o n d i t io n s  w ith  E a s te rn  c o a l th e  o p e rab le  
range  was de term ined  to  be k in e t i c a l l y  c o n s tra in e d  and f a r  from  t h e r ­
m odynam ic e q u ilib r iu m . For W estern c o a l th e  o p e ra b le  range  i s  c lo s e r  
to  e q u ilib r iu m . E q u ilib riu m  can  be approached  by lo w erin g  th e  s te a m - 
to -oxygen  r a t i o .

A unique s to ic h io m e tr ic  in v a ria n c e  te c h n iq u e  h a s  b e e n  d e v e lo p e d  f o r  
c o a l g a s i f i c a t i o n .  The r e l a t i o n  p e rm its  th e  c a l c u la t io n  o f  s te a m -fre e  
mass b a la n c e s ; p ro v id e s  a  d a ta  c o n s is te n c y  c r o s s - c h e c k ;  s u b s t i t u t e s  
f o r  i n v a l i d  m e a su re m e n ts ; an d  e n a b le s  o n - l i n e  m e te rin g  o f  c r i t i c a l  
p ro c e ss  p a ram ete rs  such  as  carbon  co n v e rs io n  and c o ld -g a s  e f f i c i e n c y .  
The s to ic h io m e t r ic  in v a ria n c e  has  been  u sed  to  uncover g ro ss  m easure­
ment e r r o r s  in  th e  p i l o t - p l a n t s .
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1

CHAPTER ONE 
INTRODUCTION AND TECHNICAL BACKGROUND

T his work i s  a  p ro c e s s  e v a lu a tio n  th ro u g h  m o d e lin g  o f  f l u i d i z e d - b e d  

c o a l  g a s i f i c a t i o n .  We b e g in  w i th  a  g e n e r a l  i n t r o d u c t i o n  t o  c o a l 

g a s i f i c a t i o n ,  i t s  h i s t o r i c a l  d e v e lo p m e n t, and  p r e s e n t  s t a t u s .  The 

t e c h n i c a l  b a c k g ro u n d  e s ta b l i s h e s  th e  p a r la n c e  and b a s ic  c r i t e r i a  f o r  

th e  e v a lu a tio n . Large p o r t io n s  o f  t h i s  c h a p te r  a r e  b a s e d  on S h in n a r  

and  A v id an  (1986). The re a d e r  p re s s e d  f o r  tim e may choose to  advance 

to  C hapter S ix  where s im u la tio n  r e s u l t s  a re  p re se n te d .

1 .1  INTRODUCTION

Coal i s  th e  most abundant f o s s i l  f u e l  known to  e x i s t  i n  th e  U n ite d  

S t a t e s .  P r e s e n t  r e c o v e r a b le  r e s e r v e s  a r e  e s t i m a t e d  a t  n e a r ly  450 

b i l l i o n  to n s  ( A v e r i t t ,  1 9 7 5 ), w i th  p o t e n t i a l  t o t a l  r e s e r v e s  f a r  i n  

ex cess  o f  t h i s  am ount. The re c o v e ra b le  re s e rv e s  o f  c o a l in  th e  U .S.A . 

c o n ta in  ap p ro x im ate ly  10 tim es more h e a t i n g  v a lu e  th a n  th e  com bined  

r e c o v e r a b le  re s o u rc e s  o f  pe tro leu m  and n a tu r a l  g as . Most o f  th e  c o a l 

i s  p r e s e n t ly  consumed by d i r e c t  com bustion  o f  f i n e l y  p u l v e r i z e d  c o a l  

i n  l a r g e  s c a l e  u t i l i t y  fu rn a c e s  f o r  g e n e ra tio n  o f  e l e c t r i c  power. A 

h o s t  o f  en v iro n m en ta l problem s a re  a s s o c ia te d  w ith  t h i s  ty p e  o f  c o a l  

u s a g e .  The need  to  c o n tro l  em iss io n s  from c o a l com bustion p ro c e s s e s , 

e s p e c ia l ly  N0x> S0x , and p a r t i c u l a t e s  h as  f u r th e r  i n c r e a s e d  i n t e r e s t  

i n  " c le a n  f u e l "  p r o c e s s e s  from  d o m e s t ic  s o u r c e s ,  among which c o a l 

g a s i f i c a t i o n  i s  a  com m ercially  m ature te ch n o lo g y . D esp ite  th e  r e c e n t  

o v e r s u p p ly  o f  o i l  i n  w o r ld  m a rk e ts  and i t s  s te e p  p r ic e  d e c l in e ,  th e
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p o te n t i a l  e x i s t s  f o r  a t h i r d  m ajor w o rld  o i l  s u p p ly  d i s r u p t i o n  ( th e  

p re v io u s  two were th e  Arab o i l  embargo in  1973 and th e  I r a n ia n  r e v o lu ­

t i o n  in  1979).

C o a l i s  an  inhom ogeneous o rg a n ic  f u e l ,  form ed la r g e ly  from p a r t i a l l y  

decomposed and metamorphosed p la n t  m a te r ia l  formed o v er lo n g  g e o l o g i ­

c a l  t im e  p e r i o d s .  C o a l s  v a r y  g r e a t l y  i n  t h e i r  c o m p o s i t io n .  

T y p ic a lly ,  th e  com po sitio n  in c lu d e s  (w t. %): c a rb o n  65-95% , h y d ro g e n  

2-7% , oxygen  up to  25%, su lp h u r up to  10%, n i t r o g e n  1-2%, in o rg a n ic s  

(ash ) up to  50% (5-15% ty p i c a l ) ,  m o is tu re  2-20%. C oals a re  c l a s s i f i e d  

by "R ank" w h ich  i s  r o u g h ly  r e l a t e d  to  t h e i r  age . L ig n ite s  a re  low 

ran k  - young; a n th r a c i t e s  a re  h ig h  ran k  - o ld .

L ig n i te  - lo w est ran k , h ig h  m o is tu re , low carb o n  c o n te n t .

Subbitum inous 4 4 4

B itum inous 4 4 1

S em i-A n th rac ite  4 4 4

A n th ra c i te  - h ig h e s t  ra n k , low m o is tu re , h ig h  carbon  c o n te n t

There a re  many o th e r  c l a s s i f i c a t i o n  m ethods b a se d  on  c a rb o n  c o n t e n t ,  

a s h  c o n t e n t ,  ash  fu s io n - te m p e ra tu re , h e a t in g  v a lu e , v o l a t i l e  c o n te n t,  

p h y s ic a l  p r o p e r t i e s , . . . ,  e t c . .  For an  in -d e p th  rev iew  o f  c o a l c h a ra c ­

t e r i s t i c s  se e  E l l i o t  (1981).

When c o a l  i s  h e a t e d  to  t e m p e r a tu r e s  p a s t  « 350°C, i t  d e c o m p o se s  

r a p i d l y  i n  a  p r o c e s s  te rm e d  d e v o l a t i l i z a t i o n  ( o r  p y r o ly s i s ) .  The 

p ro d u c ts  c o n s i s t  o f  a carbon  r i c h  re s id u e  (c h a r)  a n d  a  h y d ro g e n  r i c h  

v o l a t i l e  f r a c t i o n .  The v o l a t i l e s  a re  com prised  o f  v a r io u s  g ases  (CO,
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C02 , H2 j H20 , CH4 , C2H2) and l i q u id s  (BTX, t a r s ) ,  th e  r e l a t i v e  p ro p o r­

t io n s  o f  w hich depend on th e  c o a l type and th e  p y ro ly s is  c o n d i t io n s .

Coal g a s i f i c a t i o n  i s  a  p ro c e ss  in  which c o a l (o r  c o a l c h a r)  i s  r e a c te d  

w i th  an  o x id iz e r  (g e n e ra l ly ,  steam  and oxygen) to  produce a  f u e l - r i c h  

p ro d u c t g a s . The g a s i f i c a t i o n  r e a c t io n s  a re  known to  be c a t a ly z e d  by 

some m in e r a ls  o c c u rr in g  in  c o a l a sh . R eac tio n s  r a t e s  became s u b s ta n ­

t i a l  a t  te m p e ra tu re s  above 1500°F and most c o a l g a s i f i c a t i o n  p ro c e s s e s  

o p e r a t e  b e tw e e n  1 5 0 0 °F and 3000°F, depending m ain ly  on g a s i f i e r  type  

and c o a l ran k  (low er ran k  c o a ls  a re  more r e a c t iv e  and r e q u i r e  a lo w e r 

t e m p e r a tu r e )  . Exxon o p e ra te d  a c a t a l y t i c  (P o tass iu m -C arb o n ate) c o a l 

g a s i f i c a t i o n  p ro c e ss  a t  «1300°F.

1 .2  HISTORICAL BACKGROUND

Coal g a s i f i c a t i o n  i s  an  o ld , w e ll-p ro v e n  tech n o lo g y . W illiam  M urdock 

g a s i f i e d  c o a l  in  England in  1792, and in  1812 th e -w o r ld 's  f i r s t  c o a l-  

gas company was c h a r te re d  in  London, England. By 1850 a p p r o x im a te ly  

56 co m m erc ia l c o a l g a s i f i c a t i o n  p la n ts  were p ro d u c in g  c o a l-g a s  in  th e  

U n ite d  S ta te s  f o r  l i g h t in g  and h e a t in g  in  u rb an  a r e a s .  The d e v e lo p ­

m ent o f  p r e s e n t  day  l a r g e  s c a l e  co m m erc ia l g a s i f i c a t i o n  p ro c e sse s  

(L u rg i, K oppers-T otzek , W inkler) took  p la c e  m o s tly  i n  th e  1930s and  

1940s in  Germany ( In  p a r a l l e l  w ith  th e  developm ent o f  th e  L in d e -F ra n k l 

p ro c e s s  f o r  oxygen p ro d u c t io n ) .

In  th e  U n i te d  S t a t e s  l a r g e  s c a l e  developm ental work was done in  th e  

l a t e  1940s to  m id -1 9 5 0 s  t h a t  in c lu d e d  a 24 T o n /d ay  K o p p e rs -T o tz e k

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e n t r a i n e d - b e d  g a s i f i e r  a t  M is s o u r i  (US B u reau  o f  M in es , K oppers 

U .S .A .) ; and d e v e lo p m e n t o f  100 T o n /d ay  e n t r a in e d - b e d  g a s i f i e r  a t  

B e l le ,  West V irg in ia  (Babcock and W ilcox, Dupont)

E s s e n t i a l ly ,  m ost g a s i f i c a t i o n  p r o c e s s e s  c a n  be  g ro u p e d  i n t o  t h r e e  

g e n e r ic  ty p e s  o f  r e a c to r s ,  b ased  upon th e  g a s - s o l id  c o n ta c tin g  method: 

© Moving bed — c o u n te rc u r re n t r e a c to r  

O F lu id iz e d  bed  — mixed s o l id  phase 

O E n tra in e d  bed  — c o c u rre n t flow  

A l t e r n a t i v e l y ,  g a s i f i e r s  can  b e  c l a s s i f i e d  a c c o rd in g  to  t h e i r  ash  

rem oval method. A l l  e n t r a in e d - b e d  g a s i f i e r s  rem ove a sh  a s  m o lte n  

s l a g ;  a l l  f l u i d i z e d - b e d s  rem o v e  a s h  d r y  ( a s  c h a r  p u r g e  o r  

ag g lo m era ted ); m oving-beds remove ash  d ry  (D ry -a s h  L u rg i)  o r  m o lte n  

(BGC S l a g g e r ) .  A good re v ie w  o f  th e  v a r io u s  g a s i f i e r s  and  t h e i r  

o p e ra t in g  c o n d it io n s  i s  g iv e n  by  Lee (1 9 8 2 ) . T h ese  t h r e e  ty p e s  o f  

r e a c to r s  a re  shown s c h e m a tic a lly  in  F ig u re  1 -1 . The r e a c to r s  tem pera­

t u r e  p r o f i l e s  a r e  a l s o  show n. I n  T a b le  1 -1  a l i s t  o f  r e a c t o r  

c h a r a c t e r i s t i c s  i s  g iv e n .  T hese  c h a r a c t e r i s t i c s  show th a t  c e r t a in  

r e a c to r  ty p es  a re  advantageous f o r  s p e c i f i c  a p p l ic a t io n s .

G a s i f i e r s  t h a t  have reach ed  com m ercial o r  d em o n stra tio n  s ta tu s  can be 

a ls o  d iv id e d  in to  " F i r s t  g e n e ra tio n "  o r  "Second g e n e r a t io n "  d e s ig n s .  

A ll th re e  r e a c to r  ty p es  have reach ed  com m ercial s t a t u s  in  f i r s t  g e n e r­

a t io n  d e s ig n s :

W in k le r-F lu id iz e d  bed (1926)

Lurgi-m oving bed  (1936)

Koppers T otzek (K T )-en tra in ed  bed  (1952)
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The f i r s t  f l u i d i z e d - b e d  g a s i f i e r  - th e  W in k le r ,  was c o m m e rc ia lly  

i n s t a l l e d  in  1926 a t  Leuna, Germany. I t  h as  th e  d i s t i n c t i o n  o f  b e in g  

th e  f i r s t  com m ercial a p p l ic a t io n  o f  f lu id iz e d -b e d  te ch n o lo g y . T h ir ty -  

S ix  com m ercial u n i t s  have been  b u i l t ,  th r e e  o f  w hich s t i l l  o p e ra te .  A 

p r o c e s s  s c h e m a t i c  a n d  f lo w  d ia g ra m  a r e  g i v e n  i n  F i g u r e  1 - 2 .  

E s s e n t i a l l y ,  th e  a tm o s p h e r ic  W in k le r  i s  a  t w o - t i e r  r e a c t o r .  The 

bottom  i s  a s h a llo w  f l u i d i z e d - b e d  w h ich  i s  f e d  w i th  c r u s h e d  c o a l ,  

s te am  and  o x y g en . The u p p e r  f r e e b o a r d  r e s e m b le s  an  e n t r a in e d - b e d  

g a s i f i e r  in to  w hich a d d i t io n a l  steam  an d  o x y g en  a r e  f e d  to  in c r e a s e  

c a rb o n  c o n v e rs io n . The to p  o f  th e  d i l u t e  phase  zone i s  co o led  w ith  a 

w aste h e a t  b o i l e r .  The e n tra in e d  s o l id s  a re  s e p a r a t e d  v i a  a  c y c lo n e  

and a re  n o t re c y c le d . The d i l u t e  phase zone o p e ra te s  a t  1800°-2000°F, 

ap p ro x im ate ly  300°F h ig h e r  th a n  th e  dense p h ase . The a tm o sp h eric  

W in k le r  i s  a  la rg e  i n s t a l l a t i o n  in  com parison to  e i t h e r  e n tra in e d -b e d  

o r  m o v in g -b e d  g a s i f i e r s  o f  th e  same t h r o u g h p u t .  ( " E n o rm o u s "  - 

P r o f e s s o r  A r th u r  S q u ir e s  who v i s i t e d  th e  W in k le r  i n s t a l l a t i o n  in  

K utahya, T u rk ey .) The ash  i s  removed d r y .  70% o f  th e  a s h  e x i t  w ith  

th e  e n t r a in e d  c h a r d u s t th rough  th e  top  and th e  rem ainder th ro u g h  th e  

c o n ic a l bo ttom .

The L u rg i  (L u rg i  G e s e l l s c h a f t ,  F igu re  1 -3 ) was th e  f i r s t  g a s i f i e r  to  

o p e ra te  under e le v a te d  p re s s u re s  (up to  450 p s ig )  and i s  c u r r e n t ly  th e  

m ost p r e v a l e n t  g a s i f i e r  i n  th e  w orld w ith  164 g a s i f i e r s  b u i l t  s in c e  

1936. About 90 o p e ra te  in  S aso lbu rg  (S a so l I ,  S a s o l  I I ,  S a s o l  I I I ) ,  

S o u th  A f r ic a ,  and 14 L u rg i g a s i f i e r s  a re  employed a t  th e  G rea t P la in s  

g a s i f i c a t i o n  p la n t  in  N orth  D akota. E le v a te d  p r e s s u r e  was an  im p o r­

t a n t  c o n t r i b u t i o n  by L u rg i G e s e lls c h a f t  to  th e  th e n  a lre a d y  p re v a le n t
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m oving -bed , a tm o s p h e r ic  g a s  p r o d u c e r s  ( a l s o  known a s  f i x e d - b e d ) . 

E le v a te d  p r e s s u r e s  a r e  b e n e f i c i a l  b e c a u s e  th e  p ro d u c t gas does n o t 

r e q u ir e  expen siv e  com pression , and th e  r e a c to r  h as  a  h ig h e r  th ro u g h p u t 

p e r  u n i t  v o lu m e . The f i r s t  com m ercial L urg i p la n t  w ent onstream  in  

1936 in  H irs c h fe ld e , Germany. The p l a n t  p r o c e s s e d  b row n c o a l  b r i ­

q u e t t e s  a t  300 p s i a .  A d i s t i n c t i v e  d e s ig n  f e a t u r e  o f  m ov ing -bed  

g a s i f i e r s  i s  t h a t  th e  p r o d u c t  g a s  i s  la d e n  w i th  t a r s  e v o l v e d  b y  

p y r o l y s i s  a t  th e  g a s i f i e r ' s  to p . Ash i s  removed d ry  from th e  bottom  

o f  th e  g a s i f i e r  v i a  a moving g r a te .

The K o p p e rs -T o tz e k  (KT) g a s i f i e r  (F ig u re  1 -4 ) f i r s t  went onstream  in  

1952 in  Oulu, F in la n d  p rod u cin g  s y n th e s is  gas f o r  ammonia m anu fac tu re . 

The a tm o sp h eric  g a s i f i e r  i s  oxygen and steam  blown and th e  c o a l i s  fed  

p u lv e r iz e d  (70% -200 m esh). T em peratures reac h  a s  h ig h  a s  3500°F  in  

th e  com bustion zone and ab o u t 2700°F a t  th e  r e a c to r  e x i t ,  depending  on 

c o a l r e a c t i v i t y .  About 50% o f  th e  ash  i s  removed a s  s l a g  t h a t  d ro p s  

o u t  i n t o  a  w a te r  quenched  v e s s e l ,  th e  rem ainder o f  th e  m o lten  a sh  i s  

e n tra in e d  w ith  th e  g as .

C o n tin u o u s  p r o c e s s  im provem ents have le d  to  second g e n e ra tio n  d es ig n  

g a s i f i e r s .  H ere, on ly  e n tra in e d -b e d  (S h e ll  and Texaco) and m oving-bed 

(BGC S la g g e r )  h av e  r e a c h e d  c o m m e rc ia l o r  s e m i-c o m m e rc ia l  s t a t u s .  

W hereas f l u i d i z e d - b e d  g a s i f i e r s  o f  s e c o n d - g e n e r a t io n  d e s ig n  h a v e  

u n d e rg o n e  s u b s t a n t i a l  d e v e lo p m e n t i n  th e  U n i te d  S ta te s  (S yn thane, 

Hygas, KRW, U-Gas) and Germany (R heinbraun  - High T em perature W inkler) 

they  have n o t y e t  reach ed  com m ercial s t a t u s .
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T he S h e l l  ( S h e l l - K o p p e r s )  a n d  T e x a c o  ( F i g u r e s  1 -5  a n d  1 - 6 ,  

r e s p e c t i v e l y )  a r e  p r e s s u r i z e d ,  e n tra in e d -b e d  g a s i f i e r s .  The Texaco 

was d e v e lo p e d  u s in g  th e  co m p an y 's  r i c h  e x p e r i e n c e  w i t h  p a r t i a l  

o x id iz e r s  f o r  o i l  r e s id u e .  I t  i s  to p  fe d  w ith  a  c o a l /w a te r  s lu r r y  and 

oxygen. M olten s la g  i s  c o l le c te d  a t  th e  b o tto m  q u en ch  v e s s e l .  The 

T e n n e sse e  V a l le y  A u th o r i t y  h a s  b e e n  o p e r a t in g  a  200 to n /d a y  Texaco 

g a s i f i e r  as p a r t  o f  t h e i r  Ammonia-From-Coal p r o j e c t  s i n c e  1 9 8 0 . I n  

May, 1984 th e  f i r s t  com m ercial in te g r a te d  g a s i f i c a t i o n  combined c y c le  

power p la n t  w ent on s tream  in  D ag g e tt, C a l i f o r n i a .  The p l a n t  u s in g  

T exaco  g a s i f i e r s  p roduces 100 MW by g a s ify in g  1000 Ton/day c o a l .  The 

S h e ll (a  developm ent o f  th e  a tm o s p h e r ic  K o p p e rs -T o tz e k )  i s  f e d  d ry  

p u l v e r i z e d  c o a l ,  o x y g en  and  a sm a ll amount o f  steam  and n i t r o g e n  to  

ach iev e  s la g g in g  c o n d i t io n s .  A 165 Ton/day p l a n t  h a s  b e e n  i n  o p e r a ­

t i o n  a t  th e  S h e l l  r e f i n e r y  a t  H am burg, W est Germany s in c e  1978. A 

com m ercial d e m o n stra tio n  u n i t  (400 Ton/Day) i s  due f o r  s t a r t u p  in  F a l l  

1987 i n  D eer P a rk ,  T exas. The g a s i f i e r  w i l l  p roduce 12 MMSCF/Day o f 

300 BTU/SCF f u e l  gas and 35000 lb / h r  steam  from subbitum inous c o a l .

The BGC S lag g e r shown in  F ig u re  1-7 was developed  as  a  m o d if ic a t io n  o f
/

th e  L u rg i. The g a s i f i e r  was p u rc h a s e d  b y  th e  B r i t i s h  Gas C o u n c il  

(BGC) in  th e  m id 1950s an d  d e v e lo p e d  i n t o  a  d e m o n s tr a t io n  u n i t  in  

W e s tf ie ld , S c o tla n d . The c o u n te r  c u r r e n t ly  fe d  S la g g e r  h a s  a  h o t t e r  

c o m b u s tio n  zo n e  t h a t  d i s c h a r g e s  a s h  a s  m o l te n  s l a g .  The s la g g in g  

bottom  a llow s i t  to  overcome L u r g i 's  b ig g e s t  d is a d v a n ta g e  - th e  c o n ­

su m p tio n  o f  la rg e  amounts o f  c o o la n t steam  to  p re v e n t s la g g in g  in  th e  

com bustion zone. As a  r e s u l t  th e  S lag g e r steam  consum ption i s  reduced  

to  a  m ere 15% o f  L u rg i .  The S lag g e r has  some s tro n g  ad v an tag es  over
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L urg i (se e  T able 1 -2) and i s  c o n s id e r e d  th e  m o st th e rm o d y n a m ic a lly  

e f f i c i e n t  g a s i f i e r .  S im ila r ly  to  th e  L u rg i, n o n -s la g g in g  c o n d it io n s  

in  th e  com bustion zone m ust be m a in ta in ed  in  f lu id iz e d -b e d  g a s i f i e r s .

There a re  (w ere) o th e r  n o ta b le  g a s i f i e r s ,  in  p a r t i c u l a r :  th e  P o tassium  

C arbonate c a ta ly z e d  Exxon f lu id iz e d -b e d  g a s i f i e r ,  th e  A ll i s - C h a lm e r s  

"KilnG as" - r o ta t in g  k i l n  g a s i f i e r ,  th e  "Bi-Gas" tw o -s tag e  c o u n te rc u r ­

r e n t  g a s i f i e r  (an  i n t e r e s t i n g  d e s ig n  th a t  i s  c u r r e n t l y  d e f u n c t )  , and  

th e  S aa rb e rg -O tto  m o lte n -b a th  g a s i f i e r .

A b r i e f  summary o f  th e  ad v an tag es  and d isa d v a n ta g e s  o f  e x i s t i n g  com­

m e r c ia l  g a s i f i e r s  i s  l i s t e d  i n  Table 1 -2 . I t  becomes a p p a re n t upon 

in s p e c t io n  o f  T ab le  1-2 t h a t  an u n f i l l e d  n ic h e  e x i s t s  in  g a s i f i c a t i o n  

o f  low  r a n k ,  low  q u a l i t y  c o a l s .  H igh r a n k  (b itu m in o u s )  c o a ls  a re  

e f f i c i e n t l y  g a s i f i e d  by e i t h e r  th e  S la g g e r ,  S h e l l ,  o r  T e x a c o . H igh  

q u a l i t y  s u b b itu m in o u s  c o a l  (w este rn ) i s  b e s t  m atched w ith  th e  L u rg i, 

b u t e n tra in e d -b e d  g a s i f i e r s  a re  a ls o  s u i ta b le  ( S h e l l ) . But f o r  th o s e  

low  r a n k ,  ru n -o f-m in e , r e a c t iv e  l i g n i t e s  ( f o r  which W inkler was e s p e ­

c i a l l y  d e s ig n e d )  t h e r e  i s  no s u i t a b l e  g a s i f i e r . The W in k le r ,  o f  

c o u r s e ,  i s  s t i l l  a v a i l a b l e  b u t  i t s  d is a d v a n ta g e s ,  p a r t i c u l a r l y  th e  

a tm o sp h eric  p re s s u re  and th e  low carbon  c o n v e rs io n  make i t  u n a t t r a c ­

t i v e  f o r  p re s e n t  day u s e .

R h e in isch e  Braunkohlenw erke AG (R h e in b rau n ), aware o f  t h i s  n i c h e ,  h a s  

p r o g r e s s e d  i t s  W in k le r  d e s ig n  to  a  h ig h e r  p r e s s u r e  (150 p s ig )  and 

s l i g h t l y  h ig h e r  te m p e ra tu re s  ( c a l le d  th e  H igh  T e m p e ra tu re  W in k le r  - 

HTW) . A d e m o n s t r a t io n  u n i t  ( f o r  p ro d u c tio n  o f  300 Ton/day m ethanol)
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in  H uerth , W. Germany had  undergone s ta r tu p  in  M id-1986 b u t no p ro cess  

d a ta  has been  re le a s e d .

The U .S. f lu id iz e d -b e d  g a s i f i e r  developm ent e f f o r t ,  s p o n s o re d  m a in ly  

by U .S . g o v ern m en t a g e n c ie s , has been more f a r - r e a c h in g  in  i t s  g o a ls  

th a n  i t s  German c o u n te rp a r t .  The em phasis o f  th e  developm ent h as  been 

to w a rd s  a  g a s i f i e r  c a p a b le  o f  h a n d l in g  c o a l o f  a l l  ra n k s , and p a r ­

t i c u l a r l y  cak in g  E as te rn  c o a ls  such as P it ts b u rg h  # 8 . A new ty p e  o f  

g a s i f i e r  had  to  be developed.

For a new g a s i f i e r  to  be econom ically  v i a b l e  i t  m ust h av e  e i t h e r  o f  

two q u a l i t i e s :

1. I t  can  g a s ify  c o a ls  o th e r  g a s i f i e r s  can  n o t .

2. I t  can  g a s ify  c o a ls  o th e r  g a s i f i e r s  can , y e t  have 

some a d v a n ta g e (s ) , such a s : h ig h e r  carbon  co n v e rs io n , 

h ig h e r  therm al e f f ic ie n c y ,  o r  added s a f e ty .

For a new g a s i f i e r  o p e ra t in g  w ith  h ig h -g ra d e  E a s te rn  c o a l  to  be  com­

p e t i t i v e  w ith  e x i s t in g  g a s i f i e r s  (S h e ll ,  Texaco, BGC S lag g e r) i t  would 

have to  ach iev e  th e  fo llo w in g  o b je c t iv e s :

1. High carbon co n v ers io n  (>95%)

2. Low oxygen and steam  demand (combined oxygen and steam  

p re p a ra t io n  c o s t  n o t to  exceed 25% o f th e  c o a l h e a t in g  

v a lu e )

3. High therm al e f f ic ie n c y  o f  co n v ers io n  (c o ld -g a s  e f f ic ie n c y  

g r e a te r  th an  75%)

4. T a r - f r e e  p ro d u c t gas

5. C a p a b ili ty  o f  feed in g  cak in g , sw e llin g  c o a ls  p r e fe ra b ly
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w ith o u t p re tre a tm e n t

6. Safe o p e ra t io n

To a c c o m p l i s h  t h i s  t a s k ,  a  f l u i d i z e d - b e d  e m p lo y in g  a  n o v e l  a s h -  

s e p a r a t i o n  b o t to m  z o n e  w as d e v e l o p e d  b y  b o t h  KRW ( f o r m e r l y  

W e s tin g h o u s e )  and  by IGT (U -G as). The co ncep t in v o lv e s  m a in ta in in g  

two d i s t i n c t  zo n es  w i th i n  th e  same v e s s e l .  The b o tto m  " h o t  zone" 

g e n e r a te d  by a  j e t  o f  steam , oxygen, and c o a l (o r  c h a r)  i s  m a in ta in ed  

a t  te m p era tu re s  above th e  ash  s i n t e r i n g  t e m p e r a tu r e .  A t t h e s e  tem ­

p e r a t u r e s  th e  a s h  i s  s t i c k y  an d  a g g lo m e ra te s  i n t o  lo w - in - c a r b o n  

p a r t i c l e s .  The ag g lo m era tes  grow i n  s i z e  u n t i l  th e y  a r e  no lo n g e r  

s u s t a i n e d  f l u i d i z e d .  They d ro p  ( d e f lu id iz e )  o u t o f  th e  bed  th rough  

th e  bottom  c l a s s i f y i n g  t h r o a t .  T h is  ty p e  o f  g a s i f i e r  i s  te rm e d  a 

" F lu id iz e d  Bed A gglom erating Ash G a s if ie r "  (FBAAG).

The h i s t o r i c a l  developm ent o f  th e s e  g a s i f i e r s  c a n  b e  t r a c e d  t o  th e  

w ork o f  J e q u i e r  a t  CERCHAR. The U-Gas was o r ig i n a l l y  in te n d e d  as  a  

re p la c e m e n t f o r  th e  s te a m -o x y g e n  zone i n  th e  H ygas r e a c t o r .  The 

s e le c t iv e  rem oval o f  lo w -in -c a rb o n  ash  th ro u g h  th e  bo ttom  a n n u lu s , th e  

re c y c le  o f  e l u t r i a t e d  f in e s ,  and th e  m ild e r  o p e ra t in g  te m p era tu re  were 

to  h a v e  b e e n  th e  key  to  a c h ie v in g  a  h ig h  carbon  co n v e rs io n  a t  a  h ig h  

co ld -g a s  e f f ic ie n c y .  Y et, d e s p i te  a c h ie v in g  co n tin u o u s  lo w - in - c a r b o n  

a sh  a g g lo m e r a t io n  f o r  lo n g  tim e in t e r v a l s  (a  s ig n i f i c a n t  achievem ent 

by i t s e l f ) ,  th e  c a rb o n  c o n v e r s io n  re m a in e d  low . L a rg e  am oun ts o f  

c a rb o n  w ere  e s c a p in g  w i th  th e  e l u t r i a t e d  f i n e s  a t  r a t e s  t h a t  were 

o f te n  an o rd e r  o f  m agnitude h ig h e r  th a n  p r e d ic te d .  I t  a ls o  seems th a t  

e v e n  i f  a l l  e l u t r i a t e d  f i n e s  w ere  t o  h a v e  b e e n  r e c y c l e d  to  th e
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g a s i f i e r  t h e i r  c o n c e n tr a t io n  w ould  b u i ld - u p  d r a s t i c a l l y  b e c a u s e  o f  

t h e i r  low  r e a c t i v i t y .  I n  t h a t  s e n s e ,  t h e  n o v e l  a s h  ag g lo m era tin g  

bottom  h as  n o t r e s o lv e d  th e  low  c a rb o n  c o n v e r s io n  s u f f e r e d  by  th e  

W in k le r.

KRW has developed  a p r e s s u r iz e d  (230 p s ig )  p r o c e s s  d e v e lo p m e n t u n i t  

(PDU) FBAAG ( s c h e m a tic  shown i n  F ig u re  1 - 8 ) .  The PDU, lo c a te d  a t  

W altz M il l ,  PA can  p ro cess  20 to n /d a y  o f  c o a l .  To en ab le  th e  f e e d in g  

o f  c a k in g  c o a l s  ( p r e v e n t  c h a r  a g g lo m e ra t io n  - o b je c t iv e  No. 5) th e  

c o a l i s  f e d  d i r e c t l y  i n t o  an  i n t e n s e l y  m ixed  zone  g e n e r a te d  by a 

c e n t r a l  j e t .  The in te n s e  m ixing b reak s  a p a r t  any c h a r  ag g lo m era tes . 

Oxygen and steam , as w e ll a s  t r a n s p o r t a t i o n  g as  f o r  th e  c o a l  ( d r y ,  

r e c y c l e  p r o d u c t - g a s )  a r e  a l s o  f e d  i n t o  th e  c e n t r a l  o x id iz in g  j e t .  

Indeed , to  d a te ,  o b je c t iv e s  No. 4 , t a r - f r e e  p r o d u c t  g a s ,  a n d  No. 5 , 

fe e d in g  cak in g  c o a ls ,  a re  th e  o n ly  ones s u c c e s s fu l ly  accom plished .

1 .3  TECHNICAL BACKGROUND

1 .3 .1  Perform ance C r i t e r i a  For G a s if ie r s

The perform ance o f  d i f f e r e n t  g a s i f i e r s  c a n  b e  com pared  v i a  a  s e t  o f  

p e r fo rm a n c e  p a ra m e te r s  ( S h in n a r ,  1 9 8 4 ) . In  th e  fo llo w in g  s e c t io n  

th e se  p a ram ete rs  and t h e i r  s ig n if ic a n c e  a re  b r i e f l y  d is c u s s e d .

a . Cold-Gas E ff ic ie n c y

T his i s  th e  e f f ic ie n c y  o f  co n v ers io n  o f  th e  c o a l h e a t in g  v a lu e  to  th e  

p r o d u c t  g a s ,  e x p r e s s e d  i n  p e r c e n t  an d  i s  e q u iv a le n t  to  th e  r e a c to r  

y ie ld .  The c o ld -g a s  e f f ic ie n c y  can  be c a lc u la te d  on e i t h e r  a  h ig h e r
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h e a t i n g  v a lu e  ( re fe re n c e  s t a t e :  l i q u id  w a te r  a t  25°C) , o r  low er h e a t ­

in g  v a lu e  ( r e f e r e n c e  s t a t e :  s te a m  a t  25°C) depending on end u s e . 

S im u l ta n e o u s ly ,  th e  c o ld - g a s  e f f i c i e n c y  can  a ls o  be  c a lc u la te d  on a 

fe e d  b a s i s  ( i . e .  h e a t in g  v a lu e  o f  p ro d u c t gas d iv id e d  by h e a t in g  v a lu e  

o f  fe e d  c o a l)  o r  on a  co n v e rte d  b a s i s ,  in  w hich energy  c r e d i t  i s  g iv en  

f o r  ca rbon  th a t  i s  n o t c o n v e rted  to  g a s  ( i . e .  , h e a t i n g  v a lu e  o f  g as  

d iv i d e d  by  h e a t i n g  v a lu e  o f  c o a l ,  l e s s  h e a t in g  v a lu e  o f  u n co n v erted  

c h a r ,  l e s s  h e a t in g  v a lu e  o f  l i q u i d  p r o d u c t s ) .  W hereas th e  o v e r a l l  

th e rm a l  e f f i c i e n c y  o f  th e  whole p la n t  i s  r e a l l y  o f  more co n ce rn , th e  

co ld -g a s  e f f ic ie n c y  must be above a  c e r t a in  minimum to  in s u r e  m in im a l 

o v e r a l l  th e rm a l  e f f i c i e n c y  and  p r o c e s s  c o m p le x i ty .  C o ld -g a s  e f ­

f ic ie n c y  i s  dom inated by th e  oxygen fe e d  (S h in n ar and A vidan, 1 9 8 5 a ).

b . Carbon C onversion  -v

Coal c o n v e rs io n  can  be d is c u s se d  in  te rn s  o f  c a rb o n  c o n v e r s io n  s in c e  

th e  c h a r  r e n d e r e d  a f t e r  h ig h - te m p e ra tu re  d e v o l a t i l i z a t i o n  i s  n e a r ly  

p u re  ca rbon  and a sh . Carbon c o n v e r s io n  h a s  a  d i r e c t  im p a c t on  th e  

e f f ic ie n c y  o f  energy  c o n v e rs io n ; i . e .  a  low carbon  c o n v e rs io n  y ie ld s  a 

low c o ld -g a s  e f f ic ie n c y  (se e  E quation  8 , A ppendix A ). I f  th e  u n c o n ­

v e r t e d  c a rb o n  h e a t i n g  v a lu e  i s  n o t  r e c o v e r e d  ( e . g . ,  co m b u sted  to  

produce steam ) th e n  th e  ca rbon  c o n v e rs io n  a ls o  has  a  d i r e c t  im p a c t on 

th e  o v e r a l l  th e rm al e f f ic ie n c y  o f  th e  p la n t .  A low carbon  c o n v e rs io n  

e x a c e rb a te s  th e  c h a r  d is p o s a l  problem s (b o th  in  amount and t o x i c i t y ) .

c . Oxygen Consumption - R

Oxygen consum ption p e r  co n v e rted  carbon  i s  d e f in e d  a s :
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[02 ]

R -  t z ;—  (m olar r a t i o )
[C]*x

The amount o f  o r g a n ic a l ly  bound oxygen in  th e  c o a l a f f e c t s  th e  am ount 

o f  consum ed oxygen. We d e f in e  as  th e  minimum m olar r a t i o  o f  0 2 to  

c o a l (carbon ) r e q u i r e d  to  c o n v e r t  a l l  th e  c a rb o n  to  CO by  p a r t i a l  

c o m b u s tio n . H ence , (Rc *R) g iv e s  an  i n d i c a t i o n  o f  th e  n e t  type  o f  

k in e t i c  regim e in  th e  g a s i f i e r .  (Rc -R) >0 im p lie s  t h a t  th e  n e t  o v e r ­

a l l  r e a c t i o n  in c lu d e s  steam  g a s i f i c a t i o n  w h ile  (Rc -R) <0 im p lie s  th a t  

th e  n e t  r e a c t io n  i s  p a r t i a l  com bustion (no n e t  g a s i f i c a t i o n  o c c u rs ) .

d . Feed P re p a ra t io n  C ost -

The n e t  e f f ic ie n c y  o f  a  g a s i f i e r  s t r o n g ly  d e p e n d s  on th e  e n e rg y  r e ­

q u i r e d  to  p r e p a r e  th e  oxygen and  s te a m  f e e d .  The e n e rg y  u s e d  in  

p re p a r in g  th e  steam  and oxygen fe e d , on a  m olar b a s i s ,  was c a l c u l a t e d  

to  b e  p r o p o r t io n a l  to  H20 + 4 .1 0 2 . The low er h e a t in g  v a lu e  o f  syngas 

c o n ta in in g  CO, H2 , and CH4 , on a  m olar b a s i s ,  i s  p r o p o r t io n a l  to  CO + 

0 .8 5 H 2 + 2.83C J| . The i r r e c o v e ra b le  energy  c o s t  o f  oxygen and steam  

p re p a ra t io n  p e r  u n i t  energy  in  th e  p roduced syngas i s :

[H20 ] f  + 4 .1 [0 2 ]f  
EL “  [C0]p + 0.85[H 2 ]p+ 2.83[CH4 ]p

where F d eno tes  fe e d , P d en o tes  p ro d u c t

The p r o p o r t i o n a l i t y  c o n s ta n t eq u a ls  0 .18  ( i . e . ,  E^=l im p lie s  t h a t  th e  

e q u iv a le n t  o f  18% o f  th e  p ro d u c t gas low er h e a t in g  v a lu e  was s p e n t  on 

p re p a r in g  th e  steam  and oxygen f e e d ) .
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1 .3 .2  Perform ance o f  G a s if ie r s

To o b t a i n  a  p e r s p e c t iv e  on FBAAG perform ance we compare v a lu e s  o f  th e  

perform ance c r i t e r i a  g iven  e a r l i e r  in  t h i s  s e c t io n  f o r  th e  fo l lo w in g  

c o a ls  and g a s i f i e r s :

E a s te rn  c o a l - KRW, U-Gas, S h e l l ,  Texaco, BGC S lag g e r, L u rg i.

W estern c o a l - KRW, U-Gas, L u rg i.

L ig n ite  - KRW, W inkler, S h e ll .

The s e l e c t i o n  i s  n o t  a r b i t r a r y .  The g a s i f i e r s  chosen  fo r  com parison

f o r  each c o a l type  a re  th o se  c o n s id e re d  s u i t a b l e  f o r  t h a t  c o a l ,  and 

f o r  w h ich  a c tu a l  p la n t  d a ta  was a v a i la b le .  (L urg i f o r  e a s te rn  c o a l i s  

an e x c e p tio n : L u rg i had  conducted e x te n s iv e  t e s t s  w i th  e a s t e r n  c o a l , 

h o w ev er, th e  r e s u l t s  were n o t co m p e titiv e  w ith  more re c e n t  g a s i f i e r s  

such as  Texaco o r  S l a g g e r . )  No d a t a  w ere  a v a i l a b l e  f o r  U-Gas w ith  

L ig n i te .

The e v a lu a tio n  o f  perform ance o f  th e  KRW and U-Gas PDUs has p ro v e n  to  

b e  an  a rd u o u s  t a s k .  The mass and energy  b a la n c e s  were in  many cases  

o f f  by 20% o r more. Large s to ic h io m e tr ic  i n c o n s i s t e n c i e s  w ere d i s ­

c o v e re d  by a p p l i c a t i o n  o f  th e  s to i c h io m e t r i c  in v a ria n c e  te ch n iq u es  

d e sc r ib e d  in  C hap ter 2 and A ppend ix  A. I n  p a r t i c u l a r ,  th e  KRW raw 

d a ta  in c lu d e d  some mass and energy  b a lan ce  c lo s u re  d if f e re n c e s  o f  more 

th a n  20%. The U-Gas d a ta  was a lre a d y  " re c o n c ile d "  and in c lu d ed  le s s e r  

i n c o n s i s t e n c i e s .  F o r an  e l a b o r a te  d is c u s s io n  on th e  s to ic h io m e tr ic  

in v a ria n c e  tech n iq u e  and i t s  a p p l ic a t io n  see  Appendix A. I t  shou ld  be 

n o te d  t h a t  some u n c e r t a in ty  in  th e  i n t e r p r e t a t i o n  o f  th e  KRW r e s u l t s  

e x i s t  due to  th e  non-unique s o lu t io n s  o b ta in a b le .
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The p e r fo rm a n c e  c o m p a r iso n  w i th  e a s te rn  c o a l i s  g iv en  in  T ab le 1 -3 . 

A gain , th e  L u rg i i s  n o t  c o n s id e re d  a v ia b le  g a s i f i e r  f o r  e a s te r n  c o a l ,  

and i s  g iv e n  h e re  f o r  i n s t r u c t io n a l  pu rpose  o n ly .

E a s te rn  c o a l

KRW h a s  th e  lo w e s t  ca rb o n  c o n v e rs io n  and th e  h ig h e s t  oxygen consump­

t i o n  o f  any g a s i f i e r  re p o r te d . U-Gas has a c h ie v e d  a  r e a s o n a b ly  h ig h  

c a rb o n  c o n v e r s io n ,  y e t  s t i l l  4-5% lo w e r th a n  th e  e n tra in e d -b e d  and 

m oving-bed g a s i f i e r s .  FBAAG have th e  h ig h e s t  v a lu e  o f  ( s te a m  and  

oxygen  p r e p a r a t i o n  c o s t  p e r  u n i t  sy n g a s  p ro d u ced ), w ith  KRW h ig h e r  

th a n  U-Gas (3 .3  v s .  2 .7 ) ,  th e n  L u rg i  w i th  2 .3  ( t h i s  i s  th e  p r im a ry  

r e a s o n  f o r  i t  n o t  b e in g  c o n s id e r e d  a v i a b l e  g a s i f i e r  f o r  e a s t e r n  

c o a l ) ,  S h e ll  and Texaco a t  ab o u t 1 .5  and th e  BGC S lag g e r a t  0 .9 8 .

The b e s t  f l u i d i z e d - b e d  r e s u l t s  a re  th e re f o r e  s t i l l  s t r o n g ly  i n f e r i o r  

to  th e  S h e ll  d e s p i te  th e  f a c t  t h a t  th e rm o d y n am ica lly , th e  f l u i d i z e d -  

bed  has th e  p o t e n t i a l  f o r  s ig n i f i c a n t l y  b e t t e r  r e s u l t s .

The perform ance com parison w ith  L ig n ite  and W estern  c o a l  i s  g iv e n  in  

T ab le  1 -4 .

L ig n ite

(T e x a c o  an d  BGC S la g g e r  a r e  n o t  c o n s id e r e d  v i a b l e  g a s i f i e r s  f o r  

L ig n ite s  o r  W estern  c o a ls )

The f lu id iz e d -b e d  g a s i f i e r s  (KRW, W inkler) e x h ib i t  a carbon  c o n v e rs io n  

o f  abo u t 90% compared to  n e a r ly  com ple te  c o n v e r s io n  f o r  S h e l l .  The 

oxygen  c o n s u m p tio n , th e  c o ld -g a s  e f f ic ie n c y  (on a  co n v e rted  b a s i s ) ,  

and E^ (steam  and oxygen p ro d u c tio n  c o s t)  a re  ap p ro x im ate ly  e q u a l  f o r  

a l l  th r e e .
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W estern (Wyoming Subbitum inous)

(N o te : The r e s u l t s  f o r  W estern c o a l a re  n o t d e f i n i t i v e  f o r  U-Gas and 

KRW. There i s  a  la c k  o f  d a ta  on long  s u s t a i n e d  ru n s  f o r  U -G as, and  

s e v e ra l  q u e s tio n s  co n ce rn in g  th e  accu racy  o f  th e  KRW d a ta  p a r t i c u l a r l y  

in  l i g h t  o f  th e  f a c t  t h a t  th e  p ro d u c t gas f lo w ra te  was n o t  m e a s u re d .)  

M ajo r d i f f e r e n c e s  in  a c h ie v e d  p e rfo rm a n c e  e x i s t  be tw een  th e  th re e  

g a s i f i e r s :

Carbon co n v e rs io n :

C old-gas e f f ic ie n c y  (c o n v .) :  

Oxygen consum ption, R:

Feed p re p a ra t io n  c o s t  - E^:

KRW U-Gas L urg i

66%, 90%, 99%

64%, » 83%, 89%

0.53 0 .33 0 .23

2 .3 1 .4 , 1 .6

W hile f o r  L ig n ite  KRW has a p p r o x im a te ly  m a tch ed  th e  p e r fo rm a n c e  o f  

W in k le r  an d  S h e ll ,  fo r  W estern (Subbitum inous) c o a l KRW's r e s u l t s  a re  

i n f e r i o r  to  e i t h e r  U-Gas o r  L u rg i.

C onclusions

N e ith e r  o f  th e  newly developed  p i l o t - p l a n t  f l u i d i z e d - b e d  g a s i f i e r s ,  

th e  low  p r e s s u r e  U-Gas o r  th e  medium p re s s u re  KRW, has been  a b le  to  

su rp a s s  th e  perform ance o f  W inkler o r  L u rg i  w i th  l i g n i t e  o r  W e s te rn  

c o a l s  d e s p i t e  th e  in n o v a tiv e  ag g lo m era tin g  bo ttom  zone. N e ith e r  has 

o p e ra te d  c o m p e tit iv e ly  w ith  E a s te rn  c o a l  i n  c o m p a r is o n  w ith  T ex a co , 

S h e l l ,  o r  th e  S la g g e r. I t  i s  enco u rag in g , though , t h a t  th e  FBAAG have 

been  a b le  to  feed  cak in g  c o a ls  w ith o u t p re tre a tm e n t.
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I n  th e  f o l l o w in g  c h a p te r s  we In v e s t ig a te  th e  cau ses  t h a t  le d  to  t h i s  

d ism a l perfo rm ance . We b eg in  by e s ta b l i s h in g  th e  s t o i c h i o m e t r i c  and  

th e rm o d y n am ic  c o n s t r a i n t s  in  C hapters Two and T hree , and th e  k in e t i c  

c o n s t r a i n t s  i n  C h a p te r  F o u r . A F lu id i z e d - b e d  g a s i f i e r  m o d e l i s  

d e s c r ib e d  i n  C h a p te r  F iv e .  The o p e ra t in g  range  and perfo rm ance a re  

mapped in  C h ap te r S ix  and  S even ; co m m erc ia l f e a s i b i l i t y  t e s t s  a r e  

p e r fo rm e d  i n  C h a p te r  E ig h t .  The c o n c lu s io n s  a r e  drawn in  C hap ter 

N in e .
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FIGURE I-I
Schematic Representation of Gasifier Types
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FIGURE 1-2
WINKLER SCHEMATIC
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FIGURE 1-3
LURGI SCHEMATIC
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FIGURE 1-4
KOPPER-TOTZEK SCHEMATIC
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FIGURE 1*6
TEXACO SCHEMATIC
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FIGURE 1-7
BGC SLAGGER SCHEMATIC
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FIGURE 1-8
KRW FBAAG PDU SCHEMATIC
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Ash Conditions

Feed Coal Characteristics 
Size

Acceptability of Fines 

Acceptability of Caking Coal 

Preferred Coal Rank

Table I-i

CHARAC1KR1 STICS OF CFNFRIf TYI'tS OF CAS 111 CAT I ON R FACTORS

MOV INO-RED FI.UIDIZEU-BF.D
Dry Ash Slagging Drv Ash

Coarsi- (-2 inch) Coarse (-2 inch)

Limited Better than dry ash

Yes (with modificatlous) Yes (with modifications)

Crushed ( A  inch) Crushed ( A  inch)

low High

Cood

Possibly

Low

Better

Yes

Any

'y'

 Aggluaeratlng
ENTRAIHEU-FLOM 

 ■S.*-a8Bi.n«___

Pulverized (-100 aesh) 

tnlialted 

Yes 

Any

Operating Characteristics 
Exit Gas Teaperature

Oxidant Requlreaent 

Steaa Requlreaent

Key Distinguishing 
Characteristics

Key Tech-lcal Issue

l.nw
(800*F-1 200*F) 

Low 

Htfih

Low
(800*F-I200*F)

Low

l.ow

Hydrocarbon liquids in the raw gas

Util I.'at ion of fines A hydrocarbon liquids

Moderate Moderate
<I700*F-I900*F) (I700*F-1900*F)

h i g h

h i g h

h i g h

h i g h

Large char recycle

Carbon conversion

High 
( >2100*F)

High

Low

Large aoount of sensible 
heat energy in the hot 

raw gas

Raw gas cooling
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Table 1-2 Advantages and d isadvantages o f e x is tin g  commercial g a s i f ie r s

MOVING BED

Advantages

a  Low oxygen consumption due to  e f f ic i e n t  counter 
cu rren t heat exchange o f incoming coal w ith o ff -g a s . 
E ff ic ie n t use o f coal d e v o la t i l iz a t io n  (v o la t i le s  a re  
en tra ined  by the o ff-g a s) 

a  High cold  gas e ff ic ien cy  ( -  90%, see  se c tio n  2) 
e  High carbon conversion
e  Inheren tly  sa fe  due to  a large inventory o f  char 
e  Lou steam requirem ent (-20% o f Lurgi) 
a  P ressu rized
a High throughput (3-4 times Lurgi) 
a  Can handle caking, sw elling  coa ls  w ith moderate 

amounts o f  mined coal f in e s  ( le s s  than 1/4 Inch)

Advantages

a  Low oxygen consumption due to  e f f ic ie n t  counter- 
cu rren t heat exchange o f Incoming coal w ith o ff -g a s . 
E ff ic ie n t use of coal d e v o la t i l lz a t io n  (v o la t i le s  a re  
en tra in ed  by th e  o ff-g a s)

© High cold gas e ff ic ien cy  ( -  90%, see  se c tio n  2) 
a  High carbon conversion 
e  S u b stan tia l ooimierolal experience 
a  P ressu rized
a  Inheren tly  sa fe  due to  a large inventory o f char

BGC SLAGCEB
Disadvantages

a  Product gas con ta in s t a r s  (can be minimized by t a r  
recy c le  In to  the combustion zone) 

a  Hot su i ta b le  fo r low rank ( l ig n i te )  o r  low q u a li ty  
(high ash) coals 

a  Produces waste llq o u r th a t req u ire s  treatm ent

LURGI
Disadvantages

a  Product gas con ta ins ta r s  
a  High steam demand
a  Produces la rg e  amounts o f  waste llq o u r th a t 

re q u ire  treatm ent 
a  Inheren tly  sa fe  due to  a la rg e  Inventory o f  char 
a  Limited a b i l i ty  to  handle mined coal f in e s  
a  Not su i ta b le  fo r coa ls  w ith lou ash fusion  tem perature 
a  Not su i ta b le  fo r high rank, un reac tlve  coa ls

\0
CB
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Table1-2 (con t1nue)

01 TRAINED BED

Advantages
( S i e l l ,  Texaco, Koppers-Totzek)

a F le x ib i l i ty  o r  handling a l l  coal ranks In 
p a r t ic u la r ,  high rank coa ls  

© High carbon conversion 
0  Low steam demand
o T a r-f re e , m ethane-free, product gas o o n sls tin g  

mainly o f  CO, H ,, 00, (good fo r  sy n th e s is  gas) 
e  A b ility  to  g a s ify  coal f in e s  
e  High throughput 
e  Commercially proven 
s  P ressu rized  (except Koppers-Totzek) 
a  Simple design  and o pera tion  
& Simple scaleup

Disadvantages

» High oxygen requirem ent
«  Low cold gas e ff ic ie n c y  In comparison to  moving bed
a  S afety  concern (exp losion) due to  low Inventory

o f  carbon In re a c to r  
o P u lv e riz a tio n  (-100 mesh) Is  requ ired  
e  High m a te r ia ls  wear
e  Low therm al e ff ic ie n c y  Tor l ig n i t e s  and h igh  ash  co a ls
o  Limited to  h igh rank co a ls  (Texaco)

FUUIDIZED BED

WINKLER
Advantages

A b ility  to  handle low-grade, low rank c o a ls , 
p e a t, wood, o r  biomass
A b ility  to  handle mined r in e s  ( l e s s  than 1/** Inch) 
T ar-free  product gas
Moderate tem p era tu res- le ss  severe m a te r ia ls  problems 
Safe and sim ple to  opera te

Disadvantages

e  High oxygen and steam consumption 
e  Low carbon conversion (80-90t)
0  Atmospheric p ressure-low  throughput, 

high compression co s ts  
e  Not s u i ta b le  fo r  un reactlve  (high rank) co a ls
0  Not s u i ta b le  fo r  caking co a ls
0  Not s u i ta b le  fo r  co a ls  w ith  high ash  fu s io n  tem perature
a  High f in e s  carryover
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TABLE 1-3
PERFORMANCE CRITERIA COMPARISON - EASTERN COAL

GASIFIER KRW
IGT
U-GAS SHELL TEXACO

BGC
SLAGG.

cMw.
KRW

lOKGI 
DRY-ASH

COAL PGH W KENT ILL #5 ILL #6 PGH #8 PGH #8 ILL #6
RUN TP0342 206 DESIGN

EST. CARBON 
CONVERSION -  x 0.759 0.938 0.985 0.990 0.977 0.948 0.993

COLD GAS feed coal U5.20 75.91 76.02 76.9 88.3* 87.1
— * 
88.9

EFF.H converted 55.55 79.95 76.93 77.0 90.1* 90.7 89.4
R io  j '  ......................
R ic l-x '

0.681 0.477 0.486 0.470 0.308 0.347 0.264
Rc -R -0.209 -0.014 -0.031 -0.015 *0.161 +0.096 *0.182
P ....hid ♦ o r 3.30 2.70 1.53 1.47 1.06 1.29 2.28L"C0*. 8bH a

CH„" co*h ,*4ch: 3.07 2.38 1.146 1.37 0.94 1.146 1.84

0.64 0.35 0.36 0.33 0.18 0 .2 0 0.19C0*H5*3C'h;

H TT 'co < m o la r) 0.09 0.13 -0.00 0.01 0.33 0.045 0.52

(*) includ ing  t a r s
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TABLE 1-4
PERFORMANCE CRITERIA COMPARISON - LIGNITE AND WESTERN COAL

GASIFIER KRW Shell WINKLER KRW UGAS LURGI I

COAL
N.D.
Lig.

Texas
Lig.

German
Brown Wyoming Wyoming Wyoming

RUN TP0343 TP034-1 2

EST. CARBON 
CONVERSION -  x 0.881 0.984 •0.89 0.663 0.90 0.99

COLD GA? feed  coal 68.47 78.35 76 46.59 -76® 80.00*
EFF.i converted 76.09 79.39 82 64.33 -83 89.30

R. C° ’ ]
R LCJ-x' 0.418 0.460 0.37 0.527 0.326 0.235
Rc -R -0.061 -0.06 ♦0.03 -0.186 +0.067 +0.170
* ........4 .V 0
ELmC0™;B5ff,+2.TJTcH*■ 1.73 1.43 1.58 2.34 1.44 1.64

riao+4.i o,  
echh“ CO+lTT^eC 1.54 1.36 1.41 2.07 1.27 1.34

(• )  -  no t including conversion to  ta r s
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CHAPTER TWO 
STOICHIOMETRIC CONSTRAINTS

A l l  c o a l  g a s i f i e r s  a re  s u b je c t  to  a b s o lu te  s to ic h io m e tr ic  c o n s t r a in ts  

in  th e  co m p o sitio n  sp ace . The to p ic  has been th o ro u g h ly  i n v e s t i g a t e d  

by  S h in n a r  and  Kuo (1 9 7 8 ) and  S h innar and Avidan (1985). H ere, two 

p o in ts  o f  im portance to  m odeling a re  d e s c r ib e d .  The s t o i c h i o m e t r i c  

in v a r i a n c e  te c h n iq u e  d e s c r ib e d  h e r e  h a s  p ro v e n  to  be e s s e n t i a l  in  

in te r p r e t i n g  in c o n s i s te n t  p i l o t - p l a n t  d a ta .

2 .1  DEGREES OF FREEDOM

C onsider th e  Carbon-Hydrogen-Oxygen space o f  c o a l g a s i f i c a t i o n .  I f  we 

n e g l e c t  l i q u i d  p r o d u c ts  which have a  s im i la r  chem ica l com p o sitio n  to  

c o a l (and f o r  p u rp o ses  o f  s to ic h io m e try  c a n  s im p ly  b e  d e d u c te d  from  

th e  c o a l ) ,  we h av e  s i x  gaseous compounds, CO, COg, H2 , CH^, ^ 0 ,  O2 , 

and one s o l id  w hich i s  c h a r . Oxygen i s  c o m p le te ly  c o n v e r te d  a n d  we 

can  th e re fo r e  e l im in a te  i t  from th e  b a la n c e . Hence, s ix  compounds and 

th r e e  e lem en ts a llo w  th re e  s t o i c h i o m e t r i c  d e g re e s  o f  fre e d o m . The 

w a te r-g a s  s h i f t  r e a c t io n :

CO + h2o - ->  co2 + h2

i s  f a s t  and can  be assumed to  be in  e q u ilib r iu m . T his le a v e s  o n ly  two 

d eg rees  o f  freedom . I t  i s  u s e fu l  to  a s s ig n  th e se  to  th e  methane y ie ld  

an d  to  c a rb o n  c o n v e r s io n .  F o r a g iv e n  p a i r  o f  m e th an e  y i e l d  and 

carbon  co n v e rs io n , th e  gas com position  i s  c o m p le te ly  d e te rm in e d .  I f  

m e th an e  y i e l d  i s  n e g l ig ib l e  such as  in  e n tra in e d  bed  g a s i f i e r s ,  on ly  

one d eg ree  o f  freedom  i s  l e f t ,  which i s  carbon  co n v e rs io n .
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T h is  f a c t  i s  o f t e n  overlo o k ed . For g iven  i n l e t  flow s, p re s s u re  (and 

te m p era tu re  in  an iso th e rm a l r e a c to r ) ,  and in  th e  a b se n c e  o f  m ethane  

t h e r e  i s  o n ly  one d e g re e  o f  f re e d o m , n am e ly , c a rb o n  c o n v e r s io n .  

T h e re fo re , i t  i s  im p o s s ib le  to  v e r i f y  a  m odel by c o m p u tin g  o u t l e t  

c o m p o s i t io n  from  g iv e n  f e e d  r a t e s ,  o p e ra t in g  c o n d it io n s ,  and carbon  

co n v e rs io n . At h ig h  carbon c o n v e rs io n s , th e  g a s  c o m p o s i t io n  i s  e n ­

t i r e l y  d e te rm in e d  by s to ic h io m e t r y .  What i s  needed i s  a  model th a t  

can p r e d ic t  o p e ra t in g  c o n d itio n s  and carbon  c o n v e rs io n  fo r  g iv e n  i n l e t  

f lo w s .

2 .2  STOICHIOMETRIC INVARIANCE

The com plete developm ent o f  t h i s  to p ic  i s  p ro v id ed  in  Appendix A.

L et x d en o tes  th e  Carbon C onversion , m th e  number o f  m oles o f  CH  ̂ th a t  

a re  formed p e r  mole o f  c o a l ,  and Su th e  number o f  m oles o f  u n converted  

HgO p e r  m ole o f  c o a l .  The c o n v e r s io n  o f  c o a l  w i th  an  e le m e n ta l  

c o m p o s i t io n  CHa Ob by oxygen ( i n  a  r a t i o  o f  A moles o f  C> 2  p e r  mole o f  

c o a l )  a n d  s te a m  (S c + S u  m o le s  o f  H 2 O p e r  m o le  o f  c o a l )  i s  

d e sc r ib e d  by th e  fo llo w in g  s to ic h io m e tr ic  e q u a tio n .

[CHaOb ]p + A[02 ]f  + (Sc+ Su)[H 20 ] f  -  ( l - X)[CHa O/3]p (2 -1 )
+ m[CH4 ] p 

+ s u [H20 ] p

+ i f  + Sc - 2m - J ( 1 - x ) K h 2 ]p 
+ \ 2 X - 2m - b - 2A - Sc + 0(1 -* ) }-[C0]p 
+ + 2A + Sc - X + m -0(1-X )K CO 2 ]P

Where:
a ,b  = Atomic r a t i o  o f  Hydrogen and  Oxygen ( r e s p e c t iv e ly )  to  Carbon 

in  th e  c o a l feed  (m o istu re  f r e e )  
a,/? = Atomic r a t i o  o f  Hydrogen and Oxygen ( r e s p e c t iv e ly )  to  Carbon
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in  th e  u n co n v erted  ch a r (m o is tu re  f r e e )

A q j , m olar f e e d ra te  r a t i o  o f  Oxygen to  c o a l
a b F

Sc+Su  =■ t o t a l  steam  to  c o a l r a t i o ;  w here: Sc d en o tes  co n v erted
Su  d en o tes  uncon v erted

[N]^ -  m olar f e e d ra te  o f  sp e c ie s  N ( lb » m o l/h r)
[N]p -  n e t  m olar p ro d u c tio n  r a t e  o f  s p e c ie s  N (lb « m o l/h r)

The c o e f f i c i e n t s  o f  CO, COg, and  Hg im m e d ia te ly  f o l lo w  from  mass 

c o n s e rv a tio n  by s o lv in g  th e  c a rb o n ,  h y d ro g e n , and  oxygen  e le m e n t 

b a l a n c e s .  A p a ra m e te r  t h a t  i s  indep en d en t o f  e i t h e r  th e  steam  (fe e d  

o r  p ro d u c t)  o r  methane p ro d u c tio n  r a t e , may b e  fo rm ed  by a d d in g  th e  

o v e r a l l  s t o i c h i o m e t r i c  c o e f f i c i e n t s  o f  CO and Hg to  fo u r  tim es th e  

c o e f f i c i e n t  o f  m e th a n e , m. We te rm  th e  r e s u l t  th e  s t o i c h i o m e t r i c  

in v a r i a n t ,  Ig .

The p a ram e te r I  depends o n ly  on o x y g en -to -c a rb o n  feed  r a t i o ,  th e  c o a l 

and c h a r co m p o sitio n  ( a ,b ,a , /3 ) ,  and Carbon C onversion , x-

We d e f in e  a  c r i t i c a l  r a t i o  o f  o x y g e n -to -c o n v e rte d  carb o n , Rc> when a l l  

o f  th e  oxygen i s  u sed  to  c o n v e rt ca rbon  to  CO. I n  te rm s  o f  E q u a t io n  

(2 -1 )  t h i s  o c c u r s  u n d e r th e  fo llo w in g  c o n d i t io n s :  absence o f  methane 

fo rm a tio n  (m=0), no steam  fe e d  (Sc=Su=0) , and  no o x ygen  in  th e  c h a r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

X -  Carbon c o n v e rs io n

! s = 2X +  f  - 2A - b - (1 - x ) * 0 3  * f ) ( 2 - 2 )



( /? -0 ) . A ll  o f  th e  co n v e rted  carbon  ap p ea rs  as  CO when th e  c o e f f i c i e n t  

o f  COg in  E quation  (2 -1 ) v a n ish e s .

R (2 -3 )c 2

The l im i t in g  v a lu e  R -  Rc r e p r e s e n t s  th e  m in im a l o x y g e n - to - c a r b o n

r a t i o  f o r  com plete co n v e rs io n  o f  C to  CO by com bustion . T y p ic a lly ,  b

v a r ie s  from 0 .05  to  0 .2 .  Hence, 0.4<R < 0 .475 . When R > R , some o fc c
th e  c a rb o n  m u st b e  c o n v e r te d  to  I n  te rm s  o f  I s  a t  X” l> th e

d if f e r e n c e  betw een R and R becomes:c

When R < Rc> p a r t  o f  th e  carbon  must be c o n v e r te d  by th e  s te a m  r e a c ­

t i o n .  T h is  i s  p u re ly  a  s to ic h io m e tr ic  c o n s t r a in t  and i s  n o t dependent 

on how th e  p ro d u c t co m p o sitio n  was k i n e t i c a l l y  a c h ie v e d .  The oxygen  

r e a c t i n g  w ith  c o a l o r  c h a r a lm ost alw ays i n i t i a l l y  form s a  m ix tu re  o f  

CO2  and CO, and may a ls o  r e a c t  w ith  th e  hydrogen . The CO2  formed w i l l  

r e a c t  w ith  carbon  to  form CO, and CO w i l l  r e a c t  w ith  steam  to  form CÔ  

and H2 . F u rtherm ore , we can  ex p re ss  th e  in v a r i a n t  I g o f  E q u a tio n  (2 -  

2) i n  te rm s  o f  g a s  c o m p o s i t io n  o n ly  b y  c o m b in in g  i t  w ith  a  carbon  

b a la n c e  (se e  Appendix A ).

R - R c
I  - 1 - a /2

(2 -4 )2

(2 -5 )
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U sing  th e  S to ic h io m e t r i c  i n v a r i a n t ,  th e  C arb o n  C o n v e rs io n  c a n  be  

d e te rm in ed  from E quation  (2 -5 ) ,  y ie ld in g :

2A - + (b - £)
( 2 - 6 )2 - I s + a /2  - p

The c o ld  gas  e f f ic ie n c y  can  a lso  be de te rm in ed  from  E quation  (2 -5 ) as 

fo llo w s : th e  h ig h e r  h e a t in g  v a lu e s  o f  CO, Hg and CH^ a r e :  6 7 .6 ,  6 8 .3  

and  2 1 2 .8  K cal/gm ole, r e s p e c t iv e ly .  Hence, th e  HHV r a t i o  o f  ^ /C O  i s

1 .01  and 3 .15  f o r  CH^/CO. I f  we approxim ate th e  Hg/CO r a t i o  a s  1 .0 0  

we c a n  w r i t e  from  E q u a tio n  (2 -5 )  an e x p re s s io n  f o r  th e  c o ld  gas e f ­

f ic ie n c y  b ased  on e i t h e r  fe e d  co a l o r  c o n v e r t e d  c o a l .  N o rm a lly  th e  

te rm  c o n ta in in g  a  and & i s  n e g l ig ib ly  sm a ll, hence E quation  (2 -5 ) can 

be combined w ith  E quation  (2 -6 ) to  y ie ld :

A l te rn a t iv e ly ,  by s u b s t i tu t in g  fo r  I  from E q u a tio n  (2 -5 ) in to  (2 -7 ) :

I t  i s  a p p a r e n t  from  E q u a tio n  (2 -8 )  t h a t  th e  c o ld  gas e f f ic ie n c y  i s  

in v e rs e ly  p ro p o r t io n a l  to  th e  oxygen f e e d  a t  a  g iv e n  c a rb o n  c o n v e r ­

s i o n ;  i f  th e  a d d i t i o n  o f  AA oxygen does n o t  in c re a s e  th e  carbon 

c o n v e r s io n  by m ore th a n  AA, th e  c o l d  g a s  e f f i c i e n c y  d e c l i n e s .
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Cold Gas E f f ic ie n c y  == t/>.
(2A - a /2  + b ) » ( I g - 0.85*m)

(2 -7 )

Where rj>. i s  th e  HHV r a t i o  o f  CO to  c o a l ,  g iv e n  in  Appendix A

Cold Gas E ff ic ie n c y  =» ^ j(2 *  + a /2  - b - 2A - 0.85m) ( 2 - 8 )
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F u r th e rm o re , methane fo rm a tio n  (m) red u ces  th e  c o ld  gas e f f ic ie n c y  a t  

a  g iven  oxygen fe e d . The o n ly  way m ethane fo rm a tio n  can  in c r e a s e  th e  

c o ld  gas e f f ic ie n c y  i s  i f  i t  can  red u ce  th e  oxygen consum ption.

The s t o i c h i o m e t r i c  i n v a r i a n t  h a s  a s s i s t e d  i n  r e c o n c i l i n g  raw  and  

i n c o n s i s t e n t  PDU d a t a .  The carbon  c o n v e rs io n  can  be determ ined  from 

E quation  (2 -6 ) w ith o u t th e  n e e d  f o r  d i f f i c u l t  m e asu re m en ts  su ch  a s  

u n c o n v e r te d  c a rb o n ,  p ro d u c t gas f lo w ra te ,  o r  th e  steam  mole f r a c t io n  

in  th e  h o t  p ro d u c t g as . The m easurem ents n e e d e d  f o r  E q u a t io n  (2 -6 )  

a r e  r e l a t i v e l y  a c c u ra te :  I s i s  de term ined  from a  c o ld  GC, th e  oxygen- 

to -c a rb o n  r a t i o ,  A, from a gas flow m eter, and a ,  b ,  a ,  and /3 from co a l 

and ch a r sam ples.

F u r th e r ,  E quation  (2 -7 ) im p lie s  t h a t  th e  c o ld - g a s  e f f i c i e n c y  can  be  

de term ined  o n - l in e  from m easurem ent o f  th e  gas com p o sitio n , th e  oxygen 

fe e d  r a t e ,  and th e  c o a l co m p o sitio n . T h e re fo re , i t  may be u s e f u l  f o r  

p ro c e ss  c o n t ro l  and o p tim iz a tio n .
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CHAPTER THREE 
THERMODYNAMIC AND HEAT BALANCE CONSTRAINTS

The two c o n s t r a in t s  c o n s id e re d  h e re  a re  th e  thermodynamic e q u i l ib r iu m  

and th e  p ro c e ss  h e a t  b a la n c e . The form er stem s from th e  f a c t  th a t  th e  

f r e e  energy  change f o r  each  r e a c t io n  pathway h as  to  be n e g a t iv e .  The 

h e a t  b a lan ce  c o n s t r a in t  may p re v e n t c lo s e  approach  to  e q u ilib r iu m .

3 .1  THERMODYNAMIC EQUILIBRIUM

I n  n o n - id e a l  r e a c t o r s ,  such as th e  c u r r e n t ly  o p e ra t in g  f lu id iz e d -b e d  

p i l o t - p l a n t s  g a s i f i e r s  (2 -3  f t  d ia m e te r) ,  o p e ra t io n  i s  f a r  from  t h e r ­

modynamic e q u i lib r iu m . At b o th  p i l o t  p la n ts  th e  m ethane c o n c e n tra t io n  

i s  u s u a l ly  h ig h e r  th a n  g lo b a l  e q u i l i b r i u m  p e r m i t s ,  p r o b a b ly  due to  

d e v o l a t i l i z a t i o n ,  w h i le  th e  s team  g a s i f i c a t i o n  r e a c t i o n  h a s  a p ­

p ro x im a te ly  a 300-400°F approach  te m p e ra tu re . G lobal e q u i l ib r iu m  i s  

ach iev ed  when th r e e  in d ependen t r e a c t io n s  in v o lv in g  th e  s ix  components 

(CO, CO2 , H2 , HgO, CH^, c h a r )  a r e  e a c h  a t  e q u i l i b r i u m .  (M inor com­

p o n e n ts  su ch  a s  N itro g e n  and Sulphur a re  n o t c o n s id e re d .)  At a  g iven  

te m p e ra tu re , p r e s s u re ,  and carbon  co n v ers io n  t h i s  s ix  component, th re e  

elem ent system  i s  f u l l y  s p e c i f ie d ,  i . e . ,  th e  gas com po sitio n  i s  d e t e r ­

m ined  a s  w e l l  a s  th e  oxy g en  and  s te a m  r e q u i r e m e n t s .  The s y s te m  

s o l u t i o n  i s  o b ta in e d  by s im u l ta n e o u s ly  s o lv in g  th e  t h r e e  e lem en t 

b a la n c e s , th e  th r e e  e q u ilib r iu m  r e l a t i o n s ,  and th e  h e a t  b a la n c e  (seven  

n o n - l i n e a r ,  a l g e b r a i c  e q u a t i o n s ) .  A p s e u d o - e q u i l ib r iu m  c o n d itio n
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a r i s e s  when th e  s te a m -to -o x y g e n  r a t i o  i s  s p e c i f i e d ;  o n ly  two e q u i ­

lib r iu m  r e l a t i o n s  can  th e n  be in c lu d ed .

Two e q u ilib r iu m  g a s i f i e r  models a re  c o n s id e re d  and a re  shown sc h e m a ti­

c a l l y  in  F ig u re  3 -1 . A s in g le - s t a g e ,  p e r fe c tly -m ix e d  r e a c to r  fe d  w ith  

c o a l ,  steam , and oxygen, and  a  tw o - s ta g e  g a s i f i e r - d e v o l a t i l i z e r  i n  

w h ic h  th e  c o a l  i s  f e d  to  th e  d e v o l a t i l i z a t i o n  s ta g e  and th e  ch a r  i s  

fe d  to  th e  g a s if ic a tio n -c o m b u s tio n  s ta g e  w here  s te a m  an d  o x y g en  a r e  

a l s o  f e d .  B o th  s t a g e s  a re  p e r f e c t ly  mixed and th e  flow  betw een them 

i s  c o u n t e r - c u r r e n t . D e v o l a t i l i z a t i o n  d a t a  i s  ta k e n  fro m  S h a p ir a  

(1983).

G lobal e q u ilib r iu m  c o n s tr a in s  th e  gas c o m p o sitio n . F ig u r e  3 -2  shows 

th e  s p e c i e s  m ole f r a c t i o n  a s  a  fu n c tio n  o f  te m p era tu re  a t  230 p s ia .  

F ig u re  3-3 i s  a t  1000 p s ia .  The c o n d itio n s  chosen  f o r  th e s e  p lo t s  a re  

a  t y p i c a l  P i t t s b u r g h  # 8  c o a l (CHq 9 5 ) an<* steam  and oxygen fe e d

te m p e ra tu re  o f  500 °F . Therm odynam ically, h ig h  te m p e ra tu re s  fa v o r  th e  

endotherm ic g a s i f i c a t i o n  r e a c t io n s :

C + H20 = CO + H2 ^ (a sO C ) = +32‘2 [KCaVg’mol]

C + C02 = 2CO AH(250c) = +41.4

Low te m p e ra tu re s  fa v o r  th e  exo therm ic m ethane fo rm a tio n :

CO + 3H2 -  CH4 + H20 ^H(25°C) = ' 52 ' 4

and th e  w a te r-g a s  s h i f t :

CO + H20 = C02 +H2 AH(25°C) “  ' 9 ‘2

W-
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3.1.1 Oxygen requirements
The e q u i l i b r i u m  an d  p s e u d o -e q u il ib r iu m  oxygen re q u ire m en ts  p e r  con-

°2
v e r te d  carbon , R -  "g1̂  (m o la r) , a re  p lo t t e d  a g a i n s t  te m p e r a tu r e  a t  

90% c a rb o n  c o n v e r s io n  i n  F ig u re  3 -4 .  B oth  o n e -s ta g e  and tw o -s tag e  

m odels a re  shown and a re  la b e le d .

O xygen i s  re q u ire d  to  supp ly  th e  h e a t  o f  r e a c t io n  f o r  th e  endotherm ic 

g a s i f i c a t i o n  r e a c t io n s  and to  h e a t  th e  r e a c ta n ts  to  r e a c t o r  te m p e ra ­

t u r e .  I n  th e o r y ,  th e  p r o d u c t  g a s  c o u ld  be w ith d ra w n  a t  th e  same 

te m p era tu re  as th e  fe e d . In  p r a c t i c e ,  c o a l  i s  f e d  c o ld  and  p r o d u c t  

g as  le a v e s  a t  r e a c t o r  te m p e ra tu re . Steam and oxygen a re  u s u a l ly  fe d  

a t  te m p era tu re s  much low er th a n  th e  r e a c t o r 's .  We t h e r e f o r e  h av e  to  

su p p ly  th e  s e n s ib le  h e a t  d if f e r e n c e  by com bustion.

F ig u re s  3-2 and 3 -3  show t h a t  th e  s te a m  c o n v e r s io n  i n c r e a s e s  w i th  

t e m p e r a tu r e .  Hence, in  a o n e -s ta g e  g a s i f i e r ,  a h ig h  steam  co n v ers io n  

r e q u ir e s  a  h ig h  o p e ra t in g  te m p e ra tu re . B ut, a t  h ig h  te m p e ra tu re s  th e  

oxygen  r e q u ir e m e n ts  a r e  so  h ig h  t h a t  RC*R approaches ze ro  w hich im­

p l i e s  t h a t  th e  u s e fu l  steam  co n v e rs io n  approaches z e ro . To g e t u s e fu l  

steam  c o n v e rs io n  we need  to  m inim ize th e  s e n s ib le  h e a t  lo s s  to  th e  h o t 

p ro d u c ts .  T h is can  p a r t i a l l y  be  done by exch an g in g  h e a t  b e tw e e n  th e  

p r o d u c t  g as  and  th e  c o a l .  T h is  h e a t  exchange o ccu rs  in  moving-bed 

g a s i f i e r s .  I t  i s  n o t  s u r p r i s i n g  t h a t  m o v in g -b ed  g a s i f i e r s  a r e  th e  

o n ly  g a s i f i e r s  in  w hich la rg e  p o s i t iv e  v a lu e s  o f  RC*R and h ig h  u s e fu l  

steam  co n v ers io n s  have been  ach iev ed  in  p r a c t i c e .
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A f lu id iz e d - b e d  g a s i f i e r  cou ld  a ls o  ach iev e  s im i la r  r e s u l t s  to  moving- 

bed  g a s i f i e r s  p r o v id e d  t h e r e  i s  a  s e p a r a t e  d e v o l a t i l i z a t i o n  z o n e . 

E i t h e r  a  tw o - s ta g e  g a s i f i e r  o r  a  g a s i f i e r  w i th  a  f e e d in g  m ethod  

s im i la r  to  th e  HyGas would be needed. The h e a t  exchange o f  f r e s h  c o a l 

w ith  h o t  p ro d u c t gas h as  a n o th e r  e f f e c t :  th e  c o a l d e v o l a t i l i z e s .  T his 

d e c re a se s  th e  amount o f  ch ar th a t  h as  to  b e  g a s i f i e d .  Up to  25% o f  

th e  c a rb o n  c a n  d e v o l a t i l i z e  u n d e r  i n  an  a d ia b a t ic  d e v o l a t i l i z a t io n  

zone. The e f f e c t  o f  h e a t  exchange betw een p ro d u c ts  and f r e s h  c o a l  on 

th e  oxygen  c o n su m p tio n , R, and  on th e  steam  and oxygen p re p a ra t io n  

c o s t ,  E^, can  b e  s e e n  in  F ig u re  3 -4  and  3 -5 ,  c u rv e s  l a b e l e d  "Two- 

S ta g e ,  G lo b a l .” These v a lu es  o f  R and E^ pose a b s o lu te  c o n s t r a in t s  on 

th e  g a s i f i e r s .

3 .2  HEAT BALANCE

G a s i f ic a t io n  i s  a  n e t  endotherm ic r e a c t i o n  t h a t  o c c u r s  a t  h ig h  te m ­

p e r a tu r e s .  T h e re fo re , h e a t  must be s u p p lie d  a t  h ig h  te m p e ra tu re s . In  

m ost g a s i f i e r s  t h i s  h e a t  i s  s u p p l i e d  by  c o m b u s tio n  o f  c h a r  w i t h  

o x y g en . G a s i f i e r s  a re  th u s  h e a t  b a lan ce  c o n s tra in e d ; th e rm al lo s s e s  

from th e  u n i t  in c re a se  th e  oxygen req u irem en t and reduce th e  c o ld - g a s  

e f f i c i e n c y .  I n  p r a c t i c e ,  th e  am ount o f  oxygen  t h a t  n e e d s  to  be 

s u p p lie d  to  th e  g a s i f i e r  i s  s t i l l  h ig h e r  th a n  th a t  g iv en  in  F ig u re  3- 

4 . H ea t lo s s e s  can occur in  many ways: some a re  d i r e c t  lo s s e s  to  th e  

u n i t  th ro u g h  th e  w a lls  and by r a d ia t io n  to  th e  f r e e b o a r d ;  o t h e r s  a r e  

r e l a t e d  to  th e  p r o c e s s ,  such as  a re c y c le  o f  co o led  f in e s  to  th e  h o t  

g a s i f i e r ,  r e c y c le  o f  c o o l e d  g a s ,  a n d  e x c e s s  s te a m  ( a b o v e  t h e  

s t o i c h i o m e t r i c  r e q u ire m e n ts ) .  S t i l l  o th e rs  a re  a  d i r e c t  consequence

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

o f  th e  d es ig n  c o n f i g u r a t i o n .  An a d d i t i o n a l  d i s c u s s io n  a b o u t h e a t  

lo s s e s  i s  g iv en  in  C hapter S ix .

3 .2 .1  Excess Steam

T h e r e  a r e  a  n u m b e r o f  r e a s o n s  f o r  f e e d in g  e x c e s s  s te a m  to  th e  

g a s i f i e r .  Due to  f i n i t e  k in e t ic s  thermodynamic e q u ilib r iu m  c a n n o t be  

c l o s e l y  a p p ro a c h e d , and  e x c e s s  steam  m ust th e re fo re  be u sed . There 

a re  o th e r  re a s o n s , f o r  exam ple, in  a  D ry Ash L u r g i ,  e x c e s s  s te a m  i s  

u s e d  to  m a in ta in  th e  tem p era tu re  in  th e  com bustion zone below  th e  ash  

m e lt in g  t e m p e r a tu r e .  S i m i l a r l y ,  f l u i d i z e d - b e d  g a s i f i e r s  r e q u i r e  

d i l u t i o n  o f  oxygen  by  steam  to  reduce  th e  tem p era tu re  in  th e  combus­

t i o n  zone n e a r  th e  oxygen i n l e t .  Ash a g g lo m e ra t in g  g a s i f i e r s  f a c e  

a n o th e r  p ro b le m : th e  d e s ig n  o f  th e  a n n u la r  c l a s s i f i c a t i o n  bottom

r e q u ire s  la rg e  f lo w ra te  o f  steam  to  p re v e n t th e  l a r g e r  ch a r p a r t i c l e s  

from  f a l l i n g  th r o u g h .  T his i s  a  d e s ig n  problem  w hich i s  ex ac e rb a te d  

in  i t s  r e l a t i v e  im portance in  th e  p i l o t - p l a n t  b e c a u s e  th e  a sh  c l a s ­

s i f i c a t i o n  d e v ic e  a t  th e  b o tto m  h a s  a  minimum d ia m e te r  to  p re v e n t 

c lo g g in g ,  an d  r e q u i r e s  a  h ig h  s te a m  f lo w  to  m a in ta in  an  a s h - c h a r  

i n t e r f a c e  in d e p e n d e n t ly  o f  c o a l  f e e d  r a t e .  At th e  low th ro u g h p u ts  

e x p erien ced  in  th e  p i l o t  p la n ts  t h i s  r e s u l t s  in  a  h ig h  e x c e s s  s te a m - 

t o - c o a l  r a t i o .  T h is  s team  i s  a d d i t i o n a l  to  th e  s team  re q u ire d  to  

d i l u t e  th e  oxygen. The e x c e s s  s te a m  i n c r e a s e s  th e  o x y g e n - to - c o a l  

r a t i o  above th e  e q u i l ib r i u m  r e q u ir e m e n t  and  i s  in d e p en d en t o f  any 

k in e t i c  c o n s t r a in t s .

The KRW p i l o t  p l a n t  h a s  a s i m i l a r  p ro b le m , i t  a l s o  u se s  a  s im i la r  

c l a s s i f i c a t i o n  d ev ice  f o r  ash  s e p a ra t io n .  Only h e r e ,  r e c y c l e  g a s  i s
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u s e d  i n s t e a d  o f  s te a m . R ecycle gas i s  a l s o  u sed  as  a  t r a n s p o r ta t io n  

gas f o r  th e  c o a l ,  and steam  i s  u sed  to  d i l u t e  th e  oxygen  i n  th e  j e t .  

Use o f  r e c y c l e  g a s  in d e ed  reduces  th e  r e q u ire d  ex cess  steam , b u t ,  as 

w i l l  show l a t e r ,  i t  h as  a  d e tr im e n ta l k in e t i c  e f f e c t .  T h e rm a lly ,  i t  

le a d s  to  th e  same p e n a l ty :  in c re a s in g  oxygen req u ire m en ts .

In  F ig u re s  3-4  th e  im pact o f  ex cess  steam  on th e  oxygen req u irem en t o f  

a  s i n g l e  s ta g e  g a s i f i e r  i s  shown. The m olar s team -to -oxygen  r a t i o  i s  

f ix e d  a t  a  2 :1  and a t  4 :1 ,  which i s  in  ex cess  o f  th e  e q u ilib r iu m  steam  

req u irem en ts  above 1600°F and 1400°F, r e s p e c t iv e ly .  These cu rv es  show 

th a t  th e  added oxygen consum ption above th e  e q u ilib r iu m  demand due to  

e x c e s s  s te a m  c a n  b e  s u b s t a n t i a l ,  e s p e c i a l l y  a t  h ig h  te m p e ra tu re s  

(where e q u il ib r iu m  steam -to -oxygen  i s  low ). F ig u re  3-4  a l s o  g iv e s  R 

f o r  a  tw o -s ta g e  g a s i f i e r  w ith  f ix e d  steam  to  oxygen r a t i o  o f  4 :1 .  The 

im p a c t o f  th e  e x c e s s  s te a m  i s  s i m i l a r  t o  t h a t  o f  t h e  o n e - s t a g e  

g a s i f i e r  and becomes in c re a s in g ly  ta x in g  a t  h ig h e r  te m p e ra tu re s .

3 .2 .2  Skin  L osses

P i l o t  p l a n t s  in  p a r t i c u l a r ,  u n le s s  w e ll in s u la te d ,  lo s e  h e a t  from th e  

w a lls .  The h e a t  lo s s ,  w h ile  n o t e x c e s s iv e  (up  to  3% o f  th e  h e a t in g  

v a lu e  o f  th e  c o a l  i n  th e  KRW) , i n c r e a s e s  R in  a  m easurab le amount. 

F u rtherm ore , in  e a r l i e r  ru n s  th e  gas was quenched by a  w a te r  s p r a y  in  

th e  f re e b o a rd . T h is  in tro d u c e d  a  h e a t  lo s s  a t  heavy s o l id s  lo a d in g  in  

w hich th e re  i s  s i g n i f i c a n t  r e c i r c u l a t i o n  o f  th e  s o l id s  from th e  d i l u t e  

p h a se  b a c k  to  th e  b e d . A com m ercial g a s i f i e r  would be l e s s  su sc e p ­

t i b l e  to  t h i s  ty p e  o f  h e a t  lo s s  s in c e  i t s  s u r fa c e  a re a  to  volume r a t i o  

would be  s m a lle r .
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3 .2 .3  F in es  R ecycle

In  f lu id iz e d -b e d  g a s i f i e r s  f in e s  e l u t r i a t e  th ro u g h  th e  to p  and have to  

b e  r e c y c l e d .  B ecau se  i t  i s  h a r d  to  o p e r a t e  a  c y c lo n e  a t  common 

g a s i f i c a t i o n  te m p e r a tu r e s  due to  ash  d e p o s i t io n  p rob lem s, th e  f in e s  

have to  be  c o o le d . A la rg e  f in e s  c i r c u l a t i o n  r a t e  th e re f o r e  im poses a 

l a r g e  a d d i t i o n a l  h e a t  l o s s  w h ich  in c r e a s e s  th e  oxygen consum ption. 

T h e re fo re , th e re  i s  a  maximum f in e s  r e c i r c u l a t i o n  r a t e  f o r  w h ich  a  

g a s i f i e r  c a n  s t i l l  have an  a c c e p ta b le  v a lu e  o f  R. F in es  c i r c u la t io n  

i s  a  consequence o f  a  k in e t i c  problem  w hich w i l l  b e  d i s c u s s e d  i n  th e  

n e x t c h a p te r .

C onclu sions

O nly th e  S la g g e r ,  a  c o u n t e r c u r r e n t ,  m o v in g -b e d  g a s i f i e r ,  c lo s e ly  

approaches th e  thermodynamic l i m i t .  The oxygen consum ption e x h i b i t e d  

by f l u i d i z e d - b e d  g a s i f i e r s  p i l o t - p l a n t s  i s  much h ig h e r  th a n  th a t  

im posed by th e  thermodynamic e q u ilib r iu m  c o n s t r a i n t  f o r  a  s in g le - s ta g e  

g a s i f i e r .  H e a t l o s s e s  r e s u l t i n g  from  e x c e s s  s te a m , r e c y c l e - g a s ,  

r e c y c l e - f in e s , and s k in  lo s s e s  p a r t l y  e x p la in  th e  h ig h  oxygen consump­

t i o n .  F ig u r e  3 -4  a l s o  shows t h a t  th e  p s e u d o -e q u il ib r iu m  o p e ra tin g  

p o in t  f o r  th e  KRW p i l o t - p l a n t  which acco u n ts  f o r  a l l  t h e  h e a t  l o s s e s  

i s  b e lo w  t h a t  e x h i b i t e d  by  th e  a c t u a l  p i l o t - p l a n t .  Hence, a t  th e  

o p e ra t in g  te m p e ra tu re s  ran g e  o f  f lu id iz e d -b e d  g a s i f i e r s  k i n e t i c  c o n ­

s t r a i n t s  m u st a c c o u n t  f o r  th e  s t i l l  h ig h e r  oxygen consum ption. We 

w i l l  d is c u s s  th e se  c o n s t r a in ts  in  th e  n e x t c h a p te r .
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Figure 3-1 Schematic Representation of Gasifiers
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CHAPTER POOR 
KINETIC CONSTRAINTS AND MODEL DEVELOPMENT

I t  h a d  becom e a p p a r e n t  t h a t  a  k i n e t i c  m odel w ou ld  be e s s e n t i a l  to  

f u r th e r  u n d e rs ta n d  th e  o p e ra t in g  ran g e  and  p e r fo rm a n c e  p o t e n t i a l  o f  

f lu id iz e d -b e d  g a s i f i e r s .  I n  t h i s  c h a p te r  we d e s c r ib e  th e  approach  and 

th e  developm ent o f  such a  m odel b a s e d  on th e  a n a l y s i s  o f  PDU d a t a ,  

a long  w ith  th e  c o n c lu sio n s  drawn from th e  thermodynamic model.

M athem atical m odeling o f  c o a l co n v e rs io n  system s t h a t  in c lu d e  com bus­

t i o n ,  g a s i f i c a t i o n ,  and  com plex  r e a c to r  hydrodynam ics, r e q u ir e s  th e  

i n c l u s i o n  o f  q u a n t i t a t i v e  d e s c r i p t i o n s  o f  p h y s i c a l  and  c h e m ic a l  

p r o c e s s e s  t h a t  a r e  o n ly  p a r t l y  u n d e r s to o d .  A l i t e r a t u r e  rev iew  o f 

p re v io u s  m odeling  a t t e m p ts  ( s e e ,  f o r  a x am p le , Caram and  Amundson, 

1978; Punwani e t  a l . ,  1974; Neogi e t  a l . ,  1986; B lake and L is s ,  1985), 

h a s  s u g g e s te d  t h a t  a  " F i r s t  P r i n c i p l e s "  m odel i s  b ey o n d  c u r r e n t  

c a p a b i l i t i e s .  The tw o-phase tre a tm e n t o f  a  f lu id iz e d -b e d  r e q u ir e s  th e  

s im u ltan eo u s  s o l u t i o n  o f  15 d i f f e r e n t i a l  e q u a t io n s  ( n o t  in c lu d in g  

e l u t r i a t i o n  and ash  rem oval) . Such a  co m plex ity  le v e l  seems too  h ig h  

fo r  a v a i la b le  d a ta  accu racy .

Our a p p ro a c h  i s  to  a d h e re  to  s i m p l i f i e d  m o d e lin g  a s  d e s c r ib e d  by 

S h innar (1978) . He d e s c r ib e s  a model as  "a  way to  d e s c r ib e  a  com plex  

sy s te m  b y  a  more sim ple one, which c o n ta in s  th e  e s s e n t i a l  f e a tu r e s  o f  

th e  t r u e  sy s te m ,"  and  m o d e lin g  a s  "a  m ethod  to  t r a n s l a t e  e x i s t i n g  

in f o r m a t io n  an d  d a t a  to  u s e fu l  p r e d ic t io n s  f o r  new c o n d i t io n s ."  One 

o f  th e  e s s e n t i a l  f e a t u r e s  f o r  m o d e lin g , s u p p o r te d  by  c o n c lu s io n s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



re a c h e d  by  th e  ab ove  m e n tio n e d  m odeling s tu d ie s ,  was th e  need f o r  a 

complex, lumped k in e t i c  e x p re s s io n  t h a t  p ro p e r ly  p r e d ic ts  th e  e f f e c t s  

o f  t e m p e r a tu r e ,  p r e s s u r e ,  co n v ers io n , and gas com position  on th e  n e t  

g a s i f i c a t i o n  r a t e .

A l i t e r a t u r e  rev iew  a ls o  p o in ts  o u t th a t  p r e c is e  hydrodynamic m odeling 

th a t  in c lu d e s  i n t e r p a r t i c l e  t r a n s p o r t  e f f e c t s  and  f e e d  p a r t i c l e  s i z e  

d i s t r i b u t i o n  i s  n o t  an e s s e n t i a l  f e a tu r e  f o r  f lu id iz e d -b e d  g a s i f i c a ­

t i o n  m odeling. Caram and Amundson (1978) have compared th e  D av id so n - 

H a r r i s o n  f l u i d i z e d - b e d  model r e s u l t s  w ith  th e  K u n ii-L ev en sp ie l model 

( in  n o n -s lu g g in g  regim e) and w ith  a  w ell-m ixed  r e a c to r ,  and have shown 

o n ly  m in o r d i f f e r e n c e s  b e tw e e n  them  t h a t  depended m ain ly  on v a lu e s  

chosen  f o r  t h e i r  a d j u s t a b l e  p a r a m e te r s  ( a s  s i z e  o f  c lo u d  wake o r  

exchange c o e f f i c i e n t ) . These d if f e re n c e s  a re  ex p ec ted  to  rem ain sm all 

and in s ig n i f i c a n t  a s  long  as  gas co n v ers io n s  a re  below 80% (W irges and 

Shah, 1976). In  f lu id iz e d -b e d  g a s i f i c a t i o n  gas co n v ers io n s  a re  n e a r ly  

always below  60%.

The e f f e c t  o f  fe e d  p a r t i c l e  s iz e  d i s t r i b u t io n  a ls o  seems n o t to  be  an 

e s s e n t i a l  m odeling f e a tu r e .  Caram and Amundson have in v e s t i g a t e d  th e  

e f f e c t  and  c o n c lu d e d : " I n c lu s io n  o f  th e  e f f e c t s  o f  re s id e n c e  tim e 

d i s t r i b u t io n ,  d e n s i ty  e v o lu t io n  o f  th e  c h a r ,  and  a g g lo m e ra t in g  and 

n o n -a g g lo m e ra t in g  com bustion  in d ic a te s  no m ajor changes w ith  re s p e c t  

to  th e  o r ig in a l  c a l c u la t io n s . . . . "

Numerous s tu d ie s  o f  c o a l and ch ar com bustion have been  re p o r te d  in  the  

l i t e r a t u r e  (s e e , fo r  exam ple, rev iew s by Smoot and P r a t t  (1979), Smoot
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an d  S m ith  (1 9 8 5 ) , LaNauze (1985 ) . F o r t h i s  m odeling  e f f o r t  i t  was 

im p o rtan t to  a s s e s s  th e  r e l a t i v e  im portance o f  two com bustion e f f e c t s ,  

th e  r e l a t i v e  r a t e s  o f  c o m b u s tio n  and g a s i f i c a t i o n  and th e  e x te n t  o f  

com bustion ( th e  s l a t e  o f  com bustion p r o d u c ts ) .

4 .1  LUMPED KINETIC GASIFICATION RATE EXPRESSION

G a s i f i c a t i o n  r a t e s  a r e  com plex  f u n c t i o n s  o f  th e  t im e - t e m p e r a tu r e  

h i s to r y  o f  th e  c h a r  p a r t i c l e ,  c o a l p r o p e r t i e s  (p o re  s iz e  d i s t r i b u t i o n ,  

m in e ra l c o n te n t ,  s w e llin g  and cak ing  c h a r a c t e r i s t i c s ,  e t c . ) ,  an d  o f  

th e  g a s i f i c a t i o n  en v ironm en t. I t  i s  th e  e f f e c t  o f  th e  c h a r 's  tim e- 

te m p era tu re  h i s t o r y  ( h e a t in g  r a t e ,  d e v o l a t i l i z a t i o n  e n v iro n m e n t ,  

maximum d e v o l a t i l i z a t i o n  te m p e ra tu re , and tim e a t  maximum te m p era tu re )  

w h ich  m akes a c c u r a t e  k i n e t i c  r e a c t i v i t y  p r e d i c t i o n s  b a s e d  on  

l a b o r a t o r y  e x p e r im e n ts  d i f f i c u l t .  The r e a c t i v i t y  o f  th e  c o n v e rte d  

c h a r  i s  dependent on th e  ash  p r o p e r t i e s  s in c e  some ash  com ponents a r e  

c a t a l y s t s  f o r  th e  g a s i f i c a t i o n  r e a c t io n s .  In  g e n e ra l ,  r e a c t i v i t y  i s  

in v e rs e ly  r e l a t e d  to  th e  ran k  o f  th e  c o a l .  Subbitum inous c o a l s  y i e l d  

m ore r e a c t i v e  c h a r s  th a n  b itum inous c o a ls .  For a  s p e c i f i c  c h a r , th e  

m ost im p o rtan t p a ram ete rs  a f f e c t in g  th e  g a s i f i c a t i o n  r a t e  a r e : tem ­

p e r a tu r e ,  c o n v e rs io n , p r e s s u re ,  and gas co m p o sitio n .

Muhlen e t  a l .  (1985) developed  a  lumped k in e t i c  e x p re s s io n  d e s c r i b i n g  

th e  g a s i f i c a t i o n  r a t e  a s :

Rs -  IKX.T)*A(Pi ,T) (4 -1 )
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w here x  i s  th e  carbon  c o n v e rs io n  o f  th e  c h a r , T i s  th e  r e a c to r  tem­

p e r a tu r e ,  and a re  th e  p a r t i a l  p re s s u re s  o f  th e  m a in  com ponents o f  

th e  r e a c to r  gas (COg, HgO, CO, Hg).

The fu n c tio n  A(P^,T) has th e  form:

The g a s i f i c a t i o n  p r o d u c ts  a p p e a r  i n  th e  r a t e  e x p re s s io n  s in c e  th ey  

adso rb  a t  th e  s u r fa c e ,  in h ib i t i n g  th e  r e a c t io n .

i£(x,T) h a s  th e  form:

Where g (x ) i s  an a t te n u a t in g  fu n c tio n  in  th e  range  o f  ze ro  to  one th a t  

acc o u n ts  f o r  th e  r a p id  d e c l in e  o f  th e  r a t e  a t  h ig h  c o n v e r s io n s .  The 

r a t e  e x p r e s s io n  i s  o f  th e  L angm uir ty p e ,  and i s  s im i la r  in  form to  

th a t  p u b lish e d  by Johnson (1974).

C a u t io n  i s  recom m ended i n  u s in g  th e  k i n e t i c  e x p r e s s io n  g iv e n  in  

E q u a tio n  (4 -3 ) ,  d e s p i te  th e  f a c t  t h a t  th e  e x p re s s io n  was developed  v ia  

a  s e r i e s  o f  c a r e f u l l y  d e v i s e d  e x p e r im e n ts  on a  T herm o-G ravim etric- 

A n a ly z e r (TGA) u n d e r  r e d u c in g  c o n d i t i o n s .  I t  was p o in t e d  o u t  by 

S q u ir e s  (1 9 7 3 ) t h a t  th e  c h a r 's  s u r fa c e  r e a c t i v i t y  i s  a f f e c te d  by the  

s u r r o u n d in g  a tm o sp h e re  (w h e th e r  o x i d i z i n g  o r  r e d u c i n g )  . I n  a

A(Pr T)
r l PC02  + r 8PC0 2  + r 9PH20 + r l l PH20

1 + r„ P2 COC02  + r 3PCO + r 10PH20

(4-2 )

1KX,T) -  E X P [ '|* - ] .g (x ) (4 -3 )
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f l u i d i z e d - b e d  g a s i f i e r ,  ch a r may c i r c u l a t e  betw een th e  o x id iz in g  and 

r e d u c in g  z o n e s  an d  h e n c e  ch an g e  i t s  s u r f a c e  r e a c t i v i t y  from  t h a t  

p r e d i c t e d  by  a  TGA. M oreover, i t  was shown by Baker (1985) th a t  th e  

p rim ary  g a s i f i c a t i o n  r e a c t io n  mechanism i s  te m p era tu re  d e p e n d e n t. A t 

h ig h e r  t e m p e r a tu r e s  a  m echanism  sw itc h  o ccu rs  from 'A c t iv e - S i te ' to  

'C h a n n e lin g ' o r  edge r e c e s s io n .  The form  o f  th e  k in e t i c  e x p re s s io n  i s  

p ro b ab ly  d i f f e r e n t  f o r  th e se  two mechanism.

The e f f e c t  o f  Carbon co n v e rs io n  on th e  g a s i f i c a t i o n  r a t e  i s  com p lex . 

Some f i n e s  t h a t  form  by s t r u c t u r a l  d i s in t e g r a t i o n  o f  h ig h ly  co n v erted  

p a r t i c l e s  have low r e a c t i v i t y .  Many f in e  carbon  p a r t i c l e s  ( s o o t )  may 

a l s o  fo rm  d u r in g  d e v o l a t i l i z a t i o n ,  e s p e c i a l l y  u n d e r  r a p id  h e a t in g  

r a t e s .  These f in e s  e l u t r i a t e  r e a d i ly  and some may be to o  sm all to  be 

c a p tu r e d  by  c y c l o n e s . The r a t e s  and  c a u s e s  o f  f in e s  fo rm a tio n  and 

r e a c t i v i t y  have r e c e iv e d  v e ry  l i t t l e  r e s e a r c h  a t t e n t i o n  d e s p i t e  th e  

f a c t  t h a t  t h e y  c a u s e  som e o f  t h e  m o s t d i f f i c u l t  p ro b le m s  in  

f lu id iz e d -b e d  c o a l g a s i f i e r s .  There i s  v e ry  l i t t l e  r e l i a b l e  d a t a  on 

th e  f o r m a t io n  and  r e a c t i v i t y  o f  f in e s  and s o o t .  F in es  make i t  d i f ­

f i c u l t  to  a c h ie v e  h ig h  c o n v e r s io n  in  a  s i n g l e - s t a g e  f l u i d i z e d - b e d  

g a s i f i e r .

The dependence o f  th e  g a s i f i c a t i o n  r a t e  on carbon  co n v e rs io n  acco rd in g  

to  E quation  4-3  i s  g iv e n  in  F ig u re  4 -1 . A t h ig h  co n v e rs io n s  th e  r a t e  

d ro p s s i g n i f i c a n t l y .  The r a t e  d e p e n d e n c e  on c o n v e r s io n  p ro b a b ly  

f l a t t e n s  o u t  a t  v e r y  h ig h  c o n v e rs io n s , b u t ,  a g a in , no r e l i a b l e  d a ta  

a re  a v a i la b le .
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4 .2  EFFECT OF PROCESS PARAMETERS ON GASIFICATION RATE
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In  t h i s  s e c t io n  we examine th e  dependence o f  th e  g a s i f i c a t i o n  r a t e  on 

th e  t o t a l  p re s s u re ,  te m p e ra tu re , and steam  p a r t i a l  p re s s u re .

4 .2 .1  T o ta l P re s su re

The p r e s s u r e  d ep en d e n ce  i s  shown in  F ig u re  4 -2  a t  1500°F and 1800°F 

( f o r  E a s te rn  c o a l ,  90% c o n v e rs io n , and t y p i c a l  s y n g a s  c o m p o s i t io n )  . 

A t low  p r e s s u r e s  (b e lo w  50 p s i a )  th e  r a t e  i n c r e a s e s  r a p i d l y  w ith  

p re s s u re .  At h ig h e r  p re s s u re s  th e  in c re a s e s  i s  slow er b e c a u se  o f  th e  

in c re a s in g ly  s tro n g e r  e f f e c t  o f  th e  denom inator in  E qu a tio n  4 -2 .

The p re s s u re  dependence o f  th e  r a t e  i s  im p o r ta n t  i n  a  f l u i d i z e d - b e d  

g a s i f i e r  w here  th e  l i n e a r  v e l o c i t y  i s  c o n s tr a in e d  w ith in  a  narrow  

ran g e . The o p e ra b le  range i s  b e tw e e n  0 .5  and  3 f t / s e c ,  p r e f e r a b l y  

n e a r  th e  lo w e r en d  (1  to  1 .5  f t / s e c ) .  I f  th e  p re s s u re  i s  in c re a s e d  

f i v e f o l d  a t  c o n s t a n t  l i n e a r  v e l o c i t y ,  th e  th r o u g h p u t  c a n  a l s o  be 

i n c r e a s e d  n e a r l y  f i v e f o l d .  H ow ever, th e  g a s i f i c a t i o n  r a t e  o n ly  

d o u b le s  ( a p p r o x i m a t e  n u m b e r s ) .  T h e r e f o r e ,  T he p e r f o r m a n c e  

( c o n v e r s io n ,  c o ld  g a s  e f f i c i e n c y )  o f  a h ig h  p re s s u re  f lu id iz e d -b e d  

g a s i f i e r  i s  w orse th a n  th a t  o f  a  low er p re s s u re  one. T h is b r in g  abou t 

an  im p o r ta n t  p o i n t  i n  f l u i d i z e d - b e d  d e s ig n :  I t  i s  h a rd  to  p r e d ic t

perform ance o f  a h ig h  p re s s u re  com m ercial s iz e  bed  from a  lo w e r  p r e s ­

s u r e  p i l o t  p l a n t ,  even  when a s s i s t e d  by la rg e  c o ld  flow  m odels, th e  

hydrodynam ic e f f i c i e n c y  o f  a  f l u i d i z e d - b e d ,  a  f a c t o r  d i f f i c u l t  to  

p r e d i c t ,  may ch an g e  w ith  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  f lu i d iz a t io n
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reg im e, c lu s te r in g ,  e t c . ,  a l l  may depend on p re s s u re .  For t h i s  re a so n  

th e  o n ly  s a fe  sca le u p  r a t i o  i s  1 : 1 .

From a k in e t i c  p o in t  o f  view , i t  i s  b e n e f i c ia l  to  o p e ra te  a  f lu id iz e d -  

b e d  a t  lo w  p r e s s u r e s .  H ow ever, m ost a p p l i c a t i o n s  r e q u i r e  h ig h  

p re s s u re  because  i t  i s  p r o h ib i t iv e ly  expensive  to  com press th e  p ro d u c t 

gas  o v e r  a l a r g e  p r e s s u r e  r a t i o .  The n o n lin e a r  p re s s u re  dependence 

makes i t  d i f f i c u l t  to  p r e d ic t  th e  b eh av io r  o f  a  g a s i f i e r  a t  p r e s s u r e s  

h ig h e r  th a n  ex p erien ced  in  th e  p i l o t  p la n t .

4 .2 .2  Tem perature

R eac tio n  r a t e s  s t ro n g ly  in c re a s e  w ith  tem p era tu re  (see  F ig u re s  4 -2  and

4 -3 ) .  The r a t e  e q u a tio n  g iv e n  in  E q u a t io n  4 -1  i s  p r o b a b ly  n o t  a p ­

p l i c a b l e  p a s t  2000°F . B u t, no one h as  y e t  o p e ra te d  a  f lu id iz e d -b e d  

g a s i f i e r  a t  tem p era tu res  much h ig h e r  th a n  2000°F.

F ig u r e s  4 -2  an d  4 -3  a l lo w  u s  to  g e t  an  approx im ate e s t im a te  o f  th e

tem p era tu re  re q u ire d  to  g a s ify  c o a l in  a f lu id iz e d -b e d .  We n o te  from

c u rv e  A o f  F ig u re  4 -3  t h a t  a t  1800°F  th e  r a t e  i s  0 .0 1 5  min ^ (0 .9

h r* ^ ) , and 0 .061 m in ^ ( 3 .6 6  h r " ^ )  a t  2000°F . Thus th e  h o ld u p  a t

1800°F would have to  be 1 .1  lb  o f  carbon  fo r  each lb / h r  o f  ca rbon  fe d .

At 2000°F th e  holdup would be 0 .27  l b / ( l b / h r ) .  I f  we assume a  common
3

b ed  d e n s i t y  o f  20 l b / f t  , a  dense bed h e ig h t o f  40 f e e t ,  and a  carbon

w eigh t f r a c t io n  in  th e  bed o f  30%, th en  th e  bed  would c o n ta in

20*40*0.3=240 ["'b c*rb o n ] 
f t Z
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At 1800°F  th e  re q u ire d  carbon  holdup i s  1 .1  l b / l b * h r , th e  carbon
2

f e e d r a t e  i s  th e n :  2 4 0 /1 .1  -  218 l b / h r « f t  . For a  te n  f t  d iam ete r

bed , th e  carb o n  f e e d ra te  i s  218*»r*5«5-17113 lb  C /h r .  T h ese  r e s u l t s  

approx im ate r e s u l t s  a r e  n o t averag ed  f o r  co n v e rs io n .

4 .2 .3  Steam P a r t i a l  P re s su re

The g a s i f i c a t i o n  r a t e  g iv e n  in  E quation  4 -1  i s  gas com po sitio n  depend­

e n t ,  as shown in  E qu a tio n  4 -2 . To i l l u s t r a t e  th e  e f f e c t  o f  th e  g as  

c o m p o s i t io n  on th e  r a t e  we p l o t  in  F ig u re  3-4  th e  s p e c i f i c  g a s i f i c a ­

t i o n  r a t e ,  Rg , as a  fu n c tio n  o f  th e  steam  p a r t i a l  p re s s u re  a t  c o n s ta n t 

t o t a l  p re s s u re  o f  230 p s ia ,  and a  carbon  co n v e rs io n  o f  0 .9 .

KRW u ses  r e c y c le  gas in  th e  ann u lu s  to  m a in ta in  c h a r - a s h  i n t e r f a c e ,  

an d  a s  t r a n s p o r t a t i o n  gas f o r  th e  c o a l .  The c o n se q u e n tia l r e d u c t io n  

in  th e  steam  p a r t i a l  p re s s u re  i s  k i n e t i c a l l y  d e t r i m e n t a l  an d  i s  i l ­

l u s t r a t e d  by th e  fo llo w in g  c a lc u la t io n :  At 1800°F and a t  a  steam  mole 

f r a c t i o n  o f  0 .6 ,  Rg e q u a ls  0 .020  (min ^ ) ; a t  a  steam  mole f r a c t i o n  o f

0 .2 ,  R e q u a ls  0 .0044 (min ^ ) , , a  4 .5  f o ld  d ec re a se ! s

4 .3  COAL/CHAR COMBUSTION

S u b s ta n t ia l  amount o f  r e s e a r c h  abou t c o a l and ch a r com bustion has  been 

r e p o r t e d .  A good r e c e n t  r e v ie w  i s  g iv e n  by  LaNauze (1 9 8 5 ) .  The 

c o m b u s tio n  o f  f r e s h  c o a l i s  a  complex phenomenon o f  s e r i e s  and p a r a l ­

l e l  r e a c t io n s  which o ccu r i n  th e  gas p h a s e  (h o m o g en o u sly ) a n d /o r  on 

th e  c h a r  s u r fa c e  (h e te ro g e n e o u s ly ) . For m odeling, i t  i s  im p o rtan t to  

de te rm in e  w hether th e  ch a r o r  v o l a t i l e s  c o m b u s tio n  r a t e  i s  o f  e q u a l
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o r d e r  o f  m a g n itu d e  to  g a s i f i c a t i o n  and  th e r e f o r e  r e q u ire s  a  p ro p e r 

k i n e t i c  m odeling . I t  i s  a l s o  im p o r ta n t  to  d e te rm in e  th e  e x t e n t  o f  

c h a r  com bustion, i . e .  th e  com bustion co n v e rs io n .

W alker e t  a l .  (1959) e s tim a te d  th e  r e l a t i v e  r e a c t io n  r a t e s  o f  c h a r  a t  

1073°K (1471 °F) and 10 KPa p re s s u re :

Hydrogen G a s if ic a t io n [C +

CC> 2  G a s i f ic a t io n [C +

Steam G a s if ic a t io n [C +

Char Combustion [C +

R e l a t i v e  R a t e  

2H2  - ->  CH4 ] 3*10 ' 3

C02  - ->  2CO] 1

H20 -->  CO + H2 ] 3

° 2  - ->  C02 ] 10 5

They c o n c lu d e d  t h a t  " R a te s  f o r  H2 , COg, and H20 [ g a s i f ic a t io n ]  w i l l  

s t i l l  rem ain  r e l a t i v e l y  u n im p o rtan t as long  as  c o m p a ra b le  c o n c e n t r a ­

t i o n s  o f  oxygen  a r e  p r e s e n t . "  B a tc h e ld e r  e t  a l .  (1953) c a lc u la te d  

t h a t  th e  o x ygen  i s  e s s e n t i a l l y  consum ed i n  a b o u t  1 0  m sec a t  t h e  

g a s i f i c a t i o n  te m p e r a tu r e s  e n c o u n te re d  in  a p u lv e r iz e d -c o a l  r e a c to r .  

Based on t h i s  ev idence  we h a v e  d e c id e d  to  t r e a t  c h a r  c o m b u s tio n  a s  

in s ta n ta n e o u s .

E v a lu a tio n  o f  th e  com bustion co n v e rs io n  has p ro v en  to  b e  a  more d i f ­

f i c u l t  t a s k .  F i r s t ,  i t  was im p o rtan t to  d e te rm in e  w hether f r e s h  c o a l 

t h a t  i s  fe d  in to  th e  com bustion zone (a s  in  th e  KRW d es ig n ) d e v o la t i l -  

i z e s  w i t h i n  th e  com b u stio n  zone, and w hether th e  em anating v o l a t i l e s  

com bust p r e f e r e n t i a l l y  to  th e  c h a r .  S eco n d , i t  was im p o r ta n t  to

     — •
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d e te rm in e  th e  c o m b u s tio n  p r o d u c ts ,  in  p a r t i c u l a r  th e  r a t i o  o f  CO to  

CO2  a t  th e  com bustion zone o u t l e t .

V o lum inous re s e a rc h  d a ta  on c o a l d e v o l a t i l i z a t i o n  e x i s t s  (se e  rev iew s 

by G avalas (1982), Solomon (1980), and Anthony and Howard (1 9 7 6 )) . I t  

i s  commonly ag reed  th a t  when c o a l i s  exposed to  oxygen, d e v o l a t i l i z a ­

t i o n  b e g in s  b e f o r e  s u r f a c e  i g n i t i o n ,  a n d  t h a t  th e  c h a r a c t e r i s t i c  

d e v o l a t i l i z a t i o n  tim e  c a n  b e  o f  th e  same o rd e r  o f  m agnitude as  ch a r 

com bustion , e s p e c ia l ly  f o r  sm all p a r t i c l e s  under h ig h  h e a t in g  r a t e s ,  

a t  h ig h  te m p e ra tu re s . V o la t i le s  em erging from th e  c o a l p a r t i c l e s  have 

been  shown to  form j e t - l i k e  c lo u d s t h a t  le a v e  s o o t  t r a i l s  (S e e k e r  e t  

a l . , 1 9 8 1 ) . Each o f  th e s e  v o l a t i l e  c lo u d s  form s a  d i f f u s io n  flam e 

w ith  th e  o x id iz in g  g as .

The h e te ro g e n e o u s  char-Og r e a c t io n  was shown by A rth u r (1951) to  form 

CO and COg a cc o rd in g  to  th e  e x p re s s io n :

C0/C02-2500*EXP[-6240/Tj (4 -4 )

f o r  730 °K < T > 1170 °K (m olar r a t i o )

S im i l a r  r e s u l t s  were o b ta in e d  by R ossberg  (1956) f o r  a  w ider tem pera­

tu r e  ran g e . A t th e  com bustion  zone te m p e r a tu r e  o f  a f l u i d i z e d - b e d  

g a s i f i e r  t h i s  r a t i o  would be la r g e r  th a n  F o r ty . But A r th u r 's  e x p e r i ­

m ents m easured on ly  th e  h e te ro g n e o u s  r e a c t i o n  p r o d u c ts  (hom ogenous 

r e a c t i o n s  were in h ib i te d  by r a d ic a l  s c a v e n g e rs ) . A p p aren tly , depend­

in g  on te m p e r a tu r e ,  p a r t i c l e  s i z e ,  and  oxygen  c o n c e n t r a t i o n ,  th e
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c o m b u s tio n  i s  d i f f u s io n  dom inated, and f u r th e r  o x id a tio n  o f  CO o ccu rs  

w ith in  th e  boundary la y e r .

The i n t e r a c t i o n s  and  c o m p le x ity  o f  th e  dom inating  p h y sico -ch em ica l 

phenomena makes i t  a p p a r e n t  t h a t  a  r ig o r o u s  t r e a tm e n t  o f  v o l a t i l e  

e v o l u t i o n  a n d  c o m b u s t io n  i s  n o t  a  r e a l i s t i c  e x p e c t a t i o n  i n  

h e te ro g en eo u s tu rb u le n t  flow  in v o lv in g  h u n d re d s  o f  c h e m ic a l s p e c ie s  

and r e a c t io n s .

M oreover, s tu d ie s  by S o tirc h o s  and Amundson (1984), Bakur and Amundson 

(1 9 8 1 ) ,  Von F r e d e r s d o r f  and  E l l i o t  (1 9 6 3 ) ,  B a tc h e ld e r  (1953), and 

o th e r s ,  have shown th a t  i t  i s  n e a r ly  im p o ssib le  to  p r e d ic t  th e  C0 /CC> 2  

r a t i o  i n  O g -c h a r com bustion  due to  th e  com plex ity  o f  th e  d i f f u s io n a l  

e f f e c t s  a t  tem p era tu re s  above 1000°K.

T h e re fo re , we have d ec id ed  to  assume in  our model a  m olar CO/CO2  r a t i o  

o f  u n i ty  b ased  on s im i la r  assum ptions made by S o t i r c h o s  and  Amundson 

(1 9 8 4 ) and  Yoon e t  a l .  (1 9 7 8 ) .  I n  c h a p te r  F iv e  we w i l l  t e s t  th e  

s e n s i t i v i t y  o f  th e  model r e s u l t s  to  t h i s  assum ption .

4 .4  SHIFT EQUILIBRIUM

The homogenous w a te r - g a s  s h i f t  r e a c t i o n  [CO + HgO = COg + Hg] i s  

known to  b e  f a s t  enough to  ach iev e  p se u d o -e q u ilib riu m  c o n c e n tra tio n s  

under g a s i f i c a t i o n  c o n d itio n s .  M oreover, i t  i s  known t h a t  th e  r e a c ­

t i o n  i s  c a t a ly z e d  by s o l id  s u rfa c e s  and m in era l e lem ents in  th e  co a l 

ash  (Von F r e d e r s d o r f  and  E l l i o t ,  1963 ; E rgun  and  M e n ts e r , 1 9 6 5 ) .
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R e c e n t ly ,  R h in e h a r t  e t  a l . (1 9 8 7 ) r e p o r te d  a d d i t io n a l  e x p e rim en ta l 

v e r i f i c a t i o n  f o r  w a te r - g a s  s h i f t  e q u i l ib r i u m  u s in g  a  1 0 0  p s i g ,  6 " 

v e r s i o n  o f  th e  IGT U-Gas g a s i f i e r  which i s  o p e ra te d  a t  N orth  C a ro lin a  

S ta te  U n iv e rs i ty  in  R a le ig h . I n  o u r  m odel we assum e th e  w a te r - g a s  

s h i f t  r e a c t io n  to  be a t  chem ical e q u ilib r iu m  a t  g a s i f i e r  c o n d it io n s .

4 .5  ASH AGGLOMERATION

IGT (1982) h a s  shown th a t  ag g lo m era tio n  r a t e s  (o f  polym er b eads) a re  

e x p o n e n tia l ly  dependent on te m p e ra tu re , l i n e a r ly  on ash  c o n c e n tra t io n , 

an d  l i n e a r l y  on p a r t i c l e  re s id e n c e  tim e in  th e  j e t .  Hence, low ering  

o f  th e  f la m e  t e m p e r a t u r e  ( s t i l l  a b o v e  t h e  i n i t i a l  s i n t e r i n g  

te m p e r a tu r e )  i s ,  in  p a r t ,  a s e l f - c o r r e c t in g  s i t u a t i o n  s in c e  th e  low er 

agg lo m era tio n  r a t e  w i l l  in c re a s e  th e  bed  ash  c o n te n t and c o n s e q u e n t ly  

in c r e a s e  th e  ag g lo m era tio n  r a t e .  A com bustion zone te m p era tu re  below  

th e  i n i t i a l  s in te r in g  tem p era tu re  w i l l  n o t produce any ash  a g g lo m e ra ­

t io n ,  and a  s te a d y - s ta te  i s  n o t a c h ie v a b le .

The n o t io n  t h a t  a s h  a g g lo m e ra t io n  o c c u r s  i n  th e  h ig h  te m p e r a tu r e  

c e n t r a l  j e t  and ab o u t i t s  b o u n d arie s  can be deduced from s tu d ie s  done 

on th e  I g n i f l u i d  b o i l e r  i n  F ra n c e .  Y eru sh a lm y  e t  a l .  (1 9 7 5 ) and  

K olodney  e t  a l .  (1976) have shown th a t  s in t e r in g  o f  Ferrous-Alum inum - 

S i l i c a t e s  and o th e r  common c o a l ash  e u t e c t i c s  o ccu rs  c lo se  to  1 9 5 0 °F. 

T h is  te m p e r a tu r e  i s  above th e  o p e ra t in g  bed  te m p era tu re  o f  b o th  KRW 

and U-Gas.
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IGT (1982 ) had  a ls o  shown th a t  w ith in  th e  ash  ag g lo m era tio n  o p e ra tin g  

tem p era tu re  window ( i n i t i a l  s in te r in g  to  ash  m e l t in g )  th e  a g g lo m e ra ­

t i o n  r a t e  d e p e n d s  on  t h e  f e e d  n o z z le  v e l o c i t y .  H ig h e r  n o z z le  

v e l o c i t i e s  a t  c o n s ta n t  f lo w ra te  (ach iev ed  by red u c in g  n o z z le  d ia m ete r) 

r e s u l t e d  in  a  low er ash  agg lo m era tio n  r a t e  ( e q u iv a le n t  to  lo w erin g  th e  

tem p era tu re ) . T h is  r e s u l t  i s  c o n s i s t e n t  w i th  d e f l u i d i z a t i o n  due to  

a g g lo m e ra t io n  s tu d ie s  done in  C ity  C o lleg e  o f  New York (S ie g e l ,  1976; 

Tardos e t  a l . ,  1984). At h ig h e r  j e t  v e l o c i t i e s ,  th e  k i n e t i c  e n e rg y  

im p a r te d  by  th e  c o l l i d i n g  p a r t i c l e s  b r e a k s  a p a r t  th e  w eakly bonded 

ag g lo m e ra te s .

S t i l l ,  t h e r e  i s  no com prehensive ag g lo m era tio n  model t h a t  can  be used  

fo r  c o a l g a s i f i c a t i o n .  P re d ic t io n  o f  a g g lo m e ra tio n  r a t e s  a s  a  f u n c ­

t i o n  o f  o p e r a t i n g  c o n d i t i o n s  an d  a s h  c o m p o s i t io n  i s  c u r r e n t l y  

im p o s s ib le .  The im p a c t o f  a c c u r a te  a s h  a g g l o m e r a t i o n  r a t e s  on  

f l u i d i z e d - b e d  g a s i f i c a t i o n  m o d e lin g  seem s im p o r ta n t  o n ly  a t  h ig h  

carbon  c o n v e rs io n s , where th e  bed  w ould c o n t a in  m o s t ly  a s h ,  and  th e  

rem o v a l o f  lo w - in - c a r b o n  a s h  ag g lo m era tes  would a c t  to  in c re a s e  th e  

carbon  h o ldup . At 90% c o n v e rs io n  th e  ash  c o n c e n tra t io n  i s  ex p ec ted  to  

be  o n ly  a b o u t  50%. S in c e  c o n v e r s io n s  ab ove  90% w ere n o t  ach iev ed  

c o n s is te n t ly  in  e i t h e r  p i l o t - p l a n t  th e  e f f e c t  o f  n o t  h a v in g  an  a c ­

c u r a t e  a g g l o m e r a t i o n  r a t e  e x p r e s s i o n  i s  e x p e c te d  to  b e  s m a l l .  

M oreover, th e  o p e ra t io n  o f  th e  complex bottom  zone in  ash  a g g lo m e r a t ­

in g  g a s i f i e r s  in tro d u c e s  o p e ra t io n a l  d i f f i c u l t i e s  and a  p o te n t i a l  fo r  

h e a t  lo s s e s  as  d is c u s se d  in  S e c tio n  3 .2 .  T his p o i n t  b r i n g s  to  q u e s ­

t i o n  th e  r a t i o n a l e  b e h in d  a sh  a g g lo m e ra t in g  g a s i f i e r s  t h a t  a re  n o t
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cap ab le  o f  re a c h in g  v e ry  h ig h  co n v ers io n s  where ash  a g g lo m e ra tio n  may 

be b e n e f i c i a l .

A com bustion zone te m p era tu re  o f  2300°F which i s  s l i g h t l y  below th e  

ash  m e ltin g  te m p era tu re  o f  E a s te rn  co a l under o x id iz in g  c o n d itio n s  was 

chosen . The ash  ag g lo m era tio n  r a t e  was c o u p le d  w ith  th e  c o m b u s tio n  

co n v e rs io n , and ash  in v e n to ry  was a llow ed .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

in
oocn
<—i 

> 
_i 
<

IX l

z  z
O  LU 

_ J
Z  Xo  :x
COct
lu>zoo

oCQ
CC
<o
u_
o
LU
oz
LU
X

LU
CC
X
1 0

ll!

s:o
0 £

LU 
1— <

<
u

CO
<CD
CJ

o
LU
Q_

CO

LU
X

o

ocn

o
ooCMcn o  oo m

oQ.

Xo
C O

o

o
CM

O
CM

( t .n iw  zo i * )  sy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6S

F i g u r e 4 - 2  Ef f e c t  of To ta l  Pressure  on Ga s i f i c a t i o n  Ra te

1.0

■z

-3 _

350300250200150100
P ( psia)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 6

F ig u r e  4 - 3  Ef f e c t  of T emperature  on Ga s i f i c a t i o n  Ra t e

g  to

uc

0 .7 9 3

15  a t m

1600 1700 /300 1900 2000 
T  CF>

2/00 2200 2300

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F ig u r e  4 - 4  Ef f e c t  of Stea m  Pa r t i a l  Pressu re  on

Ga s i f i c a t i o n  Ra te

i . o

C
£ , - 2

X  =* 0 .9

-4
0 .7 00 .6 00 .4 0 0.500.200-10

/  HaO

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

CHAPTER FIVE
MODEL STRUCTURE, SOLUTION METHOD, AND MODEL VALIDATION

In  t h i s  c h a p te r  a  m odel o f  a  f l u i d i z e d - b e d ,  c o m b u s t o r / g a s i f i e r  i s  

d e s c r i b e d .  The m odel a c c o u n ts  f o r  g a s i f i c a t i o n  k i n e t i c s  and  i s  

p r e d ic t iv e .  The model p r e d i c t i o n s  a r e  t e s t e d  a g a i n s t  a c t u a l  p i l o t  

p la n t  d a ta .

5 .1  MODEL ASSUMPTIONS

The r e a c to r  i s  d iv id e d  in to  a com bustion zone and a  g a s i f i c a t i o n  zone. 

The c o m b u s tio n  r e a c t i o n s  a r e  assum ed to  b e  i n s t a n t a n e o u s  and  th e  

com bustion  zone i s  assumed to  have ze ro  volum e. The g a s i f i c a t i o n  zone 

i s  governed by th e  k in e t i c  e x p re s s io n  g iv e n  in  E q u a t io n  ( 4 - 1 ) .  The 

fo llo w in g  a re  th e  m ajor s im p lify in g  assum ptions made:

Com bustion Zone

* Combustion k in e t ic s  a re  in s ta n ta n e o u s

* Combustion p ro d u c ts  a re  H^O, CO, and COg.

* Hydrogen and oxygen do n o t  c o e x is t

* Char com busts w ith  oxygen to  y ie ld  CO and COg a t  a  m olar 

r a t i o  CO/COg = 7 . For th e  b ase  case  7  i s  chosen  as  

u n i ty  (see  s e n s i t i v i t y  s tudy  to  t h i s  assum ption  in  

S e c tio n  5 .5 .2 )

* C oal, when in tro d u c e d  in to  th e  com bustion zone, 

d e v o la t i l i z e s  in s t a n t ly .  The v o l a t i l e s  combust 

to  HgO and to  CO/COg-y

w  ""

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



G a s if ic a t io n  Zone

* G a s if ic a t io n  o ccu rs  u n ifo rm ly  th ro u g h o u t th e  bed

* S pecies p re s e n t  in  th e  g a s i f i c a t i o n  zone a re :  c h a r , CO,

COg, Hg, HgO, Ng, CH  ̂ (H igher o rd e r  hydrocarbons a re  

u n s ta b le  a t  common g a s i f i c a t i o n  tem p era tu re s

* The w a te r-g a s  s h i f t  r e a c t io n  i s  a t  chem ical e q u ilib r iu m  

a t  r e a c to r  c o n d itio n s

* The o v e r a l l  g a s i f i c a t i o n  r a t e  i s  g iv en  by e q u a tio n  (4 -1 )

* Gas and s o l id  phases a re  w e ll m ixed. ( S p a t i a l ly  un ifo rm , 

I s o th e rm a l, I s o b a r ic )

* Uniform f e e d - p a r t i c l e  s iz e  d i s t r i b u t i o n

* Id e a l  gas

5 .2  DESIGN CONFIGURATIONS

The s p e c i f i c  g a s i f i c a t i o n  r a t e ,  Rs , was show n i n  F i g u r e  4 - 1  to  

s t r o n g l y  depend on co n v e rs io n . Thus, d i f f e r e n t  d e s ig n  c o n f ig u ra tio n s  

t h a t  s u b je c t  c h a r  o f  d i f f e r e n t  co n v e rs io n  le v e ls  to  oxygen would y ie ld  

d i f f e r e n t  o v e r a l l  g a s i f i c a t i o n  r a t e s .  Those d es ig n  schemes in  which 

th e  r e s u l t a n t  average  c o n v e rs io n  i s  low er w i l l  y i e ld  a  h ig h e r  a v e ra g e  

g a s i f i c a t i o n  r a t e  and, i n  tu r n ,  b e t t e r  perform ance f o r  th e  same feeds 

and b e d - s iz e .  To in v e s t ig a te  t h i s  p o s s i b i l i t y  f u r th e r  we em ploy fo u r  

d e s ig n  c a s e s  A, B, C, and D. A model schem atic  i s  p ro v id ed  in  F igure

5 -1 . We d e s ig n a te  th e  carbon  co n v e rs io n  ach iev ed  by com bustion  a s  x-̂  

and th e  t o t a l  carbon  c o n v e rs io n  as  Xj-
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D esign Case A

F resh  c o a l i s  fe d  in to  th e  com bustion zone. V o la t i le s  combust to  form 

HgO, and to  CO and COg a t  a  m olar r a t i o  o f  u n i ty .  No ch a r c o m b u s tio n  

o c c u r s  (x ^  ”  0 ) .  The rem ain ing  oxygen com busts r e a c t o r  g a s .  

G a s if ic a t io n  p roceeds from x -0  to  x -X f

D esign Case B

F resh  c o a l i s  fe d  in to  th e  com bustion zone. V o la t i le s  combust to  ^ 0 ,  

and  to  CO and  CO2  a t  a m o la r  r a t i o  o f  u n i ty .  The rem ain ing  oxygen 

com busts ch a r  (CO/COg-l). G a s if ic a t io n  p roceeds from to  X=X.j•

D esign Case C

F resh  c o a l i s  fe d  in to  th e  b e d . T im e -a v e ra g e d  m ixed  c h a r  ( o f  d i f ­

f e r e n t  c o n v e r s io n  l e v e l s )  com busts and g a s i f i e s  s im u lta n e o u sly . The 

com bustion e x te n t  i s  x-^-

D esign Case D

F resh  c o a l i s  fe d  in to  th e  bed . High co n v ers io n  c h a r  i s  s e l e c t i v e l y  

rem oved and  fe d  in to  th e  com bustion zone, g a s i f i c a t i o n  p roceeds from 

X = 0 to  x = XT * x r

We w i l l  a n a ly z e  th e  o p e r a t i n g  ra n g e  o f  f l u i d i z e d - b e d  g a s i f i e r s  by 

u s in g  d es ig n  ca se s  A, B, C, and  D i n  c h a p te r  S ix  and  exam ine t h e i r  

perform ance in  c h a p te r  Seven.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

I t  i s  d i f f i c u l t  to  e s tim a te  to  what e x t e n t  th e  c o m b u s tio n  r e a c t i o n s  

o c c u r  when c o a l i s  fe d  d i r e c t l y  in to  th e  flam e, as  in  th e  KRW p i l o t -  

p la n t .  I f  o n ly  v o l a t i l e s  and r e a c to r  g a s  com bust ( b u t  no c h a r )  , we 

g e t  c a s e  A. I f  b o th  v o l a t i l e s  and ch ar combust (b u t no r e a c to r  g as , 

o r  re c y c le  g a s ) ,  we g e t  case  B. We have no r e l i a b l e  way t o  e s t i m a t e  

w h ic h  o c c u r s .  T h e r e  a r e  som e e x p e r im e n ta l  d a t a  t h a t  show t h a t  

v o l a t i l e s  and hydrogen a re  more r e a c t iv e  th an  c h a r . We th in k  th e  KRW 

c o n f i g u r a t i o n  i s  s i m i l a r  to  d e s ig n  ca se  B, w hich sh o u ld  be c lo s e  to  

th e  w o rst c a se  s c e n a r io .

I f  c o a l  i s  in t r o d u c e d  i n t o  m id -bed  and th e  v o l a t i l e s  do n o t  c o n ta c t  

oxygen, ca se  C i s  o b ta in e d  p ro v id ed  t h a t  o n ly  c h a r  c o m b u s ts . H e re , 

c h a r  o f  d i f f e r e n t  c o n v e r s io n  le v e ls  (age) would com bust. T h is  ca se  

has  a s ig n i f i c a n t  advan tage over case  B, e s p e c ia l ly  a s  th e  bed  c o n te n t 

i s  h e a v i ly  w eig h ted  tow ards th e  h ig h  co n v e rs io n , low r e a c t i v i t y  c h a r . 

The lo w -p re ssu re  U-Gas PDU feed s  th e  c o a l  above th e  f la m e . We th u s  

ex p ec t th e  U-Gas r e s u l t s  to  be betw een case  B and c a se  C.

To a t t a i n  c a se  D th e  h ig h e s t  c o n v e rs io n  c h a r  m u st b e  p r e f e r e n t i a l l y  

co m b u sted  ( i . e . ,  com bustion  p roceeds from x=X<j>"X̂  to  X=X^) • T h is  can  

be ach iev ed  i f  th e  h ig h  c o n v e rs io n  ch a r i s  s e p a ra te d  from th e  b e d  and  

r e c y c le d  d i r e c t l y  i n t o  th e  flam e f o r  com plete com bustion . In  p r a c ­

t i c e ,  i t  w ould be h a rd  to  s e p a ra te  th e  h ig h  c o n v e rs io n  p a r t i c l e s  from  

th e  r e s t ;  one can  fe e d  e l u t r i a t e d  f in e s  t h a t  c o n ta in  some h ig h  co n v e r­

s io n  ch a r in to  th e  flam e and  a p p ro a c h  d e s ig n  c a s e  D, p r o v id e d  o n ly  

c h a r would combust w ith  oxygen. T h is  d es ig n  c a s e , a s  w i l l  be shown in  

th e  fo llo w in g  c h a p t e r s ,  h a s  s i g n i f i c a n t  a d v a n ta g e s  o v e r  a l l  o t h e r
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c a s e s .  I t  i s  n o t  r e a d i ly  a p p a re n t, though, th a t  such  a  d e s ig n  would 

be o p e ra b le . We s t r e s s  t h a t  c a s e  D i s  n o t  a  r e a l i s t i c  d e s ig n  o f  a  

f l u i d i z e d - b e d  b u t ,  r a t h e r ,  a  c l o s e r  a p p ro x im a tio n  to  a  c o u n t e r ­

c u r r e n t ,  m oving-bed g a s i f i e r .

The a d v a n ta g e s  o f  a  s e p a r a t e  d e v o l a t i l i z a t i o n  zone can  be combined 

w ith  th e  b e s t  a t t a in a b le  d e s ig n  c o n f ig u ra t io n  ( p r e f e r a b l y  c a s e  D) to  

y i e l d  a  d e s ig n  t h a t  can  s u c c e s s fu l ly  compete w ith  th e  S lag g e r w ith o u t 

p roducing  t a r s .  C o n d itio n s  in  th e  d e v o l a t i l i z a t io n  zone can  b e  i n d e ­

p e n d e n t l y  a d j u s t e d  so  t h a t  by  a d d in g  c r a c k in g  c a t a l y s t  ( s u c h  a s  

n a tu r a l  z e o l i t e s ) , th e  t a r s  would c rac k  to  y ie ld  o n ly  g ases  ( o r  l i g h t  

o i l s ) ;  see  Wen and Cain (1984).

5 .3  BED HOLDUP AND PARTICLE RESIDENCE TIME

The r a t e  e x p r e s s io n  in t r o d u c e d  in  E quation  (4 -1 ) i s  u sed  to  develop 

re s id e n c e - tim e  and bed-ho ldup  e x p re s s io n s .

The o v e r a l l  s p e c i f i c  g a s i f i c a t i o n  r a t e  has been  c o r r e la te d  by Muhlen 

e t  a l .  (1985) a s :

Rs -  (1 -X ) '2 /3 * jfc -  A(Pi ,T ) .^ ( X,T) (5 -1 )

A p a r t i c l e  e n te r in g  th e  g a s i f i c a t i o n  zone a t  c o n v e r s io n  x ^ (ach iev ed  

by com bustion) would r e q u ir e  acc o rd in g  to  E quation  (5 -1 ) th e  fo llo w in g  

re s id e n c e  tim e to  ach iev e  co n v ers io n  x-j>‘
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t p -  |  ( 1  - x ) ' 2 / 3 ’A '1 <Pi ,T ) . t f ' 1 (X,T) dX 

*1

(5-2)

The carbon  holdup ( in  lb  p e r  lb  fe e d  p e r  tim e) i s  th e n  o b ta in e d  from:

c a se s  A and B d i f f e r  o n ly  i n  th e  v a lu e  o f  x^- In  case  A, x (no 

c o m b u s t io n  c o n v e r s io n )  and  i n  c a s e  B, x^ I s c a lc u la te d  from th e  

v o l a t i l e s  and c h a r  com bustion e x te n t .

C ase C i s  som ew hat m ore c o m p lic a te d  due to  th e  f a c t  th a t  a  p a r t i c l e  

can  combust o r  g a s ify  d u rin g  any tim e o f  i t s  s ta y  in  th e  r e a c t o r .  We 

a s s u m e  t h a t  t h e  p r o b a b i l i t y  o f  c o m b u s tio n  i s  c o n s t a n t  i n  tim e  

th ro u g h o u t th e  p a r t i c l e  re s id e n c e  tim e . We m odify  e q u a t io n  (5 -1 )  to  

in c lu d e  th e  com bustion term  SI:

I n te g r a t io n  o f  E quation  (5 -4 ) y ie ld s  th e  p a r t i c l e  re s id e n c e  tim e:

Xij*

Ma b  = A‘ 1 ( P . T ) . J  (1 - x ) 1 / 3 *tf‘ 1 (X ,T) dx 

* 1

(5 -3)

( i  - x ) - 2 / 3  ^  = M P .,T ) .lK x ,T )  + SI (5 -4)

t p ' = J  ( l  - x ) ' 2 / 3 *[A(Pi ,T )* ^(x ,T ) + O l^ d x (5-5)

0
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E quation  (5 -4 ) i s  th e n  so lv ed  w ith  th e  com bustion te rm  on ly :

*1
t "  » J  ( 1  - (5 -6 )

0

E q u a tio n s  ( 5 - 5 )  and  (5 -6 )  a r e  th e n  s o lv e d  s im u ltan e o u sly  f o r  Q v ia

re c u rs iv e  c a lc u la t io n ,  by e q u a tin g  t  * to  t  " .
P P

( 1  - x ) ' 2 / 3 d*
0  _ ------ ----------- *-----------------------------------------------  ( 5 -7)

T d  - x ) * 2 / 3 [ A ( P . , T ) ^ ( x , T )  + O J ^ d xfJ o i ’

The carbon  holdup o f  case  C i s  th e n  o b ta in e d  from:

x T

Mc |  (1 - x ) 1 / 3 ‘ [A(Pi ,T)*^(X ,T) + a ] _1dx (5 -8 )
0

In  Case D th e  c o a l g a s i f i e s  u n t i l  i t  r e a c h e s  th e  c o n v e r s io n  x-p-X 

The c h a r ,  a t  co n v ers io n  x -j'X p  i s  s e p a ra te d  and tr a n s p o r te d  in to  th e  

c o m b u s tio n  zone w here i t  co m b u sts  to  a  t o t a l  c o n v e r s i o n  o f  x^- 

R e s id e n c e - t im e  an d  C arbon-holdup a re  c a lc u la te d ,  as in  case  B, u s in g  

eq u a tio n s  5-4 and 5 -5 , r e s p e c t iv e ly ,  o n ly  w ith  d i f f e r e n t  i n t e g r a t i o n  

l i m i t s ;  th e  low er l i m i t  i s  z e ro  and th e  upper l i m i t  i s  x ^ ’X^-
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5 .4  SOLUTION METHOD

T h i r t y - t h r e e  i m p l i c i t ,  n o n - l in e a r  e q u a tio n s  were w r i t t e n  to  d e sc r ib e  

th e  m odel. Two e q u a tio n s  a re  n o n - l in e a r  ODEs, th e  o th e r s ,  a l g e b r a i c .  

The e q u a t io n s  a r e  a  co m p ila tio n  o f  mass and energy  b a la n c e s , k in e t i c  

r e l a t i o n s ,  e q u i l i b r i u m  r e l a t i o n ,  and  c o n s t i t u e n t  r e l a t i o n s .  The 

e q u a t io n s ,  d e t a i l s  o f  th e  num erical-m ethods u sed , and a  sample s o lu ­

t io n  a re  g iv en  in  Appendix B.

We c h o se  th e  s im u l ta n e o u s  e q u a t io n s - s o l v in g  m ethod  because o f  i t s  

s i g n i f i c a n t  a d v a n ta g e s  o v e r  th e  s e q u e n t i a l - m o d u l a r  m e th o d .  I t  

e l im i n a t e s  th e  d i s t i n c t i o n  betw een  in p u t and o u tp u t v a r ia b le s  which 

a llo w s a r b i t r a r y  s p e c i f i c a t io n  o f  any v a r ia b le  in  th e  sy stem , as  lo n g  

as th e  r e s u l t a n t  e q u a t io n - s e t  i s  square  and n o n -red u n d an t.

B r ie f ly ,  th e  method i s  a te a r in g  tech n iq u e  w ith o u t p a r t i t i o n i n g .  The 

C h r i s t e n s e n  [1970] a lg o ri th m  i s  u sed  to  s e l e c t  an  o u tp u t - s e t  a s s ig n ­

m ent. The chosen  te a r  s e t  i s  i n i t i a l i z e d  and th e  e q u a tio n s  a r e  th e n  

s o lv e d  i n  sequence by forw ard  s u b s t i tu t io n  u s in g  th e  Sacham and Kehat 

(1972) one eq u a tio n -o n e  v a r ia b le  a lg o rith m . A s t e p  i s  th e n  ta k e n  i n  

th e  t e a r  v a r i a b l e s  space  by a Quasi-Newton ro u t in e .  T h is  p ro c e ss  i s

i t e r a t e d  u n t i l  no f u r th e r  change o ccu rs  in  th e  t e a r  v a r ia b le s  v e c to r  -
-8th e  e r r o r  f u n c t i o n  norm  i s  d r iv e n  to  ze ro  ( 1 0  to le ra n c e  i s  u se d ) . 

For a more com prehensive d is c u s s io n  see  W esterberg  e t  a l .  (1 9 7 9 ) , and  

Avidan (1982).
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The e q u a tio n  s o lv e r  was d e v e lo p e d  by  th e  a u th o r  a n d  im p lem en ted  i n  

FORTRAN an d  i n s t a l l e d  on CUNYVM. I t  h a s  proven to  be pow erfu l and 

p e r s i s t e n t  e q u a tio n  s o lv e r  t h a t  co u ld  be expanded to  so lv e  la r g e r  s e t s  

o f  e q u a t i o n s ,  o r  s u b o r d in a t e  to  an  o p t im iz a t io n  package. CPU tim e 

ranged  from 0 .1  to  3 seconds p e r  s o lu t io n  on an IBM 3090.

5 .5  MODEL VALIDATION

The i n i t i a l l y  g e n e ra te d  s o lu t io n s  were t e s t e d  e x te n s iv e ly  by m a n u a lly  

c h e c k in g  m ass a n d  e n e rg y  b a l a n c e s .  I n  th e  fo llo w in g  s u b se c tio n  we 

compare ou r s o lu t io n s  to  ex p e rim en ta l PDU d a ta .

5 .5 .1  Comparison to  P i l o t  P la n t  D ata

S e le c t  ru n p o in ts  from KRW and th e  p r e s s u r iz e d  U-Gas p i l o t  p l a n t s  w ere  

s im u la te d . The model i s  ru n  in  th e  p r e d ic t iv e  mode. We s p e c ify  feed s  

o n ly , p r e c i s e ly  th e  way th e y  ap p ea r in  th e  p i l o t  p l a n t  d a t a  lo g  (no  

a d j u s t a b l e  p a r a m e te r s )  . The m odel p r e d i c t s  th e  carbon  c o n v e rs io n , 

te m p e ra tu re , and th ro u g h p u t.

The s im u la te d  ru n s  shown h e re  a re :

KRW: TP-034-2 (2D) - J u ly  1983, P i t t s b u rg h  # 8

KRW: TP-034-2 (IB ) - J u ly  1983, P it t s b u rg h  # 8

PU-Gas: GRI-1-2 - Feb. 1985, P it t s b u rg h  # 8

The c o m p a r iso n  i s  g iv e n  in  T ab le  5 -2 . The r e s u l t s  in d ic a te  t h a t  th e

model r e l i a b l y  p r e d ic t s  th e  perform ance o f  th e se  two r e a c t o r s .  Some 

d if f e r e n c e s  in  th e  th ro u g h p u t p r e d ic t io n s  f o r  KRW and fo r  U-Gas can  be
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a t t r i b u t e d  to  in a c c u ra te  l i n e a r  gas v e l o c i t y  e s t i m a t e s  i n  th e  p i l o t  

p l a n t .

M oreover, th e  KRW TP-034-2 (2D) ru n  d a ta  i s  s im u la te d  and th e  re q u ire d  

c a rb o n  h o ld u p  i s  p l o t t e d  a s  a  f u n c t i o n  o f  r e a c t o r  te m p e r a tu r e  in  

F ig u re  5 -2 . Curve B (d e s ig n  case  B) m atches th e  p i l o t - p l a n t  r e s u l t s  

p r e c i s e ly  a t  1800°F and 0 .6  i which a re  th e  r e p o r te d  tem p era tu re

and carbon  ho ldup .

5 .5 .2  S e n s i t i v i ty  A n a ly s is  to  CO/COg- 1 A ssum ption

Having concluded  (S e c tio n  4 .3 )  th a t  d e te rm in in g  th e  c o m b u s tio n  CO to  

CO2  r a t i o  was an u n r e a l i s t i c  c a lc u la t io n s  due to  th e  com plex ity  o f  th e  

system , we assumed th a t  th e  m olar r a t i o  o f  CO to  COg a t  th e  com bustion 

zone e x i t  was u n i ty .  Here we t e s t  th e  s e n s i t i v i t y  o f  th e  s o lu t io n s  to  

t h i s  assum ption .

We b e g in  w i th  d e s ig n  case  B w hich i s  ex p ec ted  to  be th e  l e a s t  s e n s i ­

t i v e  to  t h i s  assum ption . The r e s u l t s  a re  g iv e n  in  th e  T able below:

Table 5-3 

D esign Case B______ 0X°Q.4_____ST0X=4

M olar C0 /CC> 2  r a t i o 0 . 1 1 . 0 1 0

Carbon C onversion y 0.883 0 . 8 8 6 0.890
Tem perature T “F 1763.0 1760.1 1754.0
Throughout lb / h r * f t 358.1 358.0 358.6

The r e s u l t s  show le s s  th a n  1% v a r i a t io n .  Case B i s  n o t s e n s i t i v e  
to  t h i s  assum ption .
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We ex p ec t d es ig n  case  D to  be th e  most s e n s i t iv e  to  th e  CO/COg r a t i o  

a s s u m p tio n  s in c e  i t  i s  n o t dom inated by h ig h -c o n v e rs io n  c h a r , and th e  

CO/CO2 r a t i o  de te rm in es  x-̂  • The r e s u l t s  a re  g iven  in  th e  T able below:

T able 5-4 

D esign Case D OX-Q.35 STOX-4

M olar CO/COg r a t i o 0 . 1 1 . 0 1 0

Carbon Conversion X 0.790 0.802 0.826

Tem nerature T °F 1653.9 1632.5 1586.6
2Throughout l b / h r •f t 419.9 422.3 427.8

H ere, we see  th a t  th e  r e s u l t s  o f  case  D have a  weak dependence on th e  

CO/COg r a t i o .  By c h a n g in g  th e  r a t i o  by a  f a c to r  o f  100 (0 .1  to  10) 

th e  co n v ers io n  h as  in c re a se d  by 3.6% (a  4.5% change). The th ro u g h p u t  

h a s  ch an g e d  by o n ly  1.9%. The s e n s i t i v i t y  o f  case  C was found to  be 

betw een th a t  o f  case  B and th a t  o f  ca se  D, c lo s e r  to  B.
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Table5-t Rate Constants Used in Equation 5-2 
ri = k0i* EXP(-Ei/(R*T))

kol=2.71*104 bar"*1min"’1 Ej=153.1 kJ mol"1

ko2=2.06*10"2 bar-1 E2=-23.0 kJ mol"

ko3=3.82*10“2 bar"1 E3=-48.1 kJ mol"

k0 4=3 .1 8 * 1° 7 bar“2min- 1 E4=237.4 kJ mol"

k c=1.53*10“ 9 bar"1 E_=-2Q9.2 kJ mol"0 5  5

ko8=1.22*10" 2 bar"2min- 1 Eg=68.5 kJ mol'

k n=2.96*105 bar~1min" 1 E =154.0 kJ mol'o? y

koio=1 - 11* 1° 1 bar" 1 E1Q=29.5 kJ mol'

k ,,=4.40*10~2bar 2min 1 E11=80.3 kJ mol0 1 1  1 1

k ,_=6.14*10~2bar 2min 1 E10=8.4 kJ mol 1
0 1 2  12
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TABLE 5-2

KRW KRW PU-Gas
Run TP-034-2 f2D1 TP-034-2 flB l GRI-1-2
Date J u lv  1983 J u lv  1983 F ebruary  1985
Coal P itts b u rg h  # 8 P itts b u rg h  # 8 P itts b u rg h  # 8

P ressu re  ATM 16.6 16.6 7 .6
Og/C lb*m ol/lb*inol 0 .516 0.391 0.367
Steam/Oxveen 0.83 0.85 4.55
c o  2 / c 0.162 0 . 1 2 -
Recvcle e a s /P ro d u c t 0.575 0.40 -

Heat Loss % 10.5 11.7 4 .8

Conversion
P i lo t  13la n t Model B P i lo t  P la n t Model B P i lo t  P la n t Model C

75.9 76.2 52.4 53.3 88.3 fa sh l 86.5
Temo °F 1800 1792 =1810 1783 1766 1757^  .  _ _

3.3 3.3 3 .4 3 .3 2 .7 2 . 8

CGEF % 45.2 44 .9 33.6 34.4 66.9 70.8
Throughput 
lb /h r * s o . f t

390 458 480 506 355 313
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CHAPTER SIX 
OPERATING MAPS

H aving  v a l i d a t e d  th e  p r e d i c t i v e  k i n e t i c  m odel we a r e  now a b le  to  

in v e s t ig a te  th e  o p e ra tin g  range o f  an  e f f i c i e n t l y  ru n ,  c o m m e rc ia lly  

s i z e d  f l u i d i z e d - b e d  g a s i f i e r  f o r  e a c h  o f  th e  d e s ig n  m o d e ls . The 

s im u la tio n  r e s u l t s  a re  p re se n te d  as  o p e ra tin g  maps. These maps a r e  a 

c o m p i la t io n  o f  num erous s im u l a t i o n  r u n - p o in t s  and a re  p lo t te d  such 

t h a t  th e  c o n tro l  v a r ia b le s  m an ip u la tab le  by th e  o p e r a t o r  (o x y g en  and  

s team ) a r e  p a ra m e tr ic a l ly  imposed on co n v ers io n  and tem p era tu re  c o o r­

d in a te s  ( s t a t e  v a r i a b l e s ) .

We f i r s t  d e s ig n a t e  a  b a s e - c a s e  and  p ro d u ce  o p e ra tin g  maps fo r  each  

d e s ig n  c a se . Then, th e  e f f e c t s  o f  h e a t  lo s s ,  p re s s u re ,  and bed  h e ig h t  

a re  p a ra m e tr ic a l ly  in v e s t ig a te d .

Base Case
Coal -  P it t s b u rg h  # 8  (CHq 7 7 OQ 0 5 )> (w t.)  Ash,

2% M oistu re
H eat Loss = 3% o f  th e  c o a l H igher H eating  V alue
Feed Tem perature = Steam and oxygen a t  500 °F, c o a l a t  77 °F
Bed H eigh t = 500 l b / f t ^  (e q u iv a le n t to  25 f e e t  h e ig h t  a t

3
an average bed d e n s ity  o f  2 0  l b / f t  )

P re ssu re  = 15 Atm.
S u p e r f ic ia l  == 2 f t / s e c
Gas V e lo c ity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

6 .1  TEMPERATURE - CONVERSION OPERATING MAPS

In  t h i s  s e c t io n  we p re s e n t  th e  c o n v e rs io n - te m p e ra tu re  o p e r a t i n g  maps 

o f  d e s ig n  c a s e s  B, C, and D under b ase  case  c o n d i t io n s .  The r e s u l t s  

f o r  d e s ig n  ca se  A a re  s im i la r  to  th o se  o f  case  B and a re  n o t p re s e n te d  

h e r e .  We r e f e r  to  th e  m o la r  o x y g e n - to -c a rb o n  r a t i o  as  OX, and th e  

m olar s team -to -o x y g en  r a t i o  as STOX.

6 .1 .1  D esign Case B

The o p e ra t in g  map o f  d e s ig n  c a s e  6 , u n d e r  b a s e  c a s e  c o n d i t i o n s ,  i s  

p r e s e n t e d  in  F ig u re  6 -1 . C onstan t v a lu e  m olar o x y g en -to -carb o n  r a t i o  

(OX) l i n e s  and c o n s ta n t v a lu e  m olar s team -to -oxygen  r a t i o  (STOX) l i n e s  

a r e  im p o s e d  on  c a r b o n  c o n v e r s i o n  and  te m p e r a tu r e  c o o r d i n a t e s .  

C o n stan t OX l i n e s  a r e  i n  b la c k ;  c o n s t a n t  STOX l i n e s  a r e  i n  c o l o r s  

(2=Red, 3=0range, 4=Yellow, 5=Green, 6 =B lue). In  a d d i t io n ,  th e  g lo b a l 

e q u i lib r iu m  c u rv e  i s  g iv e n  f o r  c o m p a r is o n . The m apped r e g io n  may 

in c lu d e  p o in ts  t h a t  a re  in o p e ra b le .

I t  i s  im p o r ta n t  to  u n d e r s ta n d  th e  sh a p e  o f  t h i s  map. F o llo w  th e  

c o n s t a n t  OX l i n e  o f  0 .3 5 .  The model p r e d ic ts  t h a t  a t  ST0X=6 (B lue) 

th e  g a s i f i e r  w i l l  o p e ra te  a t  abou t 1620°F and th e  carbon  co n v e rs io n  

w i l l  b e  70%. I f  we d ec re a se  STOX to  5 (keep ing  OX a t  0 .3 5 ) th e  r e a c ­

t o r ' s  te m p era tu re  w i l l  r i s e  to  1655°F and th e  c o n v e rs io n  w i l l  r i s e  to  

73%. S im i la r ly ,  by red u c in g  th e  steam  fe e d , w h ile  keep in g  th e  oxygen 

c o n s ta n t ,  th e  tem p era tu re  and th e  co n v e rs io n  m o n o to n ic a l ly  i n c r e a s e .  

A summary i s  g iven  in  th e  ta b le  below .
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Table 6-1

D esign Case B Base Case C onditions OX -  0 .3 5

STOX --> 6  5 4

CM

T em oerature °F 1618 1655 1702 1761 1839
Carbon C onversion  % 69.6  73.3 76.7 79 .7  82 .4
Average s p e c i f i c  (1 /h r )  
G a s i f ic a t io n  R ate . Rs 0.519 0.622 0.744 0.889 1 .07
AT/AX 1 0 1 0  13 . 8 19 .7  28 .9

Equal r e d u c t i o n s  i n  th e  s team  f e e d  p ro d u c e  p r o g r e s s i v e l y  s m a l l e r  

in c re a s e s  i n  th e  carbon co n v ers io n  and la r g e r  in c re a s e s  i n  th e  r e a c to r  

te m p e ra tu re . The re a so n  fo r  t h i s  b e h a v io r i s  tw o -fo ld : F i r s t ,  b o th  a 

te m p era tu re  and a  co n v ers io n  in c re a s e  a re  ex p ec ted , s in c e  fe e d in g  le s s  

'c o o l '  steam  (500°F ) in c re a s e s  th e  h e a t  a v a i la b le  to  th e  system .

T his a c t s  to  in c re a s e  th e  te m p era tu re  and, in - tu r n ,  th e  r e a c t io n  r a t e .  

Second, th e  in c re a s e  in  th e  s p e c i f i c  r e a c t io n  r a t e ,  w hich i s  p r im a r i ly  

a  f u n c t i o n  o f  tem p era tu re  and co n v e rs io n , i s  dampened by th e  in c re a s e  

in  c o n v e rs io n , as  was shown in  s e c t io n  4 .2 .  T his dampening e f f e c t  i s  

p ro g re s s iv e ly  a m p lif ie d  a t  h ig h e r  co n v e rs io n s  (ARs/AT becomes s m a lle r )  

r e s u l t i n g  in  sm a lle r  in c re a s e s  in  co n v e rs io n  and l a r g e r  i n c r e a s e s  i n  

t e m p e r a tu r e .  The red u ced  steam  p a r t i a l  p re s s u re  a ls o  a c t s  to  reduce  

th e  r e a c t io n  r a t e  b u t w ith in  th e  in v e s t ig a te d  ra n g e  t h i s  i s  a  s e c o n d  

o rd e r  e f f e c t .

Follow  th e  l i n e  o f  c o n s ta n t  STOX-4 (Y e llo w ) from  OX=0.325 to  OX =

0 .5 0 0 . The r e s u l t s  a re  summarized in  T ab le  6 -2 .
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Table 6-2

D esign Case B Base Case C onditions STOX -  4

8 i i V 0 .325 0.35 0.375 0.400 0.425 0.450 0.470 0.500
Ternn. °F 1687 1702 1722 1760 1828 1915 2008 2 1 0 0

Carbon 
C onversion  % 69.9 76.7 83.2 88.5 92.1 94 .1 95 .4 96.3
Rs h r * 1 0.736 0.744 0.752 0 .764 0.779 0.783 0.769 0.743
AT/AX 2 ..20 3..08 7. 17 18 .9 43 .5 71 .5 1 0 2

I n c r e a s i n g  th e  o x y g e n - to - c a r b o n  r a t i o  ( a t  c o n s ta n t  steam -to -oxygen  

r a t i o )  m o n o to n ica lly  in c r e a s e s  b o th  c o n v e r s io n  and  te m p e r a tu r e ,  a s  

m ore c o m b u s tio n  h e a t  i s  p roduced . F u rtherm ore , th e  r a t e  o f  in c re a se  

o f  co n v e rs io n  d e c l in e s  a t  th e  h ig h e r  c o n v e r s io n s ,  w h ile  th e  r a t e  o f  

in c re a s e  o f  te m p era tu re  in c re a s e s .

D if f e r e n t ly  s t a t e d ,  a p ro g re s s iv e ly  h ig h e r  f r a c t i o n  o f  th e  in c rem en ta l 

c o m b u s tio n  h e a t  i s  t r a n s f e r r e d  to  the rm al energy , and a  l e s s e r  f r a c ­

t i o n  to  chem ical energy . A t th e  h ig h e r  co n v e rs io n s  th e  added  h e a t  i s  

u sed  a lm ost e n t i r e l y  as  s e n s ib le  h e a t  ( a t  h ig h e r  r e a c to r  te m p e ra tu re ) . 

T h is  c a n  b e  s e e n  i n  th e  r a p i d  r i s e  o f  AT/AX f ro m  a b o u t  2 °F a t  

OX=0.35, to  o v er 100 a t  OX -  0 .5 .  I n te r e s t in g ly ,  th e  average  s p e c i f i c

r e a c t io n  r a t e ,  R , e x h ib i t s  a  maximum a t  an  in t e r m e d ia te  c o n v e r s io n ,  s
T h is  o c c u r s  d e s p i t e  th e  i n c r e a s e  i n  te m p e r a tu r e  and  i s  due to  th e  

s tro n g  dampening e f f e c t  o f  th e  co n v e rs io n  a t  h ig h  co n v e rs io n s .
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The c h e m ic a l e q u i l i b r i u m  c o n s t r a i n t  l i n e  shown on th e  o p e ra tin g  map 

d em o n stra tes  t h a t  th e  o p e rab le  range i s  f a r  from th e rm o d y n am ic  e q u i ­

l i b r iu m .  To a p p ro a c h  e q u i l ib r iu m  one m ust o p e ra te  w ith  STOX below 

One.

6 .1 .2  D esign Case C

The co n v e rs io n -te m p e ra tu re  o p e ra t in g  map f o r  d es ig n  case  C i s  g iv en  in  

F ig u re  6 -2 .  I n  g e n e r a l ,  t h i s  map shows th e  same tre n d s  as t h a t  o f  

d s s ig n -c a s e  B. Y et, some m ajor d if f e re n c e s  e x i s t :  f i r s t ,  f o r  th e  same 

oxygen  and  steam  fe e d s , case  C always produces a  h ig h e r  co n v e rs io n  a t  

a  low er te m p e ra tu re . Second, th e  mapped a re a  i s  l e s s  ' t w i s t e d '  th a n  

t h a t  o f  c a s e  B. T h is im p lie s  t h a t  a  h ig h e r  f r a c t io n  o f  th e  com bustion 

h e a t  i s  tran sfo rm e d  in to  chem ical en e rg y  ( c a rb o n  c o n v e r s io n )  r a t h e r  

th a n  to  s e n s i b l e  h e a t  ( r e a c t o r  te m p e r a tu r e ) .  T h is  i s  a  b e n e f i c i a l  

e f f e c t  which r e f l e c t s  t h a t  d e s ig n  c a s e  C h a s  b o th  a  lo w e r  a v e ra g e  

c o n v e r s io n  in  th e  bed  due to  com bustion o f  some h ig h  co n v e rs io n  c h a r , 

and  a  h ig h e r  ( th a n  c a s e  B) c o m b u s t io n  c o n v e r s i o n  (n o  v o l a t i l e  

co m b u stio n ).

In  T ab le 6-3 below  we fo llo w  th e  r e s u l t s  o f  th e  c o n s t a n t  ST0X=4 l i n e  

from  OX=0.30 to  0 .4 5 .  J u s t  as in  d e s ig n  case  B, th e  r a t i o  AT/AX fo r  

an in c re m e n ta l oxygen fe e d  o f  0 .025 lb*m ole/lb*m ole in c re a s e s  to w a rd s  

th e  h ig h e r  c o n v e r s io n s .  does n o t e x h ib i t  a  maximum as in  case  B, 

s in c e  th e  dam pening e f f e c t  o f  th e  c o n v e r s io n  i s  l e s s  s e v e r e .  The 

AT/AX r a t i o  v a lu e s  a re  much low er th an  in  case  B a t  any g iv en  co n v er­

s io n .

fe-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

Table 6-3

D esign Case C Base Case con d ition s STOX -  4

8 1 1 V 0 .3 0.325 0.350 0.375 0.400 0.425 0.450
Tem nerature °F 1644 1661 1678 1699 1727 1772 1846

Carbon
C onversion % 64.2 71.1 77.9 84 .4 90 .4 95.3 98.3
Rs h r"* 0.445 0.475 0.501 0.526 0.555 0.604 0.705

AT/AX 2 ..46 2 .50  3..23 4. 67 9..18 24.67

6 .1 .3  D esign Case D

The c o n v e rs io n -te m p e ra tu re  o p e ra tin g  map f o r  d es ig n  ca se  D i s  g iv en  in  

F ig u re  6 -3 . We observe  com plete "u n tw is tin g "  o f  th e  o v e r a l l  map shape 

in  c o m p a riso n  w ith  th e  maps o f  d e s ig n  c a se s  B and C. The m ain con­

s t r a i n t  a f f e c t in g  th e  r e a c t io n  r a t e  in  ca se s  B and C, th e  dampening o f  

th e  r e a c t i o n  r a t e  by co n v ers io n , has been removed. The average  con­

v e r s i o n  in  th e  b e d  i s  much lo w e r ( g a s i f i c a t i o n  p ro c e e d s  o n ly  to  

c o n v e r s io n  XT-X ^ ) , and  a s  a r e s u l t  th e  r e q u i r e d  a v e ra g e  s p e c i f i c  

r e a c t io n  r a t e  f o r  a g iven  co n v ers io n  can  be a c h ie v e d  a t  a  much lo w e r 

te m p e r a tu r e  (w h ich  h a s  a  low er oxygen re q u ire m e n t) . The r a t i o  AT/AX 

( f o r  c o n s ta n t ST0X=4) i s  much low er th a n  in  e i t h e r  ca se  B and C and i t  

d e c l in e s  a t  th e  h ig h e r  co n v e rs io n s . T h is e f f e c t  can  a ls o  be  seen  in  

th e  o p e ra t in g  map as  a  c u r v a t u r e  to  th e  l e f t  a lo n g  c o n s t a n t  STOX 

l i n e s . D e s ig n  c e s e  D i s  n o t  d o n iitis tsd  by  th s  co n v e rs io n  dsinpsning 

e f f e c t  on th e  r e a c t io n  r a t e  as case  B i s ,  and to  a  l e s s e r  e x te n t ,  case 

C.
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Table 6-4

D esign Case D Base Case C onditions STOX -  4

8 1 1 V 0 .3 0 .325 0.350 0 .375 0.395
Tem perature 1615 1624 1632 1639 1644
Carbon 
C onversion  % 65.5 72 .9 80.2 87 .5 93 .3
Rs h r '^ 0.449 0.479 0.503 0 .524 0.539
AT/AX 1 .. 2 2  1 . 09 0. 96 0. . 8 6

6 .1 .4  Comparison o f  D esign Cases B. C. and D

In  F ig u re  6 -4  th e  s im u la te d  r e s u l t s  o f  d e s ig n  c a se s  B, C, and D a re  

compared d i r e c t l y  on th e  same te m p e ra tu re -c o n v e rs io n  c o o r d i n a t e s , and  

f o r  th e  same fe e d s . For s im p l ic i ty  on ly  one o x y g en -to -c a rb o n  l i n e ,  OX 

= 0 .375  i s  shown. STOX i s  v a r ie d  from 2 to  6 . I t  c a n  b e  s e e n  t h a t  

d e s ig n  c a s e  D i s  c l e a r ly  s u p e r io r  th ro u g h o u t th e  ra n g e . One can view 

t h i s  advantage in  two ways: One, f o r  a g iv e n  o p e r a t i n g  te m p e r a tu r e

( s a y  1750 °F) model D a c h ie v e s  th e  h ig h e s t  c o n v e rs io n  w ith  th e  l e a s t  

amount o f  steam  as shown in  th e  ta b le  below .

T = 1750 °F OX = 0 .375

Case Y STOX
B

00 .5 3 .6
C 8 6 . . 8 3 .2
D 92..7 2 . 2

Two, f o r  a g iv e n  s te a m - to -o x y g e n  r a t i o  ( s a y  3) m odel D ach iev es  a 

h ig h e r  co n v ers io n  a t  a  low er te m p era tu re  as  shown in  th e  ta b le  below .
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STOX -  3 OX -  0 .375

Case y T °F
B 8 6 . 1 1791
C 87.3 1764
D 90.5 1690

6 .2  EFFECT OF OPERATING PARAMETERS ON BASE CASE RESULTS

In  t h i s  s e c t io n  we q u a n t i t a t i v e l y  i n v e s t i g a t e  th e  e f f e c t s  o f  h e a t  

lo s s ,  p re s s u re ,  and bed h e ig h t on th e  p r e d ic te d  perfo rm ance.

6 .2 .1  E f fe c t  o f  H eat lo s s e s

A g a s i f i e r  c an  s u f f e r  h e a t  l o s s e s  i n  one  o r  m ore o f  th e  fo llo w in g  

w ays:

1) Skin lo s s e s  due to  c o n v ec tiv e  t r a n s f e r  to  th e  w a ll

2) S e n s ib le  h e a t  lo s s  due to  fe e d  o f  c o ld  pu rge gases

3) S e n s ib le  h e a t  lo s s  due to  re c y c le  o f  co o led  e l u t r i a t e d  

f in e s

4) R ad ia tio n  to  th e  fre e b o a rd

The h e a t  lo s s  r e s u l t in g  from th e  re c y c le  o f  p ro d u c t  g a s  m ust be  c o n ­

s i d e r e d  s e p a r a t e l y  b e c a u s e  th e  d ry  r e c y c l e  g a s  lo w e rs  th e  s team  

p a r t i a l  p re s su re  in  th e  bed , which a l t e r s  th e  g a s i f i c a t i o n  k i n e t i c s .  

T h ese  h e a t  l o s s e s  w ere  p r e v io u s l y  m e n tio n ed  in  S e c tio n  3 .2  and a re  

e v a lu a te d  h e re  ag a in  because  th e y  a f f e c t  th e  g a s i f i c a t i o n  k i n e t i c s  in  

a  way d i f f e r e n t  th an  th e  therm odynam ics.
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The lumped h e a t  lo s s  e f f e c t  can  be seen  in  F ig u re  6 -5 . The h e a t  l o s s  

i s  g iv e n  a s  a  p e r c e n ta g e  o f  th e  fe e d  c o a l h ig h e r  h e a t in g  v a lu e  ( 0 %, 

3%, 6 %, 9%, 12%). The cu rve  (w ith  th e  e x c e p tio n  o f  th e  v a r i a b l e  h e a t  

l o s s )  i s  f o r  b a s e - c a s e  c o n d i t i o n s .  A h e a t  lo s s  a c t s  to  low er b o th  

te m p era tu re  and c o n v e rs io n . Note t h a t  dx/dT i s  l a r g e s t  f o r  c a s e  D a s  

i t  i s  th e  m ost e f f i c i e n t  u s e r  o f  th e  a v a i la b le  h e a t .

The e f f e c t  o f  h e a t  lo s s  on th e  av erage  s p e c i f i c  g a s i f i c a t i o n  r a t e ,  Rg ,

i s  shown i n  F ig u re  6 - 6 . The s p e c i f i c  r e a c t io n  r a t e ,  R , was shown tos
depend on co n v e rs io n  and te m p era tu re  in  th e  fo llo w in g  form :

2
Rs = R *(T ,P 1 ) .g ( x ) 'E X P [ - g ]  (6 -1 )

° -By?Whereas Rs in c re a s e s  e x p o n e n tia l ly  w ith  t e m p e r a tu r e ,  g(x)*EXP[ " R^,]

d e c r e a s e s  s t r o n g ly  w ith  c o n v e rs io n , p a r t i c u l a r l y  a t  h ig h  c o n v e rs io n s . 

The combined e f f e c t ,  a s  s e e n  i n  F ig u re  6 - 6 , i s  d i f f e r e n t  f o r  eac h  

d es ig n  c a s e . One can  c l e a r ly  see  th e  p ro g re s s iv e ly  a t te n u a t in g  e f f e c t  

o f th e  c o n v e rs io n  term  on th e  o th e rw ise  e x p e c te d  e x p o n e n t i a l  g ro w th  

w ith  t e m p e r a tu r e .  I n  f a c t ,  o n ly  model D e x h ib i ts  a m ild  e x p o n e n tia l 

in c re a s e ;  model C i s  n e a r ly  l i n e a r ;  w h ile  model B has a  m o n o to n ic a l ly  

d e c r e a s in g  f i r s t  d e r i v a t i v e .  A lso  n o te  t h a t  m odel D ach iev es  a p ­

p ro x im a te ly  th e  same Rg w ith  3% h e a t  l o s s ,  as  m odel B w ith  9% h e a t  

lo s s  a t  th e  same te m p e ra tu re ,  b u t  w ith  d r a s t i c a l l y  d i f f e r e n t  co n v er­

s io n  (94.8% v s . 72.2% ).
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6 . 2 . 2  Pressure

The g overn ing  k in e t i c  e x p re s s io n  was shown to  be o f  th e  Langm uir ty p e  

( s e e  E q u a t io n  4 - 1 ) .  The s p e c i f i c  g a s i f i c a t i o n  r a t e ,  Rg , in c re a se s  

w ith  in c re a s in g  p re s s u re  (a s  shown in  F ig u re  4 -2 ) ,  b u t  in  a  f l u i d i z e d  

b e d  g a s i f i e r  in c r e a s in g  th e  p r e s s u r e  a c t u a l l y  r e d u c e s  th e  carbon  

co n v e rs io n  (se e  F igu re  6 -7 ) .  H igher p r e s s u r e  , th o u g h , h a s  th e  a d ­

v an tag e  o f  a  h ig h e r  th roughpu t.

I n c r e a s in g  th e  p r e s s u r e  r a t i o  by  P i n c r e a s e s  Rg by  l e s s  th a n  P. 

C o n s e q u e n t ly ,  a t  a g iv e n  b ed  s i z e ,  and  th e  low er s p e c i f i c  r a t e  the  

c o n v e rs io n  m ust be low er (and th e  te m p era tu re  h ig h e r )  to  accom m odate 

th e  h ig h e r  th ro u g h p u t. Note th a t  th e  th ro u g h p u t in c re a s e s  by a  r a t i o  

s l i g h t l y  low er th a n  P.

The i n c r e a s e  i n  p r e s s u r e  a f f e c t s  th e  th re e  d es ig n  models d i f f e r e n t ly  

as can  be seen  in  th e  ta b le  below.

T able 6-5

OX - 0 .4  STOX = 4 

PRESSURE fATM}
CASE 1 5 10 30

B X 93.1  90.9  89.5 86.3

AX/AloeP -3 .1 5  -4 .6 5 -6 .7 1

C X 95.7 92 .8  91.3 88.9

AX/AloeP -4 .15  -4 .9 8 -5 .03
D X N/A 97.7 95.9 93 .0

_AX/AlogP.. -5 .58  -5 .9 8 -6 .08
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A t low p re s s u re s  th e  d e c lin e  in  co n v ers io n  w ith  p re s s u re  i s  lo w est f o r  

ca se  B, f o l lo w e d  by C, and  th e n  D. B u t, a t  h ig h e r  p r e s s u r e s  th e  

co n v e rs io n  d e c l in e  i s  lo w est fo r  model C fo llo w ed  by D and th e n  by B.

6 .2 .3  E f f e c t  o f  Bed H eigh t (Holdup)
2

F o r c o n v e n ie n c e  th e  b ed  h e i g h t  i s  c h a r a c te r iz e d  in  u n i t s  o f  l b / f t  .

For a  g iv en  bed  d e n s ity  i t  can  be r e a d i ly  t r a n s l a t e d  in to  h e i g h t  ( f o r  
2

exam ple  500 l b / f t  and 20 l b / f t  a re  e q u iv a le n t  to  25 f t  h e ig h t)  . The

e f f e c t  o f  bed  h e ig h t  i s  shown i n  F ig u re  6 - 8  f o r  f e e d  c o n d i t i o n s  o f

OX=0.35 and STOX = 4 .0 .  The h e ig h t i s  v a r ie d  from 125 l b / f t ^  (ab o u t a
2

q u a r te r  o f  th e  ex p ec ted  v a lu e  f o r  a  com m ercial bed) to  2 0 0 0  l b / f t  .

The p l o t  (o n  s e m i- lo g  c o o r d in a te s )  show s a  n e a r l y  l i n e a r  r e l a t i o n  

betw een th e  carbon co n v ers io n  x  an^ l o g - h e i g h t  f o r  th e  t h r e e  d e s ig n  

m odels. We s t r e s s  t h a t  in  many com m ercial a p p l ic a t io n s  in c re a s in g  bed 

h e ig h t  i n  an  u n b a f f le d  bed has on ly  a  m arg in a l e f f e c t  due to  i n e f f i ­

c i e n t  m ix in g  a n d  b y p a s s in g .  H e re , i d e a l  m ix in g  c o n d i t i o n s  a r e  

assumed. F u r th e r ,  th e  p i l o t - p l a n t s  h av e  o p e r a t e d  a t  h o ld u p s  much 

low er th a n  th o se  p ro je c te d  fo r  com m ercial o p e ra t io n . Some u n c e r ta in ty  

i s  added to  our c a lc u la t io n s  due to  e x t r a p o l a t i o n  o f  th e  b e d  h e i g h t  

e f f e c t  o u ts id e  th e  dem onstra ted  ran g e .

At any bed  h e ig h t ,  model D y i e l d s  a p p r o x im a te ly  2.3% h ig h e r  c a rb o n  

c o n v e r s io n  ( a t  47 °F low er) th an  model C, and model C y ie ld s  a  1.4% 

h ig h e r  c o n v e r s io n  th a n  m odel B ( a t  27 °F low er bed  te m p e ra tu re ) . 

D oubling th e  bed  h e ig h t  in c re a s e s  th e  co n v e rs io n  by ap p ro x im ate ly  2%.
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I t  i s  th e re fo re  h a rd ly  b e n e f i c ia l  to  in c re a s e  b e d - h e i g h t  above s t a n ­

d a rd  m a n u fa c tu re d  h e ig h t  i n  o rd e r  to  o b ta in  a  h ig h e r  c o n v e rs io n . The 

added c o s ts  and p re s s u re  drop  may o f f s e t  any b e n e f i t  r e a p e d  from  th e  

h ig h e r  co n v ers io n .
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FIGURE 6 -4
OPERATING MAP
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FIGURE6-5EFFECT OF HEAT LOSS ON CARBON CONVERSION AND TEMPERATURE
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F i g u r e  6 - 6  e f f e c t  o f  He a t  Lo s s  on  S p e c i f i c  Ga s i f i c a t i o n  Ra t e
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CHAPTER SEVER 
PERFORMANCE

In  Chis chapC er we e v a lu a te  and e x p la in  th e  perfo rm ance  o f  f lu id iz e d -  

bed  g a s i f i e r s  acc o rd in g  to  th e  d e s ig n  m odels. To t r u l y  e v a lu a te  th e  

r e a c to r  perform ance one would r e q u ir e  a  com prehensive f in a n c ia l  

a n a ly s i s  o f  th e  whole g a s i f i c a t i o n  com plex. C ost o f  upstream  and 

dow nstream  u n i t s  i s  u s u a l ly  a f f e c te d  by  changes i n  th e  r e a c to r  

o p e ra t in g  c o n d i t io n s ,  and many u n i t s  a r e  en d -u se  dependen t. Such an 

a n a ly s i s  sh o u ld  indeed  be perform ed  in  advanced  s ta g e s  o f  d e s ig n , b u t  

i s  o u ts id e  th e  scope o f  t h i s  work.

I n s te a d ,  a  s e t  o f  sim ple  in d ic a to r s  t h a t  p ro v id e s  q u ic k  sc re e n in g  

t e s t s ,  and a llo w s  a  f i r s t  o rd e r  com parison  o f  g a s i f i e r s  based  on 

commonly a v a i la b le  o p e ra t in g  d a ta  i s  u sed . Such a  s e t  was developed  

by S h in n ar (1984) and was p re s e n te d  in  c h a p te r  One. Two a d d i t io n a l  

th ro u g h p u t perform ance in d ic a to r s  a re  in tro d u c e d  h e r e .

_ . _    lb  c o a l f e e d /h rCoal Throughput TP. -  ------------ 5

L itT

U . , _ _n MMBTU ( in  n e t  p ro d u c t gas) /h rEnergy th ro u g h p u t TP0  -  ----------- ^ ®
1 f t

The e f f e c t s  o f  th e  o p e ra t in g  p a ra m e te rs : p r e s s u r e ,  h e a t  lo s s e s ,  and 

bed  h e ig h t  on perform ance a re  exam ined and q u a n t i f i e d .  In  th e  n ex t 

c h a p te r  a perform ance com parison  o f  f lu id iz e d - b e d  g a s i f i e r s  w ith  

com m ercia lly  a v a i la b le  g a s i f i e r s  i s  perfo rm ed .
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7 .1  COLD-GAS EFFICIENCY

The c o ld -g a s  e f f ic ie n c y  i s  e q u i v a l e n t  to  th e  r e a c t o r  y i e l d .  I t  i s  

p e rh a p s  t h e  most im p o rtan t perform ance in d ic a to r  f o r  f u e l-g a s  p ro d u c­

t i o n .  The c o ld -g a s  e f f ic ie n c y  can  be c a lc u la te d  on a  fe e d  b a s is  o r  on 

a  co n v e rted  b a s i s .  When th e  c o n v e rs io n  i s  l e s s  th a n  com plete , and th e  

u n co n v erted  ch a r  i s  u s a b le ,  i t  can  th e n  be c r e d i te d  f o r  energy  a g a in s t  

th e  f e e d  c o a l .  In  most c a se s  th e  fe e d  c o ld -g a s  e f f ic ie n c y  i s  o f  more 

im portance and e a s i e r  to  e v a lu a te  s in c e  th e  en e rg y  c r e d i t  f o r  u n c o n ­

v e r te d  c o a l i s  en d -u se  dependent.

The c o ld -g a s  e f f ic ie n c y  fo r  d e s ig n  c a ses  B, C, and  D i s  p r e s e n t e d  i n  

th re e  ty p e s  o f  g rap h s :

1. 3D-S u rfa c e  in  tem p era tu re  and c o n v e rs io n  space

2. P a ra m e tr ic  maps - t h a t  a ls o  show th e  oxygen and steam  

re q u ire m e n ts

3. D ire c t  com parison  o f  th e  d es ig n  models a t  o x y g en -to -ca rb o n  

r a t i o  o f  0 .375

The fe e d  c o ld -g a s  e f f ic ie n c y  su r fa c e s  fo r  d e s ig n  c a se s  B, C, and D a re  

g iv en  in  F ig u re s  7 -1 , 7 -2 , and 7 -3 , r e s p e c t iv e ly .  The p a ra m e tr ic  maps 

f o r  d e s ig n  c a s e s  B, C, and D a re  g iven  in  F ig u re s  7 -4 , 7 -5 , and 7 -6 , 

r e s p e c t iv e ly ,  and th e  d i r e c t  com parison i s  g iv en  in  F ig u re  7 -7 .

F ig u r e s  7 -1 ,  7 -2 , and 7-3 d is p la y  th e  s ig n i f i c a n t  d if f e r e n c e s  betw een 

th e  d e s ig n  c a s e s .  I n t u i t i v e l y ,  one would ex p ec t th e  lo w est fe e d  c o ld -  

g a s  e f f i c i e n c y  t o  b e  a t  low  c o n v e r s io n s  a t  any  te m p e r a tu r e  ( th e
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uncon v erted  ch a r i s  n o t energy  c r e d i t e d ) .  I n d e e d ,  c a s e s  B, C and  D 

e x h i b i t  t h i s  ty p e  o f  b e h a v io r .  But w ith in  th e  p lo t t e d  range case  B 

has th e  lo w es t c o ld -g a s  e f f i c i e n c y  a t  th e  h i g h e s t  c o n v e r s io n  an d  a  

maximum a t  an  i n t e r m e d i a t e  c o n v e rs io n . To e x p la in  t h i s  we r e f e r  to  

c h a p te r  S ix , T able 6-2 where i t  was shown t h a t  th e  a v e ra g e  s p e c i f i c  

g a s i f i c a t i o n  r a t e ,  Rg , i n i t i a l l y  in c re a s e s  as  more oxygen i s  fe d  ( a t  

c o n s ta n t steam -to -oxygen ) and th en  d e c l in e s  a s  th e  c o n v e r s io n  e f f e c t  

n e g a te s  th e  tem p era tu re  e f f e c t .  The r e a c t io n  r a t e  change coup led  w ith  

th e  h ig h e r  c o m b u s tio n  c o n v e r s io n  a t t a i n e d  a t  h ig h e r  o x y g e n  f e e d  

i n i t i a l l y  i n c r e a s e s  th e  o v e r a l l  c a rb o n  c o n v e r s io n  f a s t  enough  to  

in c r e a s e  th e  f e e d  c o ld - g a s  e f f i c i e n c y ,  d e s p i t e  th e  d e t e r i o r a t i n g  

q u a l i ty  o f  th e  g a s . Feeding more oxygen, w h ile  f u r th e r  in c re a s in g  th e  

o v e r a l l  carbon  co n v ers io n  (and te m p e ra tu re ) , d e c re a se s  th e  f e e d  c o ld -  

gas e f f ic ie n c y  as  th e  s p e c i f i c  g a s i f i c a t i o n  r a t e  b e g in s  to  d e c lin e  due 

to  th e  im peding e f f e c t  o f  th e  co n v e rs io n . More o f  th e  chem ical energy  

s to re d  in  th e  c o a l i s  now co n v erted  to  th e rm al en erg y . As more oxygen 

i s  fe d  th e  c o ld -g a s  e f f ic ie n c y  c o n tin u e s  to  d e t e r io r a t e .  E v e n tu a l ly ,  

when enough  oxygen  i s  f e d  f o r  c o m p le te  c o m b u s t io n , th e  r e a c to r  i s  

c a l le d  a b o i l e r  and has a  fe e d  c o ld -g a s  e f f ic ie n c y  o f  z e ro .

The T a b le  below summarizes th e  fe e d  c o ld -g a s  e f f ic ie n c y  r e s u l t s  fo r  a 

g a s i f i e r  o p e ra tin g  a t  1800°F and c o n v e rs io n s  o f  70%, 75%, 80%, 85%, 

and 90%. The oxygen and steam  feed s  re q u ire d  to  a t t a i n  th e se  tem pera­

tu r e s  and c o n v e rs io n s  a re  a ls o  s p e c if ie d .
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Table 7-1

D esign case B Base case con d ition s T-1800°F

Carbon C onversion
75% 80% 85% 90% 94%

Feed Cold Gas
E ff ic ie n c v  % 65.0 68.4 71.5 72.9 67.7
O xveen-to- carbon 0.325 0.345 0.369 0.403 0.490
S team -to-oxveen 2 . 2 2 .4 2 . 8 3 .7 6 . 0

1800°F th e  fe e d co ld -g a s e f f ic ie n c y  has a maximum v a lu e  o f

a  c a rb o n  co n v e rs io n  o f  89.8%. The ta b le  below  g iv es  th e  maximum feed  

c o ld -g a s  e f f ic ie n c y  a t  th re e  te m p era tu re s .

T able 7-2

D esign case  B Base case  c o n d itio n s  
______________________ Tem perature °F

1700 1800 1900
Feed c o ld -g a s
E f f ic ie n c v  % 69.2 73.3 75.2
O xveen-to -carbon 0.425 0.400 0.400
Steam -to-oxvgen 5.5 3 .5 2 . 6

C onversion  % 88.5 89.8 91.6

The fe e d  c o ld -g a s  e f f ic ie n c y  o f  d e s ig n  case  C in c re a s e s  b o th  to w a rd s  

h ig h e r  c a rb o n  c o n v e r s io n s  and  h ig h e r  t e m p e r a tu r e s .  A t v e r y  h ig h  

te m p era tu re s  and co n v ers io n s  (above 2000°F and 95%) th e  fe e d  c o ld - g a s  

e f f i c i e n c y  b e g in s  to  d e c l i n e ,  a s  s e e n  i n  F ig u res  7-2 and 7 -5 . The 

Table below shows th e  fe e d  co ld -g a s  e f f i c i e n c y  and  oxygen  and  s team  

req u irem en ts  fo r  a  g a s i f i e r  o p e ra tin g  a t  1700°F.
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Table 7-3

D esign case C Base case co n d itio n s T-1700°F

Carbon C onversion
70% 75% 80% 85% 90%

Feed Cold Gas 
E f f ic ie n c v  % 61.0 64.2 67.6 70.5 72.8
O xvpen-to- carbon 0.312 0.334 0.355 0.379 0.407
S team -to - oxveen 3 .1 3 .4 3 .7 4 .0 4 .6

The f e e d  c o ld - g a s  e f f i c i e n c y  s u r f a c e  f o r  d e s ig n  ca se  D i s  shown in  

F ig u re  7 -3 . Not s u r p r is in g ly  th e  r e s u l t s  a re  b e t t e r  th a n  c a s e  C (an d  

B) f o r  r e a s o n s  e x p la in e d  in  c h a p te r  S ix . F u rtherm ore , th e  fe e d  co ld - 

gas e f f ic ie n c y  in c re a s e s  m o n o to n ica lly  w ith  c o n v e rs io n  and tem p era tu re  

th ro u g h o u t  th e  m apped ra n g e .  A d i r e c t  com parison  o f  fe e d  co ld -g a s  

e f f ic ie n c y  f o r  th e  th re e  d e s ig n  cases  w ith  th e  same oxygen  and  s team  

f e e d s  p e r h a p s  b e s t  i l l u s t r a t e s  th e  m a g n itu d e  o f  th e  p e rfo rm a n c e  

improvement o f  c a se s  D and C over B. T his i s  done i n  F ig u r e  7 -7  and  

i n  T a b le  7 -4  b e lo w . The r e s u l t s  c an  be  v ie w e d  in  two w ays, a t  a 

c o n s ta n t te m p era tu re  (1700°F) and a t  a  c o n s ta n t  steam  to  oxygen r a t i o  

o f  Four.

T able 7-4

Base Case C ond itions  OX=0.350 T=1700°F

DESIGN CASE
B C D

Feed C old-eas E ff  % 64.2 66.9 72.1
STOX 4 .0 3 .6 2 .7

y % 76.7 79 .2 83.9

§'
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STOX—4

B C D
Feed C o ld -zas E f f  % 64.2 65 .5 6 8 . 1

Y  % 76.7 78 .0 80.2
T °F 1700 1678 1632

7 .2  El -OXYGEN AND STEAM PREPARATION COST

E^ m easures th e  energy  expense o f  p rod u cin g  th e  fe e d  steam  and  oxygen  

i n  r e l a t i o n  to  th e  f u e l  e n e rg y  c o n v e r te d  to  th e  p ro d u c t gas (LHV). 

The p r o p o r t i o n a l i t y  c o e f f i c i e n t  i s  abou t 0 .1 8 , i . e . ,  when E ^ - l ,  18% o f 

th e  p roduced  f u e l  low er h e a t in g  v a lu e  i s  r e q u ir e d  to  produce th e  steam  

and oxygen used  f o r  i t s  p ro d u c tio n .

[H2 0] + 4 .1 [0 2]
EL= [CO] + 0 .85[H 2 ] + 2.83[CH4 ]

The E^ s u r f a c e  p l o t  i n  c o n v e r s io n - t e m p e r a tu r e  s p a c e  i s  g i v e n  i n  

F ig u res  7 -8 , 7 -9 , and 7-10 f o r  d e s ig n  c a se s  B, C, and D, r e s p e c t iv e ly ,  

and as  p a ra m e tr ic  oxygen-steam  maps in  F ig u re s  7 -1 1 ,  7 -1 2 ,  an d  7 -1 3 , 

and a  d i r e c t  d e s ig n  ca se s  com parison in  F ig u re  7-14 .

The s u r fa c e s  in  F ig u re  7 -8 , 7 - 9 ,  and  7 -1 0  i n v a r i a b l y  show t h a t  th e  

lo w e s t  v a lu e s  o f  E^ a r e  o b ta in e d  a t  th e  h ig h e s t  te m p era tu re  and th e  

low est c o n v e rs io n . The h ig h e s t  E^ v a lu e s  a r e  a lw a y s  a t  th e  h i g h e s t  

c o n v e r s io n  an d  th e  lo w e s t te m p e ra tu re . T h is  i s  n o t s u r p r is in g  as we 

know t h a t  to  a c h ie v e  h ig h  co n v e rs io n  a t  low te m p e ra tu re s  one m ust feed
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a h ig h  o x y g e n - to - c a rb o n  r a t i o  [OX] and a  h ig h  steam -to -oxygen  r a t i o  

[STOX] to  keep th e  tem p era tu re  low.

The v a lu e s  o f  th e  d e s ig n  c a se s  v a ry  b o th  in  a b s o lu te  v a lu e  and in  

th e  s lo p e  tow ards h ig h  co n v ers io n s  and low te m p e ra tu re s  w here  maxima 

o c c u r .  The s h a rp  r i s e  i n  o f  case  B tow ards h ig h  co n v ers io n s  ex ­

e m p l i f i e s  th e  i n a b i l i t y  t o  o p e r a t e  c a s e  B a t  h ig h  c o n v e r s io n s  a t  

a c c e p ta b l e  o p e r a t i n g  e x p e n s e . F o r  e x am p le , a t  x=0.93 , e j 4 .7  a t  

1800°F. The energy  th u s  consumed in  p r e p a r in g  th e  s te a m  and  oxygen  

fe e d s  i s  e q u iv a le n t to  85% o f  th e  chem ical energy  in  th e  produced g as . 

(At t h i s  te m p era tu re  and co n v e rs io n  th e  fe e d  c o ld -g a s  e f f i c i e n c y  f o r  

d e s ig n  case  B i s  on ly  66.5% .) I f  we d educt th e  energy  expense o f  steam  

and oxygen p r e p a ra t io n  from  th e  gas we g e t  a n e t  c o a l - t o - g a s  e n e rg y  

co n v e rs io n  o f  abo u t 10%! H ardly  an  e f f i c i e n t  p ro c e s s .

D esign ca se s  G and D e x h ib i t  a more m o d e ra te ly  s lo p in g  E^ a lo n g  any 

c o n s t a n t  te m p era tu re  l i n e .  In  th e  T able below  E^ v a lu e s  a re  compared 

f o r  th e  th re e  d es ig n s  c a se s  o p e ra t in g  a t  1700°F and  a  c a rb o n  c o n v e r ­

s io n  o f  90%.

T able 7-5

Base case  c o n d itio n s  T=»1700°F x**90%

DESIGN CASE
B C D

el 4 .1 3 .0 2.05
ox 0.445 0.407 0.372
STOX 6 . 0 4 .6 2.85
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I n te r e s t in g ly ,  th e  feed  p re p a ra t io n  c o s ts  o f  ca se  D a r e  e x a c t l y  h a l f  

th o se  o f  ca se  B.

The p a ra m e tr ic  maps (F ig u re s  7 -1 1 , 7 -1 2 , and  7 -1 3 )  r e v e a l  t h a t  f o r  

d e s ig n  ca se  B in c re a s in g  th e  oxygen -to -carb o n  r a t i o  (OX) a t  a  c o n s ta n t 

steam -to -oxygen  r a t i o  (STOX) in c re a s e s  o n ly  m i ld ly  ( e x c e p t  a t  low  

OX an d  h ig h  STOX when a  minimum f i r s t  ap p ea rs) . For case  C th e  i n ­

c re a se  i s  even m ild e r  and th e  f l a t  m inim a s h i f t  t o  h ig h e r  OX. F o r 

d e s ig n  c a s e  D, EL a lw ay s  d e c l in e s  a lo n g  c o n s ta n t STOX l in e s  d e s p i te  

th e  in c re a s e d  oxygen  f e e d .  The r e a s o n  f o r  t h i s  s e e m in g ly  r e v e r s e  

b e h a v io r  i n  c a s e  D i s  t h a t  i n c r e a s i n g  OX a t  c o n s t a n t  STOX alw ays 

in c r e a s e s  th e  c o ld - g a s  e f f i c i e n c y ,  w h ich  i s  p r o p o r t i o n a l  t o  t h e  

d e n o m in a to r  o f  E ^ , a t  a r a t i o  g r e a t e r  th a n  th e  i n c r e a s e  i n  th e  

num era to r. For ca se  C, th e  c o ld -g a s  e f f ic ie n c y ,  a t  a c o n s t a n t  STOX, 

f i r s t  in c re a s e s  a t  low OX and th e n  d e c re a se s  a t  h ig h e r  OX v a lu e s .  For 

d e s ig n  c a s e  B th e  c o ld - g a s  e f f i c i e n c y  d e c l in e s  a t  i n c r e a s i n g  OX 

(ex ce p t a t  v e ry  low OX and h ig h  STOX).

7 .3  THROUGHPUT

R e a c to r  th r o u g h p u t  i s  an  im p o r ta n t  p e rfo rm a n c e  in d i c a to r  which i s

p a r t i c u l a r l y  r e v e a l i n g  f o r  k i n e t i c a l l y  c o n s t r a i n e d  s y s te m s .  The

energy  th ro u g h p u t (MMfiJIIZHr ) £g an  i mp0 r ta n t  r e a c to r  s iz in g  in d ic a to r .
f t

^  r
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The c o a l th roughpu t o f  d e s ig n  case s  B, C, and D i s  g iv e n  in  F ig u re s  7- 

15, 7 -16 , and 7-17 , r e s p e c t iv e ly .  In  F ig u re  7-18 we compare th e  th re e  

d es ig n s  d i r e c t l y  a t  OX-0.375.

The c o a l  th ro u g h p u t  i s  d e te rm in e d  by th e  amount o f  gas e x i t in g  th e  

r e a c to r  and by th e  s u p e r f i c i a l  gas v e lo c i ty  s p e c i f i c a t i o n .  The b a s e  

c a s e  s u p e r f i c i a l  g as  v e lo c i ty  i s  s e t  a t  2  f t / s e c  s in c e  in  f lu id iz e d -  

b ed  g a s i f i e r s  h ig h e r  g as  v e l o c i t i e s  r e s u l t  i n  e x c e s s i v e  s o l i d s  

e l u t r i a t i o n ,  and  th e  r e s u l t a n t  h e a t  lo s s  caused  by t h e i r  r e c y c le  i s  

d e tr im e n ta l  to  th e  perform ance. The v o lu m e tr i c  g a s  f l o w r a t e  i s  a f ­

f e c t e d  by  a num ber o f  f a c t o r s :  th e  arrow s in d ic a te  th e  d i r e c t io n  o f  

e f f e c t  on th e  v o lu m etric  gas f lo w ra te  due to  in c re a s e  in :

P re ssu re  1

Tem perature (dependent v a r ia b le )  t  

Oxygen feed  r a te  t  

Steam fe e d  r a t e  t

F o r th e  th r e e  d es ig n  c a se s  th e  h ig h e s t  c o a l th ro u g h p u t ( l b / h r » s q . f t . ) 

i s  o b ta in e d  a t  th e  low est OX and th e  low est STOX. H igher oxygen  f e e d  

r a t e  i n c r e a s e s  th e  v o lu m e tr ic  gas f lo w ra te  by in c re a s in g  th e  co n v er­

s io n  and p ro d u c in g  more g a s  and  by in c r e a s i n g  th e  te m p e r a tu r e .  A 

h ig h e r  steam  feed  r a te  in c re a s e s  th e  t o t a l  amount o f  gas w hich reduces 

th e  c o a l th ro u g h p u t, b u t th e  e f f e c t  i s  muted by th e  low er te m p era tu re .

A h ig h  c o a l  th ro u g h p u t i s  n o t  b e n e f i c i a l  u n l e s s  th e  fe e d  co ld -g a s  

e f f ic ie n c y  i s  h ig h . The energy  th roughpu t (MMBTU/hr«sq.ft) shows th i s
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com bined  e f f e c t  in  F ig u res  7 -19 , 7 -20 , and 7 -21 . The energy  th ro u g h ­

p u t depends on a l l  th e  f a c to r s  t h a t  a f f e c t  th e  c o a l  f e e d  r a t e  and  on 

th e  f e e d  c o ld - g a s  e f f ic ie n c y .  Note th a t  f o r  case  B d e c re a s in g  OX a t  

c o n s t a n t  STOX in c r e a s e s  th e  c o a l  th ro u g h p u t  a t  a  p o s i t i v e  f i r s t  

d e r i v a t i v e  (w ith  re s p e c t  to  te m p e ra tu re ) , w h ile  th e  energy  th ro u g h p u t 

in c re a s e s  a t  a  n e g a tiv e  f i r s t  d e r iv a t iv e .  I n  f a c t ,  a t  low OX and h ig h  

STOX th e  energy  th roughpu t a c tu a l ly  b eg in s  to  d e c l in e .

The th ro u g h p u t o f  case C (F ig u re  7-20) has th e  same b e h a v io r  a s  c a s e  

B, e x c e p t  t h a t  a t  th e  same fe e d s  th e  c o a l th ro u g h p u t and e s p e c ia l ly  

th e  e n e rg y  th ro u g h p u t  a r e  h ig h e r  a s  shown b e lo w  f o r  OX=0.375 and 

ST0X-4.

l b / h r » s a . f t .  MMBTU/hr»sa. f t .
B 385 3 .7
C 390 3.9

C ase D ( F ig u r e  7 -2 1 ) ag a in  p roves d i f f e r e n t :  a lo n g  c o n s ta n t  OX l in e s  

and c o n s ta n t  STOX l in e s  th e  c o a l th ro u g h p u t and energy  th ro u g h p u t a r e  

n e a r ly  l i n e a r  w ith  te m p era tu re .

F ig u re s  7-18 and 7-22 d i r e c t l y  compare c a se s  B, C, and D a t  0X = 0.375 . 

A t ST0X=4 th e  c o a l th roughpu t o f  ca se  D i s  h ig h e r  th a n  C o r  B d e s p i te  

i t s  h ig h e r  m olar gas f lo w ra te  (see  T able 7-6  below ) . The lo w e r  te m ­

p e ra tu r e  more th a n  com pensates to  reduce th e  v o lu m e tr ic  gas f lo w ra te .
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The energy  p ro d u c tio n  r a t e  i s  h i g h e s t  f o r  c a s e  D b e c a u s e  o f  b o th  a  

h ig h e r  c o a l  th ro u g h p u t  an d  a  h ig h e r  f e e d  c o ld - g a s  e f f ic ie n c y .  At 

OX-0.375 and STOX-4, ca se  D p roduces n e a r ly  10% more f u e l  e n e rg y  th a n  

c a s e  B, a t  2% h ig h e r  c o a l  th r o u g h p u t .  C ase  C p ro d u c e s  2.6% more 

energy  th a n  case  B a t  0.6% h ig h e r  c o a l th ro u g h p u t.

T ab le  7-6

OX-0.375 STOX-4

B
DESIGN CASE 

C D
2Coal th ro u eh n u t l b / h r * f t 385 .4 387.8 394.1

2Enerev T rouehout MMBTU/hr*ft 3 .82 3.92 4 .19
P roduct pas lb*m ol/lb*m ol c o a l 2 . 6 8 2.69 2.72
Tem nerature °F 1722 1699 1639

In  o th e r  w ords, as a  r e s u l t  o f  fe e d in g  more oxygen two f a c t o r s  com bine 

to  i n c r e a s e  th e  e n e rg y  p ro d u c tio n  th ro u g h p u t and one f a c to r  d e c re a se s  

i t ,  f o r  a l l  th re e  d e s ig n s . The two f a c t o r s  t h a t  i n c r e a s e  i t  a r e  th e  

i n c r e a s e  i n  c o m b u s tio n  c o n v e r s io n  - x-  ̂ aT*d in c re a s e  in  r e a c to r  

tem p era tu re  and th e  r e a c t io n  r a t e .  The d e c r e a s i n g  f a c t o r  i s  th e  i n ­

c re a se d  co n v e rs io n . The in c re a s e d  co n v e rs io n  impedes th e  r e a c t io n  r a t e  

and can  reduce  th e  n e t  energy  p ro d u c tio n  r a t e  d e s p i t e  th e  i n c r e a s e  i n  

R° and th e  h ig h e r  com bustion  c o n v e rs io n . T h is n e t  re d u c t io n  in  n e t  

g a s i f i c a t i o n  r a t e  happens i n  c a se s  B and C b u t n o t in  D.
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CHAPTER EIGHT
COMMERCIALIZATION POTENTIAL OF FUJIDIZED-BED GASIFIERS

I n  t h i s  c h a p te r  we a s s e s s  th e  co m m e rc ia liz a tio n  p o te n t i a l  o f  oxygen- 

blown f lu id iz e d -b e d  g a s i f i e r s  f o r  th e  p r o d u c t io n  o f  Medium-BTU gas 

from  E a s t e r n  an d  W este rn  c o a ls .  The perform ance o f  th e  p i l o t - p l a n t s  

i s  an a ly zed , and a  s im p le  c a t a l y s t  e v a l u a t i o n  f o r  E a s t e r n  c o a l  i s  

shown.

8 .1  THE COMPETITION

C u r r e n t l y ,  th e  m ain com m ercial c o m p e tito rs  fo r  Medium-BTU gas p ro d u c­

t i o n  a re  th e  E n t r a in e d - B e d , T exaco  an d  S h e l l ,  an d  th e  M o v in g -b ed , 

S la g g e r .  The Texaco o p e ra te s  com m ercially  in  a  d em o n stra tio n  u n i t  a t  

Cool W ater w here th e  f u e l - g a s  i s  u s e d  to  p ro d u c e  100MW pow er i n  a 

c o m b in e d -c y c le  p o w e r-p la n t in  D aggett, C a l i f o r n ia .  A S h e ll  g a s i f i e r ,  

fo r  Medium-BTU gas from W estern , subbitum inous c o a l i s  c u r r e n t l y  i n  a 

s t a r t - u p  p h a s e  i n  D eer P a rk ,  T exas. The S lag g e r h as  been  o p e ra tin g  

w ith  an  8  f t .  d ia m e te r  d e m o n s t r a t io n  u n i t  w i th  t a r  r e c y c l e  a t  c o a l  

th r o u g h p u t  o f  a p p ro x im a te ly  1000 lb /h r» s q  f t  in  W e s tf ie ld , S co tlan d . 

A d d itio n a l p o t e n t i a l l y  co m m erc ia l te c h n o lo g y  a r e  r e p o r t e d  by  H e itz  

(1984).

A com m ercial f lu id iz e d  bed  g a s i f i e r  fo r  th e  p r o d u c t io n  o f  Medium-BTU 

g as  from  h ig h  q u a l i t y  E a s t e r n  c o a l  t h a t  w ou ld  o p e r a te  w ith  l e s s e r  

perfo rm ance th a n  th e  above m entioned g a s i f i e r s  h as  l i t t l e  o r no chance
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o f  econom ic s u rv iv a l .  The perform ance in d ic a to r s  f o r  t h i s  e v a lu a tio n  

a re  summarized in  T able 8-1  below :

TABLE 8-1

Texaco S h e ll S la z e e r
C onversion % 95-99 97-99 99
Cold FEED 75-77 76-78 87
Gas E ff  CONV. 77 78 89
el 1 .5 1 .5 1 . 1

R - R c -0 .03 - 0 . 0 2 +0.16
Coal 1 1 1  # 6 111 #5 PGH # 8

8 .2  COMMERCIALLY ATTRACTIVE OPERATING RANGE

To d e f in e  th e  b o u n d a r ie s  o f  econom ic v i a b i l i t y  f o r  a  com m ercially - 

s iz e d  f lu id iz e d -b e d  g a s i f i e r ,  we superim pose th e  minimum eco n o m ica lly - 

c o m p e t i t iv e  p e r fo rm a n c e -c r i te r ia  cu rv es  on th e  te m p e ra tu re -c o n v e rs io n  

o p e r a t i n g  map o f  e a c h  d e s ig n  c a s e .  The c o m m e rc ia lly  a t t r a c t i v e  

o p e r a t i n g  range i s  a ls o  bounded by o p e ra t io n a l  l im i t s  w hich a re  drawn 

as  c o n s t r a in t  l i n e s .  T h is  p ro ced u re  en a b le s  th e  d e te rm in a tio n  o f  th e  

e x i s t e n c e  o f  a f e a s i b l e  o p e r a t i n g  r a n g e ,  i . e . ,  w hether th e  minimum 

perform ance i s  w ith in  th e  o p e ra b le  ran g e .

T a b le  8 -1  shows t h a t  th e  m in im u m -p erfo rm an ce  c r i t e r i a  fo r  commer­

c i a l i z a t i o n  a re :

EL - 1 . 5

Feed Cold Gas E ff .  -  75%

Carbon C onversion , x  -  0-90
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The o p e r a b i l i ty  l i m i t s  f o r  E a s te rn  c o a l u sed  h e re  a re :

Maximum R eac to r Tem perature -  2000°F 

Minimum Steam -to-O xygen R a tio  -  2 

N o te  t h a t  th e s e  o p e r a b i l i t y  l i m i t s  a r e  n o t  f i n i t e  c o n s t r a in ts  b u t ,  

r a th e r ,  s e le c te d  a c c o r d in g  t o  w hat was d e m o n s tra te d  by  th e  p i l o t -  

p l a n t s ,  to  a l lo w in g  fo r  some p ro c e ss  im provem ents. No f lu id iz e d -b e d  

g a s i f i e r  has  y e t  shown o p e r a b i l i t y  w i th  a s te a m - to -o x y g e n  ( o r  gas  

e q u i v a l e n t )  r a t i o  below  4 f o r  E a s te rn  c o a l ,  n o r was any ru n  conducted  

a t  tem p era tu re s  above 1950°F. (But some runs w ith  do lo m ite  f lu x in g  

w ere  c o n d u c te d  a t  a b o u t 2 0 0 0 °F .)  In  F ig u res  8 -1 , 8 -2 , and 8 -3 , con­

s t a n t  v a lu e  cu rves o f  feed  c o ld - g a s  e f f i c i e n c y  (CGEF) a r e  draw n a t  

70%, 75%, and 80%; c o n s ta n t v a lu e  E^ cu rves a re  drawn a t  1 .5 ,  2 .0 ,  and 

2 .5 .

8 .2 .1  D esign Case B

F ig u re  8-1 shows t h a t  th e  E^ = 1 .5  i n t e r s e c t s  th e  f e e d  c o ld - g a s  e f ­

f ic ie n c y  =75% curve a t  p o in t  2:

OX = 0 .362 

ST0X = 1 . 1  

Temp = 1969°F 

X “  0.878

T his p o in t  i s  c l e a r ly  o u ts id e  th e  p roven  o p erab le  ra n g e , w hich  s im p ly  

im p l ie s  t h a t  d e s ig n  c a s e  B h a s  no f e a s ib l e ,  c o m m e rc ia l ly -a ttra c t iv e  

o p e ra t in g  range .

To d e m o n s tr a te  th e  e v a l u a t i o n  m e thod , though , we low er th e  minimum 

a c c e p ta b le  perform ance to :

sir--
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Feed Cold Gas E f f .  -  70%

El  -  2 . 0

The lo w e re d  p e rfo rm a n c e  c r i t e r i a  u n c o v e r  a  f e a s ib le  range which i s  

shaded ye llow  in  F ig u re  8 -1 . I t  i s  bounded by th e  low ered perform ance 

c r i t e r i a  a n d  by  t h e  o p e r a b i l i t y  c o n s t r a i n t s  (T<2000°F, x>0.90, 

ST0X>2). I f  th e  a r b i t r a r i l y - s e t  m inim al ca rb o n -co n v e rsio n  i s  removed, 

th en  th e  p in k -sh ad ed  i s  added to  th e  c o m m e rc ia l ly -a t t r a c t iv e , o p e rab le  

ran g e . The op tim al o p e ra t in g  p o in t  in  t h i s  range l i e s  a t  th e  i n t e r ­

s e c t i o n  o f  STOX =2 and  T=2000°F —p o in t  1 (minimum o p erab le  STOX, 

maximum o p e rab le  t e m p e r a t u r e ) . To a t t a i n  t h i s  p o in t  th e  o p e r a t o r  

s h o u ld  f e e d  an  o x y g e n - to - c a rb o n  r a t i o  o f  0 .4 0 5 , steam -to -oxygen  o f

2 .0 ,  and  c o a l  f e e d  th ro u g h p u t  o f  440 ^ / h t  a t t a i n e d  c a rb o n
f t Z

co n v ers io n  would be 93.3%, th e  fe e d  c o ld -g a s  e f f i c i e n c y ,76.7%, and E^, 

1 .9 4 . T his i s  th e  maximum c o ld -g a s  e f f ic ie n c y  a t t a i n a b l e  a t  2000°F ,

as  can  a ls o  be seen  in  F ig u re  7 -1 . B ut, to  r e p e a t ,  th e  above c a lc u la ­

t i o n s  w ere  a t  r e l a x e d  p e rfo rm a n c e  c r i t e r i a :  d e s ig n  c a s e  B h a s  no

f e a s i b l e ,  c o m m e rc ia lly  a t t r a c t i v e  o p e ra t in g  ran g e , w ith  u n c a ta ly z e d  

E a s te rn  c o a l .

To a p p ro a c h  th e  e c o n o m ic a l ly -a t t r a c t iv e  o p e ra t in g  range , th e  g a s i f i e r  

sh o u ld  be o p e ra ted  c lo s e r  to  th e  thermodynamic e q u ilib r iu m , w h ich  can  

Kq approached. by lowering tbs steam-to-oxygen ratio (to about one) and 

a t  fe e d in g  a minimal oxygen to -c a rb o n  r a t i o  o f  0 .3 7 .  A t th e s e  f e e d s  

th e  r e a c to r  tem p era tu re  i s  ex p ec ted  to  be above 2000°F.
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8 .2 .2  D esign Case G

C ase C i s  a l s o  shown n o t  to  hav e  a  c o m m e rc ia l ly -a ttra c t iv e  o p e ra b le

range in  F ig u re  8 -2 .  The i n t e r s e c t i o n  o f  th e  m in im u m -p erfo rm an ce

Ej=»1.5 and CGEF-75% o ccu rs  a t :

OX -  0 .358

STOX -  1 .2

Temp -  1913°F

X -  0 .865

Whereas t h i s  o p e ra t in g  p o in t  i s  e a s ie r  to  a t t a i n  to  t h a t  o f  c a s e  B a t  

m in im u m -p erfo rm an ce  c o n d i t i o n s ,  i t  i s  o u ts id e  th e  o p e rab le  ran g e  as 

d e f in e d  above. We w i l l  in v e s t ig a te  th e  p o t e n t i a l  f o r  a  c a t a l y s t  to  

improve th e  perform ance o f  case  C in  S e c tio n  8 .4

8 .2 .3  D esign Case D

F ig u r e  8 -3  show s t h a t  d e s ig n  c a s e  D h a s  no c o m m e rc ia l ly -a ttr a c t iv e  

o p e ra b le  ran g e . Throughout th e  mapped ran g e , j u s t  a s  i n  c a s e s  B and  

C, th e  E ^= 1 .5  c u rv e  i s  a lw a y s  a t  a s team -to -oxygen  r a t i o  below  two, 

w hich was de term ined  as a m inim al o p e ra b le  r a t i o .  At th e  i n t e r s e c t i o n  

o f  E ^ = l.5 and CGEF=75% th e  fo llo w in g  c o n d itio n s  p r e v a i l :

OX = 0 .350 

STOX -  1.25 

Temp « 1821°F 

X -  0 .8 68

These c o n d itio n s  a re  a f u r th e r  im provem ent o v e r  th o s e  o b t a i n a b l e  by 

c a s e  C f o r  minimum perfo rm ance , e s p e c ia l ly  th e  low er te m p e ra tu re  b u t 

a re  s t i l l  n o t econom ica lly  c o m p e tit iv e  w ith  e i t h e r  S h e ll  o r  Texaco.
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C o n c e iv a b ly ,  a  g a s i f i e r  c a n  o p e r a t e  w i th  h ig h e r  f e e d  p r e p a r a t i o n  

expenses (E^) i f  th e  c o ld  gas e f f ic ie n c y  can  be in c re a s e d , so t h a t  th e  

n e t  e f f i c i e n c y  i s  n o t  r e d u c e d .  T h is  t r a d e - o f f  can  be c a lc u la te d  by 

e v a lu a tin g  a  s im p l i f ie d  minimum perform ance n e t  e f f ic ie n c y  as  :

NET*- CGEF**(1 - 0.18El *)

Where an  a s t e r i s k  in d ic a te s  th e  minimum p e rfo rm a n c e  c r i t e r i a .  The 

t r a d e - o f f  betw een E^ and CGEF can  now be lo c a te d  by th e  curve:

NET* -  CGEF*(1 - 0.18El )

The fo llo w in g  diagram  d em o n stra tes  t h i s  p o in t :

[0 .2025 BTU]

E j - 1 .5 |  @0.18

FEED [1 BTU] .............> [0 .75  BTU]  > [0.5475 BTU] NET
CGEF-75%

[0.2476 BTU]

>| ®o.:Ej—1.731 @0.18

FEED [1 BTU] ............ > [0.795BTU]  > [0.5475 BTU] NET
CGEF—79.5%
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For c a s e  D, a t  O X -0.395 an d  STOX-2, E j - 1 .7 3  and  CGEF-84.2%. T h is  

t r a d e - o f f ,  i f  v a l i d ,  w o u ld  p ro d u c e  a  m a r g in a l ly  c o m m e rc ia lly -  

c o m p e tit iv e  o p e ra t io n . T h is  m ethod i s  em ployed  i n  th e  a n a l y s i s  o f  

w es te rn  c o a l in  S e c tio n  8 -5 .

8 .3  PILOT-PLANT PERFORMANCE

The a b i l i t y  to  p r e d ic t  p i l o t - p l a n t  r e s u l t s  was n o t a v a i la b le  u n t i l  now 

and i s  an im p o rtan t accom plishm ent. A r e l i a b l e  an d  p r e d i c t i v e  m odel 

an  b e  i n c o r p o r a t e d  i n t o  an  e x p e rim e n ta l m a tr ix  to  s h o r te n  o r reduce 

th e  num ber o f  e x p e r im e n ts .  I d e a l l y ,  a  p i l o t - p l a n t  i s  a  f l e x i b l e  

scaled-dow n v e r s io n  o f  th e  e n v is io n e d  com m ercial p la n t  w ith  a l l  c r i t i ­

c a l  s c a le u p  p aram ete rs  e q u a l. The p u rp o s e  o f  th e  p i l o t - p l a n t  i s  to  

e s t a b l i s h  o p e r a b i l i t y  and  to  d e f in e  th e  c o m m e r c i a l l y - a t t r a c t i v e  

o p e ra t in g  window.

The com m ercially  a t t r a c t i v e  o p e ra t in g  range was w e ll u n d ers to o d  by th e  

d e s ig n e rs  o f  a  c o m m erc ia l KRW p l a n t  ( F lo u r ,  1 9 8 5 ) . The p r o j e c t e d  

p e r f o r m a n c e  i s  g iv e n  i n  T a b le  8 - 1  i n  c o m p a r i s o n  t o  T e x a c o .  

U n fo r tu n a te ly , th e  en v is io n e d  p erfo rm an ce  was n e v e r  d e m o n s tra te d  i n  

th e  p i l o t - p l a n t  and  o u r  m odel shows th a t  i t  i s  n o t a c h ie v a b le  in  an 

e f f i c i e n t  com m ercial KRW under any c i r c u m s ta n c e s .  A l e s s e r  p e r f o r ­

mance w h ich  i s  s t i l l  e c o n o m ic a l ly  c o m p e t i t iv e  w i th  T exaco  c a n  be 

t h e o r e t i c a l l y  ach iev ed , b u t i s  o u ts id e  th e  p roven  o p e ra b le  range .
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TABLE 8-1

KRW_______ TEXACO
COAL ILL. # 6 ILL. # 6

Y 94.9 99.0

el 1.29 1.47
CGEF % 87.1 76.9
R -R c +0.096 -0 .015
OX 0.33 0.46
STOX 1 . 6

—

TEMP O p 1850 2600

What p r e v e n te d  th e  KRW p i l o t - p l a n t  from o p e ra tin g  in  th e  com m ercially  

a t t r a c t i v e  ran g e?  We h av e  a n a ly z e d  num erous p i l o t - p l a n t  ru n  d a t a  

(S h in n a r  and  A v id an , 1 985a; S h in n a r  and  Avidan, 1985b). T able 8-2 

shows a  breakdown o f  co ld -g a s  e f f ic ie n c y  lo s s e s  f o r  a  r e p r e s e n t a t i v e  

run  w ith  P i t ts b u rg h  # 8 .

TABLE 8-2
KRW P i lo t - P la n t
TP-034-2 Cold-Gas E ff ic ie n c y  { Feed =45.2%
P itts b u rg h  # 8  { C onverted=55.5%

% OF
LOSS TO:____________________________________CONVERTED COAL HHV
FINES RECYCLE 2 .1  LB/LB COAL 8 . 6

RECYCLE GAS 2 .9  LB/LB COAL 1 2 . 8

SKIN LOSS 3 .1

SENSIBLE HEAT IN 
NET DRY PRODUCT GAS

1 1 . 2

SENSIBLE HEAT IN 
UNCONVERTED STEAM

5.9
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F in es  and gas re c y c le s  a re  acco u n tab le  f o r  more th a n  20% o f  th e  c o n ­

v e r t e d  c o a l  HHV l o s s . The r e s t  o f  th e  u n re a l iz a b le  h e a t in g  v a lu e  i s  

s p e n t on s k in  lo s s e s  and s e n s ib le  h e a t  in  th e  p ro d u c t g as .

The r e a c t o r  was f e d  w ith  la rg e  amounts o f  ex cess  gas (m ostly  re c y c le  

gas) w hich, in  tu rn ,  in c re a se d  th e  s o l id s  e l u t r i a t i o n  r a t e  w h ich  w ere 

r e c y c l e d  u s in g  more re c y c le  g as . More th a n  h a l f  th e  re c y c le  gas was 

fe d  in to  th e  an n u la r  bottom  to  m a in ta in  an  a s h - c h a r  i n t e r f a c e .  Gas 

v e l o c i t i e s  a r e  m a in ta in e d  h ig h  in  th e  annulus to  p re v e n t la rg e  ch a r  

p a r t i c l e s  from dropp ing  o u t.

The com plex  b o tto m  zone i s  th e  p r in c ip le  cause o f  h e a t  lo s s e s  o f  th e  

r e a c to r .  The purpose o f  th e  bottom  zone i s  to  s e le c t iv e ly  remove low- 

in - c a r b o n  a s h  p a r t i c l e s  in  o rd e r  to  keep a  h ig h  carbon  c o n c e n tra t io n  

in  th e  bed . But a  h ig h  ash  c o n te n t (low carbon  c o n te n t)  o c c u r s  o n ly  

a t  c a r b o n  c o n v e r s i o n s  g r e a t e r  th a n  90%, w h i le  th e  p i l o t - p l a n t s  

ach iev ed  c o n v e rs io n s  i n  th e  70-85% r a n g e .  (A t y p i c a l  E a s t e r n  c o a l  

c o n t a in s  ab o u t 10% (w t.)  ash ; th u s  a t  90% c o n v e rs io n  th e  bed  c o n ta in s  

ap p ro x im ate ly  50% a s h .)  O v e ra ll , The complex bottom  zone seem s to  b e  

a  te c h n o lo g ic a l  c u r io ,  b u t a  n e t  lo s s  to  th e  p ro c e ss  e f f ic ie n c y .

The o p e ra t in g  maps in  F ig u res  8-1  and 8-2 show t h a t  th e  c o m m e rc ia lly  

a t t r a c t i v e  o p e r a t i n g  range l i e s  a t  s team -to -o x y g en  r a t i o s  below  two. 

F ig u re  8-2 shows th a t  a t  a  s team -to -o x y g en  r a t i o  o f  one th e  p e r f o r ­

mance i s  c o m p e t i t iv e  w ith  E n tra in ed -b ed  g a s i f i e r s .  The p i l o t - p l a n t s  

have f a i l e d  to  ex p lo re  th e  low steam  (o r  g a s )- to -o x y g e n  r a t i o  ran g e .
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8 .4  POTENTIAL EFFECT OF A CATALYST WITH EASTERN COAL

C o m m e rc ia l iz a t io n  p r o s p e c t s  f o r  a  f l u i d i z e d - b e d  g a s i f i e r  f o r  th e  

p r o d u c t i o n  o f  Medium-BTU g a s  from  u n c a t a ly z e d  E a s t e r n  c o a l  seem  

rem ote . Even f o r  an  im proved, h y p o th e t ic a l  d e s ig n  th e y  a r e  m a rg in a l  

a t  b e s t .  A c a t a l y s t  may im prove p e r fo rm a n c e ,  p a r t i c u l a r l y  o f  a 

k i n e t i c a l l y  c o n s tra in e d  r e a c to r ,  by a p p ro a c h in g  th e rm o d y n am ic  e q u i ­

l i b r iu m  m ore c l o s e l y .  We in v e s t ig a te  th e  p o t e n t i a l  o f  a  c a t a l y s t  to  

improve th e  perform ance to  a  com m ercially  v ia b le  reg im e.

A num ber o f  s u b s ta n c e s  a r e  known to  c a ta ly z e  th e  g a s i f i c a t i o n  r e a c ­

t i o n s ,  p a r t i c u l a r l y  th e  a l k a l i  s a l t s  an d  t h e i r  e u t e c t i c s ,  a l k a l i n e  

e a r t h s  , a n d  som e t r a n s i t i o n  m e ta ls  ( N i ) . F o r a  re v ie w  on c o a l  

g a s i f i c a t i o n  c a t a ly s i s  see  Kosky e t  a l . ( 1 9 8 2 ) .  Exxon h a d  s u c c e s s ­

f u l l y  o p e r a t e d  a  c a t a l y t i c  f l u i d i z e d - b e d  p i l o t  p l a n t  ( c o a l  was 

im p re g n a te d  w i th  P o ta s iu m -C a rb o n a te , I^ C O ^ ). R e c e n t ly ,  KRW h a d  

o p e r a t e d  w i th  D o lo m ite  and  L im e s to n e  ( f o r  th e  p u rp o s e  o f  in - b e d  

d e s u l f u r iz a t io n )  and a c a t a l y t i c  e f f e c t  o f  a f a c t o r  o f  s i x  was r e a l ­

iz e d  on th e  r e a c t io n  r a t e  .

U n fo r tu n a te ly ,  th e  c a t a ly s i s  mechanism i s  n o t c o m p le te ly  u n d e r s to o d ,  

and i t  i s  h a rd  to  p r e d ic t  th e  form o f  th e  c a t a ly s i s  e f f e c t  on th e  r a t e  

e x p re s s io n  (E q u a tio n  4 -1 ) .  S p e c i f i c a l l y ,  th e  c o n v e r s io n  d e p e n d e n c e  

may b e  o f  a  fo rm  d i f f e r e n t  th a n  E q u a t io n  4 -3 . D e sp ite  t h i s  u n c e r ­

t a in ty  we assume t h a t  th e  n e t  c a t a l y t i c  e f f e c t  c a n  b e  o b ta in e d  by 

m u l t i p l y i n g  Rg (E q u a tio n  4 -1 ) by a c o n s ta n t  ( c a t a l y t i c  f a c to r )  o f  K.
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We t e s t  ca se  C w ith  K-50 f o r  th e  o p e r a t i n g  c u rv e  o f  O X -0.375. The 

r e s u l t s  a r e  shown in  F ig u re  8 -4 .

A c a t a l y s t  can  in c re a s e  co n v e rs io n  and s in c e  th e  r e a c t io n  i s  en d o th e r- 

m ic ,  lo w e r  t h e  t e m p e r a t u r e  and  t h e r e f o r e  in c r e a s e  th e  c o ld - g a s  

e f f ic ie n c y  and low er E^. In  T able 8-3  th e  c a t a l y t i c  e f f e c t  a t  e a c h  

o p e ra t in g  p o in t  i n  F ig u re  8 -4  i s  shown.

TABLE 8-3

D esign Case C OX -  0.375

STOX
C a ta lv s t 1 2 3 4 5

e t
NO 1.45 1.81 2 . 2 2 2 . 6 8 3.20

L i YES 1.34 1.64 1.96 2.31 2.69
CGEF NO 78.4 76 .0 73.2 70 .0 66 .4
% YES 84.6 84.1 83.2 81.5 79.3
T °F NO 1972 1850 1762 1698 1647

YES 1754 1640 1562 1504 1460
X NO 92.0 89.8 87.2 84.3 81.1

YES 97.7 97.2 96.2 94.7 92.7

A n a ly s is  o f  th e s e  r e s u l t s  i n d i c a t e s  t h a t  a t  ST0X=2 th e  r e s u l t s  a r e  

c o m p e t i t iv e  w i th  E n tr a in e d -B e d  g a s i f i e r s  acc o rd in g  to  th e  t r a d e - o f f  

te c h n iq u e  p roposed  in  th e  p re v io u s  s e c t io n .  T h is r e s u l t  does n o t ta k e  

i n t o  a c c o u n t  th e  c o s t  o f  th e  c a t a l y s t  i t s e l f  ( a  p rim e  r e a s o n  fo r  

sh e lv in g  th e  c a t a l y t i c  Exxon p r o c e s s ) , and i t s  e f f e c t  on e f f e c t iv e  bed 

h o ld u p  (D olom ite  and L im estone have red u ced  th e  carbon  holdup by some 

oG% xn î A.wj . A c a t a l y t i c  f a c t o r  o f  f i f t y  h a s  th u s  im p ro v e d  t h e  

r e s u l t s  o f  c a s e  C b ey o n d  and  in to  th e  com m ercially  a t t r a c t i v e  zone. 

These r e s u l t s  a re  i n t e r e s t i n g  and r e q u ir e  e x p e rim en ta l v e r i f i c a t i o n .
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8 .5  COMMERCIAL VIABILITY WITH WESTERN COAL

W estern  c o a l s  h a v e  a num ber o f  a d v a n ta g e s  o v e r  E a s te r n  c o a l s  f o r  

g a s i f i c a t i o n .  F i r s t ,  th e y  a r e  up to  tw o -o rd e r s  o f  m agnitude more 

ch em ica lly  r e a c t iv e  in  g a s i f i c a t i o n .  K osky (1982 ) r e p o r t s  i n i t i a l  

g a s i f i c a t i o n  r a t e s  f o r  Montana Rosebud t h a t  a re  80 tim es la r g e r  th an  

th o se  o f  P i t t s b u rg h  # 8 ; second, th e y  c o n ta in  more o rg a n ic  oxygen which 

r e d u c e s  th e  s to ic h io m e t r i c  oxygen req u ire m e n ts ; t h i r d ,  th e y  a re  non­

cak ing  and n o n -sw e llin g  w hich f a c i l i t a t e s  f e e d in g  i n t o  a  f l u i d i z e d -  

b e d ,  a n d  e n a b le s  f e e d in g  i n t o  m id -b e d  a t  h ig h  p r e s s u r e s  w i th o u t  

p r e tr e a tm e n t . Some o f  th e  d isad v an tag es  o f  W este rn  c o a l  in c lu d e  th e  

h ig h e r  m o is tu re  c o n te n t which m ight r e q u ir e  d ry in g  p r io r  to  g a s i f i c a ­

t i o n  (up to  30% m o istu re  in  ru n -o f-m in e  c o a l s ) ,  and th e  f a c t  t h a t  most 

o f  th e  W este rn  c o a l i s  lo c a te d  away from th e  m ajor p o p u la tio n  c e n te r s  

in  th e  U .S.A .

We s im u la te  a W estern c o a l o f  com position :

CH0 .7 5 ° 0 .15
1 0 % ash  (d ry  b a s is )

5% m o istu re

11,500 BTU/lb, d ry  

I t  i s  s im i la r  to  a p a r t l y  d r ie d  M ontana R osebud . We f u r t h e r  assum e 

t h a t  th e  s p e c i f i c  g a s i f i c a t i o n  r a t e ,  Rg , i s  f i f t y  (50) tim es g r e a te r  

th a n  th a t  o f  P i t t s b u rg h  # 8 . We r e a l i z e  t h a t  t h i s  r a t e  r e p r e s e n t a t i o n  

may be  in a d e q u a te  f o r  d e t a i l e d  m odeling, a s  th e  form o f  e q u a tio n  4-2 

may be d i f f e r e n t .  Only ca se  C i s  s im u la te d  s in c e  i t  i s  p ro b a b ly  th e  

b e s t  one can  hope to  ach iev e  in  a f lu id iz e d -b e d  g a s i f i e r .
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For W estern c o a l th e  minimum p e r fo rm a n c e -c r i te r ia  a re  Ej - 1 .5  and  f e e d  

c o ld -g a s  e f f i c i e n c y  -80% (see  T ab le 1 -4 ) . O p e ra tio n a lly , th e  steam - 

to -oxygen  r a t i o  i s  r e s t r i c t e d  to  above two (The a tm ospheric  U-Gas h ad  

o p e r a te d  below  th r e e ,  w h ile  th e  a tm ospheric  W inkler o p e ra te s  a t  abou t 

1 .6 ) .  The carb o n -co n v e rs io n  i s  r e q u ire d  to  be  above 90%.

The o p e ra b le , com m ercially  v ia b le  a re a  i s  shaded ye llow  in  F ig u re  8-5 . 

I f  a  carbon  co n v e rs io n  below 90% i s  a c c e p ta b l e  ( a  d i s p o s a l  p ro b lem ) 

th e  p in k  sh a d e d  a r e a  i s  a l s o  f e a s i b l e .  I t  i s  q u i t e  a p p a re n t th a t  

c o n tra ry  to  E a s te rn  c o a l th e re  i s  an  o p e ra t in g  range which i s  p ro m is ­

in g .  F o r ex am p le , a  g a s i f i e r  o p e r a t i n g  w ith  OX-0.325 and STOX-2.0 

would ach iev e  an E j-1 .4 6  and fe e d  c o ld -g a s  e f f i c i e n c y  o f  87.6% , a t  a 

c a rb o n  c o n v e r s io n  o f  95%, and  a t  a  g a s i f i e r  tem p era tu re  o f  1621°F. 

These r e s u l t s  a re  b e t t e r  th a n  th o se  o b ta in e d  by th e  Dry-Ash L u rg i  o r  

th e  S h e l l .  M oreover i f  we em ploy th e  t r a d e - o f f  te c h n iq u e  u sed  in  

S e c tio n  8 .2 .3  we f u r th e r  e n l a r g e  th e  f e a s i b l e  ra n g e  (m arked  by  th e  

broken b lu e  l i n e  in  F ig u re  8 -5 ) .

These r e s u l t s  c a l l  f o r  th e  d iv e rs io n  o f  e f f o r t s  o f  th e  f l u i d i z e d - b e d  

g a s i f i c a t i o n  p ro g ram  to  W estern c o a ls .  They a re  th e  on ly  c o a ls  th a t  

show com m ercial p o te n t i a l  in  g a s i f i c a t i o n .  F urtherm ore , a  f l u i d i z e d -  

b ed  may be th e  o n ly  g a s i f i e r  c a p a b le  o f  h a n d lin g  low -grade W estern 

c o a ls  and L ig n i te s .
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FIGURE 8 -5
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CHAPTER 9 
SUMMARY, CONCLUSIONS, AND RESEARCH RECOMMENDATIONS

9 .1  SUMMARY AND CONCLUSIONS

1. A k in e t i c  g a s i f i e r  d e s ig n  model f o r  f l u i d i z e d - b e d  g a s i f i e r s  h a s  

been  developed  and im plem ented. The model p r e d ic t s  carbon  co n v e rs io n , 

r e a c to r  te m p era tu re , bed holdup (o r  th ro u g h p u t) , and  30 o th e r  s t a t e  - 

v a r i a b l e s .  C har r e a c t i v i t y  d a t a  i s  r e q u i r e d  f o r  c o a ls  o th e r  th an  

P it ts b u rg h  # 8 , a lth o u g h  one e x p e rim en ta l o p e ra t in g  p o in t  may be s u f f i ­

c i e n t .  Agreement betw een p i l o t - p l a n t  r e s u l t s  and model p r e d ic t io n s  i s  

v e ry  good.

2 . The m odel h a s  b e e n  u s e d  to  u n d e rs ta n d  th e  k in e t i c ,  p ro c e s s , and 

d e s ig n  c o n s t r a in ts  and to  q u a n t ify  t h e i r  therm odynam ic c o n s e q u e n c e s . 

T h is  n o v e l  m o d e lin g  te c h n iq u e  i s  v e r y  u s e f u l  fo r  complex p ro c e sse s  

such  as  c o a l g a s i f i c a t i o n .  Some o f  th e  c o n c lu s io n s  a r r i v e d  a t  v i a  

t h i s  d e s ig n  t o o l  c o u ld  h av e  p re v e n te d  c o s t ly  m istak es  and have f a r -  

re a c h in g  consequences in  p i l o t - p l a n t  d e s ig n  and o p e ra t io n . The m odel 

h a s  b e e n  u sed  to  a s s e s s  th e  c o m m e rc ia liz a tio n  p o te n t i a l  o f  f lu id iz e d -  

bed  g a s i f i e r s .

3 . A u n iq u e  s t o i c h i o m e t r i c  in v a r ia n c e  te ch n iq u e  has been  developed  

f o r  c o a l  g a s i f i c a t i o n .  The r e l a t i o n  p e r m i ts  th e  c a l c u l a t i o n  o f  

s te a m - f r e e  m ass b a l a n c e s ;  p r o v id e s  a  d a t a  c o n s is te n c y  c ro ss -c h e c k ; 

s u b s t i tu t e s  fo r  in v a l id  m easurem ents; and en a b le s  o n - l in e  m e te r in g  o f  

c r i t i c a l  p r o c e s s  p a r a m e te r s  su c h  a s  c a rb o n  co n v ers io n  and c o ld -g a s
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e f f ic ie n c y .  The s to ic h io m e tr ic  in v a r ia n c e  h a s  b e e n  u s e d  to  u n c o v e r  

g ro ss  measurem ent e r r o r s  in  th e  p i l o t - p l a n t s .

4 . The c u r r e n t ly  o p e ra te d  p i l o t - p l a n t s  a r e  shown to  o p e r a t e  i n  th e  

wrong regim e f o r  c o m m erc ia liz a tio n  s c a le u p . The p ro p e r  regim e i s  a t  a 

s team -to -o x y g en  r a t i o  below tw o, no r e c y c le -g a s ,  and low h e a t  l o s s e s .  

A s te a m  ( o r  g a s  e q u i v a l e n t )  - to -o x y g en  r a t i o  low er th a n  fo u r has  n o t 

been s u c c e s s f u l ly  a tte m p te d  in  th e  p i l o t - p l a n t s  p r i m a r i l y  b e c a u s e  o f  

th e  o p e r a t i o n  o f  a  complex ash  s e p a ra t io n  bo ttom  zone. T his zone i s  

o n ly  p o t e n t i a l l y  u s e f u l  a t  carbon  co n v e rs io n s  g r e a t e r  th a n  90% w h ile  

th e  p i l o t - p l a n t s  h a v e  o p e r a te d  i n  th e  75-90% ra n g e . H igher carbon  

c o n v e rs io n s  were n o t ach iev ed  m ain ly  b ecau se  o f  th e  l a r g e  am oun ts o f  

gas needed to  o p e ra te  th e  a sh  s e p a ra t io n  zone.

5 . A s i n g l e - s t a g e ,  c o m m e r c i a l l y - s i z e d ,  e f f i c i e n t l y  o p e r a t e d  

f l u i d i z e d - b e d  g a s i f i e r  o f  p r e s e n t  d e s ig n  in  w hich f r e s h  c o a l i s  fe d  

in to  th e  com bustion  zone (d e s ig n  case  B) i s  an  u n s u i ta b le  r e a c t o r  f o r  

u n c a ta ly z e d  E a s te rn  c o a l .

6 . A d e s ig n  c o n f i g u r a t i o n  i n  w h ich  f r e s h  c o a l  i s  f e d  i n t o  t h e  

g a s i f i c a t i o n  zo n e  an d  th e  av erage  bed  co m p o sitio n  c h a r  p a r t i c l e  com­

b u s ts  in  th e  c o m b u s tio n  zone  ( c a s e  C) i s  a l s o  shown n o t  to  h a v e  a 

c o m m e r c ia l ly - a t t r a c t iv e  o p e ra b le  range w ith  u n c a ta ly z e d  E a s te rn  c o a l .  

I t  may have a  m a rg in a lly  c o m p e t i t iv e  o p e r a b le  ra n g e  w i th  c a t a ly z e d  

E a s te rn  c o a l .
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7 . A p roposed  d e s ig n  c o n f ig u ra tio n  i n  w h ich  f r e s h  c o a l  i s  f e d  i n t o  

th e  g a s i f i c a t i o n  zo n e  an d  o n ly  h ig h -c o n v e rs io n  ch a r i s  fe d  in to  th e  

com bustion zone (c a se  D) e x h ib i t s  s u p e r io r  p e rfo rm a n ce  to  o th e r  c o n ­

f i g u r a t i o n s ,  and  h a s  a  c o m m e r c ia l ly - a t t r a c t iv e  o p e ra t in g  range w ith  

E a s te rn  c o a l i f  c o ld -g a s  e f f ic ie n c y  can  be tr a d e d  fo r  steam  and oxygen 

p re p a ra t io n  c o s ts  (E^) so t h a t  th e  n e t  e f f ic ie n c y  i s  unchanged. I t  i s  

n o t a p p a re n t t h a t  th e  p roposed  d e s ig n  i s  o p e ra b le .

8 . F lu id iz e d -b e d  g a s i f i e r s  a re  shown to  be s u i ta b le  fo r  subbitum inous 

(W estern) c o a ls  and  l i g n i t e s  w i th  low  m o is tu r e  c o n te n t  b e c a u s e  o f  

g r e a t e r  g a s i f i c a t i o n  r e a c t i v i t y ,  more fa v o ra b le  s to ic h io m e try , non­

cak in g  te n d e n c ie s ,  and weaker c o m p e tit io n . T h e re fo re , th e  f l u i d i z e d -  

b e d  g a s i f i c a t i o n  p rogram  e f f o r t s  sh o u ld  be  d iv e r te d  to  W estern c o a ls  

and l i g n i t e s .  F lu id iz e d -b e d s  may b e  th e  o n ly  g a s i f i e r s  c a p a b le  o f  

h a n d lin g  low -grade W estern c o a ls  and l i g n i t e s .

9. Under c o n d it io n s  common to  f lu id iz e d -b e d  g a s i f i e r s ,  E a s t e r n  c o a l  

g a s i f i c a t i o n  i s  a k i n e t i c a l l y  c o n s tra in e d  p ro c e s s . The r a t e  l im i t in g  

r e a c t i o n s  a r e  f a r  fro m  c h e m ic a l  e q u i l i b r i u m .  E q u i l ib r iu m  may b e  

a p p ro a c h e d  by  lo w e r in g  th e  s te a m - to -o x y g e n  r a t i o .  Such low r a t i o s  

have n o t been  shown to  be o p e ra b le  in  p i l o t - p l a n t s .

1 0 . The s p e c i f i c  g a s i f i c a t i o n  r a t e ,  Rg , ( )  e x h ib i t s  a  r a p id  

d e c l in e  a t  h ig h  carbon  c o n v e rs io n s , p a r t i c u l a r l y  a t  c o n v e rs io n s  above 

70%. The c a rb o n  h o ld u p  r e q u i r e d  to  a c h ie v e  90% c o n v e r s io n  i s  an 

o rd e r-o f-m a g n itu d e  h ig h e r  th a n  th a t  re q u ir e d  to  ach ieve  70% co n v ers io n  

( f o r  same fe e d s , d e s ig n  ca se  B ) .

I?------- : .......
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11. P ro cess  perform ance can  be improved fo r  a l l  d e s ig n  c o n f ig u ra tio n s  

v i a  p r u d e n t  o p e r a t i o n  an d  d e s ig n  m o d if ic a t io n s .  The fo llo w in g  l i s t  

summarizes g u id e lin e s  fo r  perform ance im provem ents:

© D esign th e  r e a c to r  so th a t  on ly  th e  h ig h -c o n v e rs io n  ch a r 

com busts

© Expose on ly  ch ar to  oxygen. Avoid c o n ta c t  o f  oxygen w ith  

r e a c to r  g as , re c y c le  g as , o r  v o l a t i l e s .

© M inim ize any h e a t  lo s s e s  from th e  u n i t  by p ro p e r in s u la t io n ;

i f  re c y c le  stream s must be used  fe e d  them h o t .

© Avoid re c y c le -g a s  because  i t  low ers th e  s p e c i f i c  r e a c t io n  r a t e ;

u se  steam  in s te a d  

© M inimize th e  steam  (o r  g a s)- to -o x y g en  r a t i o  by im proving 

g r id  and annulus d e s ig n s ; fe e d  h o t f l u i d i z a t io n  steam  (o r  

gas) in to  th e  annulus and g r id ;  improve h e a t  d is s ip a t io n  

from th e  com bustion zone by in c re a s in g  m ixing

9 .2  RESEARCH RECOMMENDATIONS

I t  i s  now a p p a re n t t h a t  f lu id iz e d  bed  g a s i f i e r s  a re  more s u i t a b l e  f o r  

W e s te rn  c o a l s  and  l i g n i t e s  and  th a t  th e  p re sen ce  o f  h ig h  co n v ers io n  

ch a r  p a r t i c l e s  r e s t r i c t s  th e  perform ance o f  f lu id iz e d -b e d  g a s i f i e r s  o f  

p r e s e n t  d e s ig n  and  may im pede c o m m e r c ia l iz a t io n .  T h ere fo re  i t  i s  

im p o rtan t to  d i r e c t  r e s e a rc h  e f f o r t s  tow ards th e  fo llo w in g :

* D ev e lo p  a  k i n e t i c  g a s i f i c a t i o n  r a t e  e x p re s s io n  f o r  W estern c o a ls  

t h a t  accoun t fo r  co n v ers io n , te m p e ra tu re , and g a s-co m p o s itio n .
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* E x p erim en ta lly  d e te rm in e  th e  dependence o f  th e  s p e c i f i c  g a s i f i c a t i o n  

r a t e ,  Rg , on th e  ca rb o n  c o n v e rs io n  in  th e  70%-100% ran g e .

* D e te rm in e  th e  minimum gas f lo w ra te  fo r  e f f i c i e n t  c l a s s i f i c a t i o n  in  

th e  an n u la r  ash  s e p a ra t io n  bottom  zone.

* E x p e r im e n ta l ly  d e te rm in e  th e  e f f e c t s  o f  th e  c h a r  tim e - tem p era tu re  

h i s to r y  on th e  s p e c i f i c  r a t e  a t  h ig h  co n v e rs io n s .

* D e te rm in e  th e  e f f e c t  o f  a d d i t i v e s  su ch  a s  c a t a l y t i c a l l y  a c t iv e  

lim es to n e  and d o lo m ite  on th e  s p e c i f i c  r a t e  a t  h ig h  co n v e rs io n s .

* D evelop  m ethods to  s e le c t iv e ly  remove h ig h  co n v e rs io n  c h a r  from th e  

bed  v ia  c l a s s i f i c a t i o n .  E f fe c t iv e  methods may make th e  o p e r a t i o n  o f  

d es ig n  case  D p o s s ib le .

* D eterm ine th e  com bustion r a t e s  o f  h ig h  co n v e rs io n  c h a r , in  o r d e r  to  

v e r i f y  t h a t  th e  c h a r a c t e r i s t i c  c o m b u s tio n  tim e i s  s h o r te r  th an  th e  

average  re s id e n c e  tim e in  th e  com bustion j e t .  T h is  i s  e s s e n t i a l  f o r  a 

s u c c e s s fu l  c a se  D d e s ig n .

* D evise e f f e c t iv e  ways to  fe e d  cak ing  c o a ls  in to  m id -b e d . I n i t i a l  

experim en ts  conducted  by IGT show th a t  sm all amounts o f  a d d i t iv e s  such 

as  lim e s to n e , s p e n t-a s h , o r  c h a r  mixed i n  w ith  th e  c o a l  may p r e v e n t  

c a k in g .
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* I n v e s t ig a te  a l t e r n a t i v e  d es ig n s  t h a t  s e p a r a t e  th e  c o m b u s tio n  zone 

from  th e  g a s i f i c a t i o n  v e s s e l .  T h is would en ab le  o p e ra t io n  a t  a  low er 

steam -to -oxygen  r a t i o  th a n  c u r r e n t ly  p o s s ib le .  A s la g g in g  c o m b u s tio n  

zone ( p r e f e r a b l y  o f  h ig h  co n v e rs io n  c h a r)  can  o p e ra te  a t  a  s te a m -to -  

oxygen r a t i o  o f  l e s s  th a n  o n e . A c o n c e p tu a l  p r o c e s s  s c h e m a tic  i s  

shown in  F ig u r e  9 -1  u s in g  an  e n t r a in e d - b e d  g a s i f i e r  in  com bination  

w ith  a  f lu id iz e d -b e d  g a s i f i e r .
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F ig u r e  9-5 Fl u id iz e d  Bed /E n t r a in e d  Bed Ga s if ie r

Me d i u m  BTU Ga s

Cy c l o n e

F l u i d i z e d

B e d
De v o l a t i l i z e R  
Ga s i f i e r  
1 5 0 0 - 1 7 0 0 ° F

Co a l

S o l i d s
I n v e n t o r yS t e a m

H . P . S t e a m

E n t r a i n e d  
B e d  £  
Ga s i f i e r  
2 5 0 0 -  
3 0 0 0 ° F Ox y g e n ,  St e a m

As h
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APPENDIX A 

STOICHIOMETRIC INVARIANCE IN COAL GASIFICATION SYSTEMS

S e v e re  o p e r a t in g  c o n d i t io n s  i n  C oal g a s i f i c a t i o n  p r o c e s s e s  im p o se  

s e v e r a l  d i f f i c u l t i e s  i n  o b ta in in g  a c c u ra te  p ro c e ss  m easurem ents. The 

c r i t i c a l  p ro cess  p aram eters  such as ca rb o n  c o n v e r s io n  and  th e rm a l e f ­

f i c i e n c y  a r e  n o t  d i r e c t l y  m easured; and o f te n tim e s , a tim e in t e r v a l  o f  

th e  o rd e r  o f  hou rs  i s  r e q u ir e d  to  e s t i m a t e  them . T h is  tim e  la g  v i r ­

t u a l l y  p r e v e n t s  o p t im a l  fe e d b a c k  c o n t r o l  w h ich  i s  r e n d e r e d  to  th e  

o p e r a to r 's  i n t u i t i o n  and o p e r a b i l i ty  e x p e r ie n c e .

P r e c i s e  m e te rin g  o f  h o t (above 1500°F), w et, s o l id - la d e n ,  and c o rro s iv e  

gas i s  beyond what most a v a i la b le  flo w m ete rs  c a n  o f f e r .  F u r th e rm o re , 

i s o k i n e t i c  p ro b es , d esig n ed  to  m eter e n t ra in e d  s o l id s  f lo w ra te s ,  can be 

s u b s t a n t i a l l y  o f f  th e  a c tu a l  flow  e s p e c i a l l y  a t  h ig h  s o l i d  c o n c e n t r a ­

t i o n s  as  i s  th e  c a s e  w ith  f lu id iz e d  bed  g a s i f i e r s .  A nother d i f f i c u l t y  

i s  due to  th e  f a c t  t h a t  m e asu re m en ts  o f  s te a m  c o n te n t  o f  a  h o t  gas  

s tream  by gas chrom atography methods a re  in a c c u ra te .

I t  i s  p r e c i s e l y  th e  p u rp o s e  o f  t h i s  m ethod  to  p r o v i d e  a p o w e r f u l  

a n a l y t i c a l  t o o l  t h a t  c a n , to  a  l a r g e  e x t e n t ,  a l l e v i a t e  much o f  th e  

u n c e r ta in ty  p r e v a i l in g  in  th e se  in a c c u ra te  m easurem ents; su p p lem en t th e  

d a t a  w here  m easu rem en ts  a r e  u n a v a i l a b l e  o r  c o n s id e r e d  i n v a l i d ;  o r  

p ro v id e  a redundancy check on top  o f  e x i s t in g  m easurem ents.

W- ~ ..............................
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A u n iq u e  r e l a t i o n  o f  s to ic h io m e tr ic  in v a r ia n c e  e x i s t s  i n  c o a l g a s i f i c a ­

t i o n  sy stem s. I t  i s ,  r e a l l y ,  a  s te a m -f re e  m ass b a la n c e  r e l a t i o n  t h a t  

em erg es  from  an  o v e r a l l  r e a c t io n  fo rm u la tio n . The b e n e f i t s  o f  such an 

in c is e d  mass b a lan ce  stem s from th e  in v a ria n c e  o f  th e  r e s u l t i n g  e x p r e s ­

s io n  and i t s  independence from steam  and m o is tu re  b o th  in  th e  in p u ts  and 

o u tp u ts .  The r e s u l t i n g  e x p r e s s io n  a l s o  e x c lu d e s  th e  l e a s t  r e l i a b l e  

m easurem ents in  th e  p la n t  w h ile  m a in ta in in g  th e  more a c c u ra te  o n es . The 

u ses  o f  th e  in v a r ia n t  r e l a t i o n  in  a n a ly z in g  p la n t  d a ta  range from  re d u n ­

d an cy  c ro s s c h e c k  o f  a  com plete mass b a la n c e , s u b s t i tu t e  o f  a  m iss in g  o r  

in v a l id  m easurem ent ( e . g . ,  p ro d u c t-g a s  f lo w ra te ,  f in e s  e l u t r i a t i o n  r a t e ,  

C02  p u rg e  f l o w r a t e ,  . . . ,  e t c . ) ,  o r  p ro v id e  o n - l in e  m o n ito rin g  o f  th e  

c r i t i c a l  p la n t  p a ra m e te r s  su ch  a s  c a rb o n  c o n v e r s io n  and  th e rm a l  e f ­

f ic ie n c y .

What i s  th e  le v e l  o f  accu racy  o f  in d iv id u a l  m easurem ents may b e  op en  to  

d i s p u t e ;  i t  may v a r y  from  u n i t  to  u n i t ,  and  h ig h l y  d ep en d  on th e  

o p e r a to r 's  com petence. The most a c c u ra te  m easu rem en t i s  p r o b a b ly  th e  

g as  c o m p o s i t io n  o b ta in e d  v i a  a  c o ld  Gas Chromatograph (GC) . Of good 

accu racy  a re  c o o l, s o l id - f r e e  gas fe e d  s tream s such  a s  oxygen  ( o r  a i r )  

and  any  w e l l  m o n ito re d  p u rg e  g a se s . In  a d d i t io n ,  m o d era te ly  good a c ­

cu racy  can  be  a t t r i b u t e d  to  th e  s o l i d s '  co m p o sitio n s  ( e . g . ,  c o a l  f e e d ,  

c h a r  f i n e s  and a s h ) ,  e s p e c ia l ly  when av erag es  over f re q u e n t sam ples a re  

a v a i la b le .  Of g r e a te r  u n c e r ta in ty ,  a re  f l o w r a t e s  o f  h o t ,  s o l i d - l a d e n  

g a s e s .  Of l e a s t  a c c u ra c y  a r e  e s t i m a t e s  o f  e n tra in e d  s o l id s  m easu re­

m ents, by  m eans o f  i s o k i n e t i c  p r o b e s ,  p a r t i c u l a r l y  when th e  s o l i d s  

c o n c e n tra tio n s  in  th e  gas a re  h ig h .

E T ------------- • ■&
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C onsider a  mole o f  c o a l r e a c t i n g  w i th  s te a m  a n d  o x y g en . I f  th e  o n ly  

p r o d u c ts  a r e :  CO, C02 , H2 , CH4  and u n co n v erted  c h a r , th e  o v e r a l l  r e a c ­

t i o n  i s  th e n :

[CHa 0b ] F+A [02 ] F+ (S c+ s u )[H a0 ] F—  ( i - x ) [ c i y y p ( i )

+ m[CH4 ] p 

+ s u [H2o ] p

+ + Sc - 2m - f ( l - x ) K H 2]p

+ \ 2 X - 2m - b - 2A - Sc +)9(l-x) K c° ] P 
+ <{b + 2A + - x + m -/5<1-X)K C°2]P

Where:
a ,b  = Atomic r a t i o  o f  Hydrogen and Oxygen ( r e s p e c t iv e ly )  to

Carbon in  th e  c o a l fe e d  (m o is tu re  f r e e )
a,f$ = Atomic r a t i o  o f  Hydrogen and Oxygen ( r e s p e c t iv e ly )  to

Carbon in  th e  u n co n v erted  ch a r  (m o is tu re  f r e e )
[ ° 2] f

A = m olar r a t i o  o f  Oxygen to  c o a l f e e d ra te s
a  b F

S +S = t o t a l  steam  to  c o a l r a t i o ;  w here: S d en o tes  co n v e rted  c u ’ c
S d en o tes  uncon v erted  u

X = Carbon co n v ers io n
[N]p = m olar f e e d ra te  o f  s p e c ie s  N ( lb * m o l/h r)
[N]p = n e t  m olar p ro d u c tio n  r a t e  o f  s p e c ie s  N ( lb * m o l/h r)

The sum o f  m olar p ro d u c tio n  r a t e s  o f  CO an d  H2  p e r  m ole c o a l  f e e d  i s  

independen t o f  th e  steam  f e e d ra te ;  and i s  o b ta in e d  by add ing  th e  c o e f f i ­

c i e n t  o f  CO and H2  from e q u a tio n  (1 ) .

[CO] + [H2] .
-------r --------- :—— = 9v + 7  - b - + M .vW fl - 7  ̂ - . (I')LCHa0b 3F — 2 D 2' LCHaOb j F

F urtherm ore , th e  a d d i t io n  o f  ( f o u r  t im e s  th e  n e t  am ount o f
a  b F

th e  p roduced m ethane) to  b o th  s id e s  o f  e q u a tio n  ( 2 ) y ie ld s :
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E q u a t io n  (3 )  r e p r e s e n t s  an  in d e p e n d e n t s t o i c h i o m e t r i c  e q u a l i ty  con­

s t r a i n t  t h a t  i s  independen t o f  steam  and  m o is tu r e  f e e d s ,  and  i n  w h ich  

th e  r i g h t  h an d  s i d e  i s  dependent o n ly  on th e  carbon  co n v e rs io n , oxygen 

p e r  c o a l f e e d ra te  and c o a l and ch ar co m p o sitio n s .

I f  th e  o n ly  n e t  s o u rc e  o f  carbon in to  th e  system  i s  from th e  c o a l feed

( f o r  C02  fe e d , see  l a t e r ) ,  we can  s u b s t i t u t e  f o r  [CH 0, ] v i a  a  s im p le
S i D

carbon  b a la n c e :

t clW  •* -  “ M Yco + Yc o , + y ch 4  t  (4)

w here: GAS = Dry, n e t  p ro d u c t gas (lb » m o l/h r)

Y„_ = CO mole f r a c t io n  in  GAS ( d i r e c t l y  a v a i la b le  from c o ld  GC) L»U
[C0]p

In  a d d i t io n ,  ""gas-  = YC0 ( e tc e te r a )

Hence:
Y + Y + 4Y

2  4  a  b ( l - v t  a
y  — r r ~  - 2  + f c  - v - 2R + x ' -  2> (5)CO + co 2 ch 4  x X ^

w here: R <= — (oxygen to  co n v erted  c o a l)

In  m o st p r o c e s s e s  th e  te rm  c o n ta in in g  a and f) i s  n o rm ally  n e g l ig ib ly  

sm all i n  com parison to  o th e r  term s in  e q u a tio n  (5) . T h is  i s  e s p e c i a l l y  

t r u e  f o r  p ro c e s s e s  in  which th e  f r e s h  c o a l undergoes a  h ig h  tem p era tu re  

p y ro ly s is  w ith  a  rea so n ab ly  long  r e a c t io n  tim e; th e  h ig h ly  rep o ly m erized  

c h a r  c o n t a in s  v i r t u a l l y  no oxygen and on ly  m inute amounts o f  hydrogen. 

In  p ro c e s se s  w ith  a  s e p a ra te  d e v o l a t i l i z a t io n  s ta g e  - as  in  th e  o r ig in a l  

KRW d e s ig n ,  o r  i n  p r o c e s s e s  i n  w h ich  p a r t  o f  th e  f r e s h  c o a l fe e d  has
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on ly  a  s h o r t  re s id e n c e  tim e - as Synthane d o e s , th e  te rm  c o n t a in in g  a 

and P may n o t  be n e g le c te d .

E quation  (4) d i r e c t l y  le n d s  i t s e l f  to  i n t e r n a l  d a ta  c o n s i s t e n c y  c h e c k . 

The l e f t  h a n d  s i d e  i s  a  q u a n t i t y  d i r e c t l y  a v a i la b le  from  th e  c o ld  GC, 

w h ile  th e  r i g h t  hand s id e  re q u ire s  th e  e s tim a te s  o f  t h e  c a rb o n  c o n v e r ­

s io n ,  th e  oxygen p e r  c o a l f e e d ra te ,  and th e  c o a l and c h a r  co m positions . 

Having th e s e  m easurem ents a llo w s one to  e v a lu a te  th e  l e v e l  o f  i n t e r n a l  

s t o i c h i o m e t r i c  c o n s is te n c y  by com paring th e  two s id e s  o f  e q u a tio n  (5) . 

I f  a  l a r g e r  th a n  th e  p e rm is s ib le  to le ra n c e  d is c re p a n c y  e x i s t s ,  i t  i s  a 

s t r o n g  i n d i c a t i o n  t h a t  m easurem ent e r r o r s  m ust e x i s t .  Any f u r th e r  a t ­

tem pts to  i n t e r p r e t  su c h  i n c o n s i s t e n t 'd a t a  'in v o lv e s  a  h ig h  r i s k  o f  

m is in te r p r e ta t io n .

a .  Carbon c o n v e rs io n

R earrang ing  e q u a tio n  (5) to  g iv e  th e  carbon  co n v e rs io n  e x p l i c i t l y :

Where:

2A - (iL-=-2 ) + (b - p) 
x  _  1    (6)

2 - I -  + ?  - P

YC0 + yh 2  + 4 YCH4  

I s  '  YC0 + V  + y ch 4

E q u a t io n  ( 6 ) p ro v id e s  a  more a c c u ra te  e s tim a te  o f  th e  carbon  co n v ers io n  

- x  t h a t  i s  o th e rw ise  a v a i la b le  from e s tim a te s  o f  th e  u n c o n v e rte d  c a r b ­

o n . I t  h a s  b e e n  o u r  e x p e r i e n c e  t h a t  c a r b o n  c o n v e r s io n  t h a t  i s
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c a lc u la te d  from e s tim a te s  o f  unconverted  carbon  ( in  e n t r a i n e d  c h a r  and 

rem oved a s h )  i s  l i k e l y  to  be  o v ere s tim a ted . The cause o f  which may l i e  

in  u n d e re s tim a tio n  o f  e n tra in e d  f in e s  f lo w ra te  o r  i n  th e  in h o m o g e n e ity  

o f  th e  e n t r a i n e d  s o l i d ' s  c o m p o s i t io n  w i th  r e s p e c t  to  t h e i r  s iz e  d i s ­

t r i b u t io n .

When ^  - p  i s  n e g l ig ib ly  sm a ll, eq u a tio n  ( 6 ) i s  s im p l if ie d  to  th e  form:

2A - £  + b

Now, e q u a t io n  (7) d i r e c t l y  len d s  i t s e l f  to  o n - l in e  m o n ito rin g  o f  carbon 

c o n v e rs io n : b o th  A and Ig  a re  a v a i la b le  on a  con tinuous b a s is  and a  and 

b a re  de term ined  a  p r i o r i  from averaged  sam ples.

b - Cold Gas E f f ic ie n c y

An a d d i t i o n a l  c r i t i c a l  p a ra m e te r  in  c o a l g a s i f i c a t i o n  i s  th e  co ld  gas 

e f f ic ie n c y  - th e  f r a c t io n a l  c o n v e r s io n  o f  th e  c h e m ic a l e n e rg y  i n  th e  

c o a l  i n t o  th e  p r o d u c t  g a s .  I  d i f f e r e n t i a t e  betw een two methods o f  ex ­

p r e s s i n g  th e  c o ld  g as  e f f i c i e n c y  t h a t  d i f f e r ,  p r i m a r i l y ,  due  t o  a 

d i f f e r e n t  energy  v a lu e  t h a t  i s  c r e d i te d  to  th e  u nconverted  c h a r . In  b o th  

ca se s  we u se  th e  H igher H eatin g  V alues (HHV).

i .  b a sed  on FEED COAL - CGEp

th e  f r a c t i o n  o f  th e  c o a l HHV th a t  i s  co n v erted  to  p ro d u c t gas 

(ze ro  c r e d i t  f o r  unconverted  ch a r)

i i .  b ased  on CONVERTED COAL - CGEg

th e  f r a c t i o n  o f  th e  co n v erted  c o a l HHV (HHV o f  c o a l minus HHV 

o f  u n co n v erted  ch a r) th a t  i s  co n v erted  to  p ro d u c t g a s .

ir
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( f u l l  energy  c r e d i t  f o r  u n co n v erted  c h a r)

The h ig h e r  h e a t in g  v a l u e s  o f  CO, H2  an d  CH a r e :  6 7 .6 3 6 ,  6 8 .3 1 7  and 

2 1 2 .8 0  K ca l/g m o le , r e s p e c t iv e ly  ( re fe re n c e  i i ) . Hence, th e  HHV r a t i o  o f 

H2 /C0 i s  1 .01  and o f  CH4 /C0 i s  3 .1 5 . I f  we approx im ate  th e  H2 /C0 r a t i o  

a s  1 .0 0  we c a n  w r i t e  from  e q u a t io n  (3) an e x p re s s io n  f o r  th e  c o ld  gas 

e f f ic ie n c y  based  on e i t h e r  fe e d  c o a l o r  c o n v e rte d  c o a l :

. HHVCCO) fBTU/lb»moll________
’’f  HHV(COAL) [BTU/lb*mol carbon]

, HHVfCO) r B T U / l b » m o l l ______________________________
VC HHV(COAL) - (1 -x)HHV(UNCONVERTED CHAR) [BTU/lb*mol C]

As p r e v io u s l y  m e n tio n e d , th e  te r n  c o n ta in in g  a  and /3 i s  u s u a l ly  n e g l i ­

g ib ly  sm a ll le n d in g  e q u a tio n  ( 8 ) to  on l i n e  e s t im a t io n  o f  th e  c o ld  gas 

e f f ic ie n c y .  The carbon  co n v e rs io n  x  i-s e s tim a te d  v i a  e q u a tio n  (7 ) .

)  +  ( l - x ) O S - f ) ]  ( 8 )

Where: j= F  f o r  e f f ic ie n c y  b ased  on fe e d  c o a l ( i )

j=C f o r  e f f ic ie n c y  b ased  on c o n v e rte d  c o a l  ( i i )

And:

(9)
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C. C02 FEED

The s to ic h io m e tr ic  in v a r ia n t  fo rm u la tio n  a s  p r e s e n t e d  i n  e q u a t io n  (5 )  

was b ased  on th e  p rem ise  t h a t  th e  on ly  carbon  so u rce  in  th e  fe e d  was th e  

c o a l .  When C02  i s  f e d  to  th e  g a s i f i e r  a  c a rb o n  b a la n c e  a b o u t  t h e  

g a s i f i e r  ta k e s  on th e  form:
[C02] p

^CHa°b^F*X = GAS- [ YC0 + YC02  + YCH4  '  GAS ^ ( 10)

S u b s t i tu t io n  o f  [CH 0 ^ ]^  from (10) in to  e q u a tio n  (2) y ie ld s :
Y + y  +  4YI C0 xH2  * xCH4  . f \  \ n

Yco + Yco, + ych4 • 1“ . ! ^  '  2 + '  J  '  2R + X w  -  2> <U )

Feed o f  C02  to  a  g a s i f i e r  r e s u l t s  in  two m ajor d isa d v a n ta g e s :

a ) .  I t  im pacts d i r e c t l y  on th e  c a rb o n  and  oxy g en  b a l a n c e s  w h ich  a r e  

c r i t i c a l  i n  m o n ito rin g  perfo rm ance. As i t  i s  o f te n  th e  c a s e , th e re  a re  

num erous C0 2  p u rg e  s t r e a m s  some h a v in g  d i s c r e t e  t y p e  o p e r a t i o n .  

A c c u ra te  m e te rin g  o f  a l l  th e  C02  in p u ts  re q u ire s  s p e c ia l  c a re  and makes 

such acc o u n tin g  d i f f i c u l t .

b )  . I t  c o m p l ic a te s  and  u n d e rm in es  th e  use o f  th e  in v a r i a n t  te c h n iq u e . 

Whereas w ith o u t th e  C02  fe e d , e q u a tio n  (5) p ro v id e s  an  i n t e r n a l  c o n s i s ­

t e n c y  c h e c k  b a s e d  on a  m in im a l, an d  m o s tly  r e l i a b l e  m e a su re m e n ts ; 

e q u a tio n  ( 1 2 ) ,  i n  o rd e r  to  p ro v id e  th e  same c o n s i s t e n c y  c h e c k , n e c e s ­

s i t a t e s  r e l i a n c e  on two a d d i t io n a l  m easurem ents o f  l e s s e r  r e l i a b i l i t y .  

The a d d i t io n a l  te rm  in  th e  d e n o m in a to r  r e q u i r e s  a  m easu rem en t o f  th e
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p r o d u c t  g a s  f lo w r a te  i n  a d d i t i o n  to  th e  C02  p u rg e  f l o w r a t e .  T h is  

s t r o n g ly  d i l u te s  th e  e f f e c t iv e n e s s  o f  th e  in v a r ia n t  method proposed .

I t  i s  th u s  recom m ended t h a t  i n  a l l  i n s t a n c e s  o f  PDU o p e r a t io n s  C02  

sh o u ld  be  re p la c e d  by e i t h e r  Argon f o r  a ir-b lo w n  g a s i f i e r s ,  o r  N i t ro g e n  

f o r  O xygen-blow n g a s i f i e r s .  E i th e r  o f  th e se  gases  w i l l  a ls o  se rv e  as  a 

t r a c e r  g as  t h a t  w i l l  p r o v id e  an  a d d i t i o n a l  an d  r e d u n d a n t  m a t e r i a l  

b a la n c e  check and w i l l  n o t impede th e  in v a r ia n t  a n a ly s i s .

Some p ro c e ss  developm ent u n i t s  such as  th e  now d e fu n c t  S y n th a n e  o r  KRW 

( o p e r a t i o n a l )  u se  C02  a s  pu rge gas o r  m otive gas f o r  s o l id s  fe e d  l i n e s ,  

o r  lockhopper p r e s s u r iz in g  g as . Whereas th e  u se  o f  C02  in  a  co m m erc ia l 

p l a n t  may b e  j u s t i f i e d  - e s p e c ia l ly  when i t  i s  a v a i la b le  from so u r gas 

tre a tm e n t,  i t s  u se  in  a  p i l o t  p la n t  o r  PDU has d isa d v a n ta g e s .
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APPENDIX B

This appendix  d e s c r ib e s  th e  model eq u a tio n s  and th e  s o lu t io n  m e th o d . A 

sam ple s im u la tio n  i s  a ls o  g iven .

B . l  MODEL EQUATIONS

P le a s e  r e f e r  t o  F ig u re  B -l f o r  v a r ia b le  lo c a t io n .  The f i r s t  l e t t e r  o f  

each  v a r ia b le s  name in d ic a te s  i t s  type  acco rd in g  to :

F - M olar f lo w ra te  ( lb m o l/h r)

Y - M olar f r a c t io n

Z - Mass f lo w ra te  ( lb /h r )

H - E n thalpy  (BTU) (AT STREAM TEMP.)

W - W eight f r a c t io n

COAL - CH.O_A B

COMBUSTOR STAGE

1. CARBON BALANCE
0 = F1*(Y1C0 + Y1C02 + Y1CH4)

+ ZCHAR1*WCCHAR1/12 
+ ZASH*WCASH1/12
- FOC

2. HYDROGEN BALANCE
0 = F I* (Y1H2 + Y1H20 + 2*Y1CH4)

+ ZCHARl*WCCHARl/12*al/2
- F0C*A/2
- FSTM
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3. OXYGEN BALANCE
0 = F1*<Y1C0 + 2*Y1C02 + Y1H20)

+ (ZCHAR1*WCCHAR1/12)*/31
- F0C*B
- FOC*AMOIST
- FSTM
- 2*F02

4. OVERALL BANANCE
0 = Y1CO + Y21C02 + Y1H2 + Y1H20 + Y1CH4 - 1

5. ASH BALANCE
0 = ZCHAR1*WACHAR1 

+ ZASH1*(1 - WCASH1)
- FOC*12/WCCOAL*WACOAL

6 . ENERGY BALANCE
0 = Fl*(YlCO*HCO + Y1C02*HC02 + Y1H2*HH2 + Y1H20*HH20 + Y1CH4*HCH4) 

+ ZCHAR1*(WCCHAR/12*HC + WACHAR*HASH)
+ ZASH1*(WCASH1/12*HC + WAASH1*HASH)
+ HTXR
- F0*HC
- FSTM*HH20
- F02*H02

7. C0/C02 = 1
0 = F1*Y1C0 + F0C*(B - /3) - F1*Y1C02 - F0C*(B - /3)

8 . CH4 SPECIFICATION (KRW TP-034-2, 2D)
0 = 0.0233 - F1*Y1CH4

9. CONVERSION DEFINITION, XI
0 = FOC - ZCHAR1*WCCHAR1/12 - ZASH1*WCASH1/12 - XI

f
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1 0 . AGGLOMERATION EXTENT 

0 = ZASHl*(1  - WCASH1)

- (X I - F1*Y1CH4 - B +  01)*FOC*12*WACOAL/WCCOAL

1 1 . SUM OF WEIGHT FRACTIONS -  1

0 = WCCHAR1 +  WACHAR1 + WCCHARl*(a + /8 1 * 1 6 )/1 2  - 1 .0

1 2 . TOTAL CONVERSION DEFINITION 

0 = X I + X2 - XTOT

GASIFIER STAGE

13. CARBON BALANCE
0 -  F2*(Y2CO + Y2C02 + Y2CH4)

+ ZCHAR2*WCCHAR2/12
- ZCHAR1*WCCHAR1/12
- F1*(Y1C0 + Y1C02 + Y1CH4)
- FR*(TRCO + YRC02 + YRCH4)
- FC02

14. HYDROGEN BALANCE
0 = F2*(Y2H2 + Y2H20 + 2*Y2CH4)

- ZCHARl*WCCHARl/12*al/2
- F I* (Y1H2 + Y1H20 + 2*Y1CH4)
- FSTM2
- FR*(YRH2 + YRH20 + 2*YRCH4)

15. OXYGEN BALANCE
0 = F2*(Y2C0 + 2* Y2C02 + Y2H20)

- ZCHAR1*UCCHAR1/I2*j8
- F I* (Y1C0 + 2*Y1C02 + Y1H20)
- FSTM2
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1 6 . OVERALL BALANCE

0 = Y2CO + Y2C02 +  Y2H2 +  Y2H20 + Y2CH4 - 1 .0

1 7 . ENERGY BALANCE

0 = F2*(Y2CO*HCO +  Y2C02*HC02 +  Y2H2*HH2 + Y2H20*HH20 + Y2CH4*HCH4) 

+ ZCHAR2*(WCCHAR2/12*HC + WACHAR2*HASH)

+ HL0S2

- HTXR

- ZCHAR1*(WCCHAR1/12*HC + WACHAR1*HASH)

- F1*(Y1C0*HC0 + Y1C02*HC02 +  Y1H2*HH2 +  Y1H20*HH20 + Y1CH4*HCH4)

- FSTM2*HH20

- FR*(YRCO*HCO +  YRC02*HC02 + YRH2*HH2 + YRH20*HH20 +  YRCH4*HCH4)

- FC02*HC02

1 8 . SHIFT EUILIBRIUM

0 = KP( SHIFT)*Y2CO*Y2H2 - Y2C02*Y2H20

1 9 . CH4 BALANCE (OR METHANATION EQUILIBRIUM)

0 = F2*Y2CH4 - FR*YRCH4 - F1*Y1CH4

2 0 . GASIFICATION CONVERSION DEF.

0 = *2  + x i  .  (F2*(Y2CO + Y2C02 + Y2CH4)

- (FR*(YRCO + YRC02 + YRCH4)

- FC 02)/F0C

21 . ASH BALANCE

0 = ZCHAR1*WACHR1 - ZCHAR2*WACHR2

2 2 . SUM OF WEIGHT FRACTIONS = 1 

0 =  WCCHAR2 + WACHAR2 - 1 .0

2 3 . DRY RECYCLE GAS BALANCE

0 = FR - F 2 * ( l  - Y2H20)*AFRAC
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24. 
0  =*

25. 
0  =

26. 
0  =

27.
0  =

28. 
0  =

29, 
0  =

30 

0  ■

31 

0  ■

32 
0  ■

33 

0

RECYCLE CO

YRCO - Y2CO*(l - Y R H 20)/(1  - Y2H20)

RECYCLE C02

YRC02 - Y2C02*(1 - Y R H 20)/(1  - Y2H20)

RECYCLE H2

YRH2 - Y2H2*(1 - Y R H 20)/(1  - Y2H20)

RECYCLE CH4

YRCH4 - Y2CH4*(1 - Y R H 20)/(1  - Y2H20)

BED HEIGHT

H - (CBED + ABED)/R0S*(1 - e ) * 0 . 7854*D*D)

LINEAR VELOCITY

Ug - (F2*T2*R G A S)/(0.7854*D *D *P2)

CARBON CONTENT

CBED - F0C*12/RS0/60*(J (1 -x ) 1 / 3 /(EXP(-Bx 2 /RT)*EXP(11.3y15))d x
Xl

ASH CONTENT

■ ABED - ZCHAR1*WACHR1/RS0/60*(J (1  - X) ' 2 / 3 /(E X P (-B x 2/R T )* E X P ( l l . 3y1 5 ) )d *
x l

BED WEIGHT 

= BED - (CBED + A B E D )/(0 . 7854*D*D)

. BOUDUARD EQUILIBRIUM CHECK 
?
= KP(BOUDUARD)*Y2C02 - Y2C0*Y2C0*P2
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B.2 EQUATION SOLVING METHOD

The e q u a tio n  s o lv e r  s t r u c tu r e  i s  shown s c h e m a tic a lly  i n  F ig u re  B -2 . A 

b r i e f  d e s c r ip t io n  o f  each  o f  th e  m ajor su b ro u tin e s  i s  g iv en  below .

ORDER

T his ro u t in e  o rd e rs  th e  e q u a tio n s  f o r  s o lu t io n .  I t  s e l e c t s  a  sequenced 

e q u a tio n  and i t s  o u tp u t v a r ia b le .  The ro u t in e  checks f o r  red u n d an cy  in  

th e  e q u a t io n s  by  a n a ly z in g  th e  s y s te m 's  c o n s tra in e d  Ja c o b ia n  m a tr ix . 

ORDER i s  an  im p lem en ta tion  o f  a  m od ified  C h r is te n se n  (1 9 7 0 ) a lg o r i th m .  

The e q u a t io n  s e q u e n c in g  i s  chosen so t h a t  to  s e l e c t  a  minim al t e a r  s e t  

( t e a r  v a r ia b le s  and e r r o r  f u n c t io n s ) .

NLSLVR

T his ro u t in e  s o lv e s  a s in g le  n o n - l in e a r  e q u a tio n  i n  one v a r i a b l e .  The 

m ethod  i s  an a d a p ta t io n  o f  th e  "Memory" method su g g es ted  by Shacham and 

Kehat (1972). T his method u s e s  a  n -1  o r d e r  i n t e r p o l a t i n g  p o ly n o m ia l 

th ro u g h  n  p r e v io u s l y  g e n e ra te d  p o in ts .  The method was proven s u p e r io r  

by i t s  a u th o r s  o v e r  a l l  o t h e r  m e th o d s  ( S e c a n t ,  N e w to n -R a p h s o n , 

C hebyshev ) , and in  t h i s  a p p l ic a t io n  has p e r s i s t e n t l y  converged in  th re e  

o r fo u r  fu n c tio n  e v a lu a tio n s  even f o r  t r a n s c e n d e n t a l  e q u a t io n s .  T h is  

ro u t in e  may be c a l le d  a few thousand  tim es d u rin g  one s o lu t io n .

UPINV. SLINEO
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T h ese  r o u t i n e s  c o n ta in  B royden 's  Quasi-Newton method - Broyden [1965] - 

u s in g  th e  M e tc a lfe -P e rk in s  (o p tio n a l)  s te p p in g  r u l e ,  w i th  f i n i t e  d i f ­

f e r e n c e  e v a lu a t io n  o f  th e  Ja c o b ia n . SLINEQ so lv e s  th e  g en e ra ted  system  

o f l in e a r iz e d  eq u a tio n s  u s in g  LU f a c t o r i z a t i o n  w i th  r e f in e m e n t  o f  th e  

ro u n d -o ff  e r r o r s .

EOTNS

EQTNS i s  a u s e r  s u p p l ie d  ro u t in e  which c o n ta in s  th e  sy s te m 's  eq u a tio n s  

w r i t t e n  a s  F(X)=0. F(X) may c o n t a in  a l g e b r a i c  o r  d i f f e r e n t i a l  e q u a ­

t io n s ,  l i n e a r  o r n o n - l in e a r ,  im p l ic i t  o r  e x p l i c i t .

DCADRE

An IMSL i n t e g r a t i o n  r o u t i n e .  DCADRE i s  a  r e l i a b l e  a d a p tiv e  a lg o rith m  

which u se s  d i f f e r e n t  o rd e r  po lynom ial models in  each in t e r v a l .

THERMO

A thermodynamic d a ta b a se  developed  'in -h o u s e ' and l im i te d  to  com ponen ts 

o f  c o a l  g a s i f i c a t i o n  r e a c t io n s ,  and m ethanol s y n th e s is .  H eats o f  r e a c ­

t i o n  a r e  n o t  r e q u i r e d  b e c a u s e  SOLVER u s e s  th e  e l e m e n t a l  e n t h a l p y  

r e f e r e n c e  s t a t e .  R e fe re n c e  s t a t e  f o r  thermodynamic p r o p e r t ie s  i s  th e  

e lem ents in  t h e i r  s ta n d a rd  s t a t e s  a t  25°C and 1 Atm. S tan d a rd  h e a t s  o f  

f o r m a t io n ,  f r e e  energy  o f  fo rm a tio n , and h e a t  c a p a c i t ie s  a re  c a lc u la te d  

from tem p era tu re  dependent c o r r e la t io n s  developed by Yaws (1976).

B .3 SAMPLE SOLUTION
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