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A SLUG FLOW MODEL FOR COAL COMBUSTION 
AND DESULFURIZATION I N  FLUIDIZED BEDS: 

THEORETICAL FORMULATION 

S. C .  Saxena,* T. P. Chen,t and A. A.  Jonke 

ABSTRACT 

A model is  developed f o r  c o a l  combustion i n  f l u i d i z e d  beds 
inc lud ing  d e v o l a t i l i z a t i o n  under s lugging  cond i t i ons ,  w i th  s u l f u r  
removal e f f e c t e d  by a so rben t  of l imes tone  o r  dolomite .  The gas- 
flow a n a l y s i s  is  based on t h e  s l u g  flow theory  of Hovmand and 
Davidson wi th  modi f ica t ions  t o  account f o r  t h e  bubbling r eg ion  
below t h e  p o i n t  where s l u g  formation starts. So l id s  a r e  assumed 
t o  be back-mixed, and f o r  t h i s  cond i t i on ,  char -s ize  d i s t r i b u t i o n s  
and so rben t  s u l f a t e  loadings  i n  t h e  bed a r e  determined.  The 
gaseous r e a c t a n t  ba lances  a r e  c a r r i e d  ou t  f o r  bo th  oxygen and 
s u l f u r  d iox ide  under plug flow cond i t i ons ,  w i t h  t h e  r e a c t i o n  
r a t e s  based on c o a l  s i z e  and so rben t  s u l f a t e  loading .  The ex- 
p re s s ions  f o r  t h e  combustion e f f i c i e n c y  and s u l f u r  r e a c t i o n  a r e  
de r ived .  

I. INTRODUCTION 

A new combustion process  f o r  c o a l  is  c u r r e n t l y  under ex t ens ive  s tudy  by 
v a r i o u s  o rgan iza t ions .  It involves  a f luidized-bed ope ra t ion  w i t h  i n  situ 
s u l f u r  removal by l imes tone  o r  dolomite  so rben t .  The f e a s i b i l i t y  of t h i s  
process  f o r  reducing s u l f u r  d iox ide  emission t o  an accep tab le  l e v e l ,  a s  w e l l  
a s  f o r  main ta in ing  a s u f f i c i e n t l y  h igh  combustion e f f i c i e n c y ,  has  been 
demonstrated by s e v e r a l  p i l o t - p l a n t  ope ra t ions  such a s  those  d iscussed  by 
Jonke et aZ., I3hrl ichy2 Hammons and Skopp ,3  Hoke et aZ., Rice and Coates ,  5 

Combus t i o n  P,ower Company, and Na t iona l  Research and Development c o r p o r a t  ion.7 
The advantages of t h i s  f luidized-bed combustion process  a s  opposed t o  t h e  
convent iona l  pulverized-coal  b o i l e r  have been d i scussed  by Squi res .  8 

Modelshave been proposed by Bethe l1  et aZ., O I N e i l l  and Keairns , '  O 
Jonke et Horio and wen14 f o r  s u l f u r  removal by t h i s  process ,  
assuming t h a t  t h e  bed i s  composed e n t i r e l y  of so rben t  p a r t i c l e s .  However, 
i t  i s  known t h a t  t h e  bed may a l s o  con ta in  a s i g n i f i c a n t  amount of coal-derived 
ash  and uncombusted c o a l  p a r t i c l e s .  Also, s i n c e  t h e s e  models do n o t  cons ider  
s imu l t anen~ l s  c o a l  combustion, t h e  s u l f u r  d iox ide  gene ra t ion  p a t t e r n s  they  
assume remain open t o  ques t ion .  A complete t rea tment  of t h e  r e a c t i o n s  i n  t h e  
bed is  given by Chen and saxena15 and s h a l l  be app l i ed  he re .  

.The e f f e c t s  of gas  bypassing through bubbles  on t h e  r e a c t i o n  performance 
of t h e  combus,tor have been i n v e s t i g a t e d  by Horio and wen14 And Chen and 
Saxena. 5-1 However, t h e s e  ana lyses  were l i m i t e d  t o  uniformly bubbling beds. 
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Because of t h e  h igh  gas-so l ids  feed  r a t i o  r equ i r ed  f o r  c o a l  combustion, t h e  
beds may f r e q u e n t l y  b e  s lugging .  Furthermore, Matsen and  arm^' poin ted  
o u t  t h a t  scale-up of s lugging  beds t ends  t o  be  more s u c c e s s f u l  and r e l i a b l e  
t han  scale-up of uniformly bubbling beds. 

A p e r t i n e n t  s l u g  f low theory  h a s ' b e e n  g iven  by Hovmand and Davidson. 18 

S tewar t  and ~ a v i d s o n l ~  have d i scussed  two types  of s l u g  flow, and t h e  p re sen t  
work i s  confined t o  what they  c a l l e d  type  A ,  i n  which s l u g s  r i s e  through t h e  
bed of p a r t i c l e s  l i k e  l a r g e  bubbles  i n  a l i q u i d .  According t o  ~ t e w a r t , ~ ~  
t h i s  type  of s l u g  f low is  of more .genera1  i n t e r e s t  and is  1 ke ly  t o  occur  i n  
gas - f lu id i zed  beds w i t h  HID > 1 when (U - U £)/0.35(gD ) ' j2 is  g r e a t e r  
t han  about  0.2. I n  t h e  appEica t ion  of s?ug £Tow theory  €0 t h i s  work, a  
mod i f i ca t ion  is  made t o  account  f o r  t h e  bubbling r eg ion  below t h e  s l u g  flow 
reg ion .  S ince  t h e  gas-exchange rate of t h e  bubbles  w i t h  the.em111sinn phase 
i a  r e l a t i v e l y  l a r g e  as compared t.n t h a t  of tha '  nlugo w i t h  , the  r u ~ u l ~ i o n  
phase,  a cons ide rab le  d i f f e r e n c e  i n  t h e  r a t e  of c o a l  combustion w i l l  be  
observed i n  t h e  two c a s e s .  The e f f e c t s ' o f  physico-chemical changes of t h e  
c o a l  and su rben t  p a r t i c l e s  on t h e  r e a c t i o n  r a t e s  of combustion and s u l f a t i o n  
are a l s o  noted  i n  t h i s  work. 

11. DESCRIPTION.OF THE SYSTEM 

Typ ica l ly  t h e  c o a l  combustor i s  a f l u i d i z e d  bed, w i t h  c o a l  and s u l f u r -  
removing so rben t  f e d  cont inuous ly  a t  t h e  bed base  a t  mass flow r a t e s  of qc 
and q , r e s p e c t i v e l y .  The bed is  f l u i d i z e d  by atmospheric o r  p re s su r i zed  
a i r  a$ a v e l o c i t y  U and oxygen concen t r a t ion  C The so rben t s  a r e  u s u a l l y  

0 ' 
l imes tone  and/or  doPomite, which d i f f e r  from each o t h e r  i n  r e l a t i v e  concen- 
t r a t i o n s  of calcium carbonate  and magnesium carbonate .  They can be used 
e i t h e r  d i r e c t l y  o r  p r e t r e a t e d  t o  t h e  ha l f - ca l c ined  and f u l l y  ca l c ined  forms 
b e f o r e  being f e d  i n t o  t h e  hed. Only t h e  calcium compound i n  t h e  s o r b e n t s  i s  
r e a c t i v e  toward s u l f a t i o n ,  and i t s  weight f r a c t i o n  is denoted he re  a s  y 

d ' 

Various grades  of c o a l ,  ranging  from l i g n i t e  t o  bituminnirs c o a l ,  have 
been s u c c e s s f u l l y  combusted i n  t h i s  type  of r e a c t o r .  The weight f r a c t i o n s  of 
v o l a t i l e  m a t t e r ,  a sh ,  carbon,  hydrogen, oxygen, s u l f u r ,  and n i t r o g e n  i n  t h e  
c o a l ,  as determined from proximate and u l t i m a t e  ana lyses ,  are denoted yv, ya, 
y  , y , yo, yS and yN,  r e s p e c t i v e l y .  For most types  of c o a l  burned i n  
f fu idyzed  beds ,  ash  w l l l  s t r i p  o f f  a f t e r  i t s  formation a t  t h e  c o a l  s u r f a c e ,  
r e s u l t i n g  i n  sh r inkage  of t h e  c o a l  p a r t i c l e  s i z e  from an  i n i t i a l  r a d i u s ,  . Rc 
The s o r b e n t s ,  on t h e  o t h e r  hand, r e t a i n  approximately t h e  same p a r t i c l e  s i z e ,  
Rd, dur ing  s u l f a t i o n  i n  t h e  bed. 

I n  many f l u i d i z e d  bed combustors, c o a l  w i l l  qu ick ly  l o s e  i t s  v o l a t i l e  
ulat ter  a t  t h e  bottom reg ion  of t h e  bed. The char  s o  generated w i l l  become 
s p a r s e l y  d i spe r sed  among t h e  a s h  and so rben t  p a r t i c l e s  i n  t h e  bed because 
of i ts  rap id  consumption by combustion. Th i s  combustion environment is very  
s i m i l a r  t o  t h e  ash  bed i n v e s t i g a t e d  by Avedesian and   avid son.^^    heir 
r e s u l t s  g ive  t h e  molar consumption r a t e  of  oxygen by a  c o a l  p a r t i c l e  of r a d i u s  
R a s :  

dn 
- & =  C R (R) 

d t  02 c  



The combustion of volatile matter released from coal in the gas phase proceeds 
much faster than that of char and therefore is assumed to be completed in a 
region close to the coal feed point. The char obtained from this devolatil- 
ization process is further assumed to retain the same particle size as the 
coal feed, and its content of ash, carbon, hydrogen, oxygen, sulfur, and 
nitrogen by weight fraction will be denoted by yi, y;, yi, yi, yi, and y1;, 
respectively. Further, if the weight fractions of carbon, hydrogen, oxygen, 
sulfur, and nitrogen in the volatile.matter released from coal are represen- 
ted by YC; y;1; yg; y i; and y'; respectively, we have the following relations: 

N 

and 

Numerous experimental studies have been made to investigate the 
sulfation kinetics. Some of these are ~or~wardt ,22 Keairns e t  nZ., 2 3 
Hubble e t  a ~ . , ~ ~  O'Neill e t  a~., 25 Yang e t  a ~ . , ~ ~  and Wen and ~ s h i d a . ~ ~  
The reaction is .found to be first order with respect to the sulfur dioxide 
concentration, Csos . Therefore, the molar consumption rate of sulfur dioxide 

L 

for a sorbent particle of conversion level X can be written in the following 
f o m :  

A closed form is not gfven for the X (X) in Eq. 3 because i t :  has heen 
obierved to be largely dependent on $he type of sorbent used. A good cor- 
relation of R (X) with the sorbent chemical structure is not presently d available. However, the value of R (X) for a particular sorbent can be 
easily determined from the weight-cgange measurement of a given sample in a 
thermogravimetric analyzer. Although the gas-flow conditions encountered by 
the sorbent sample in such a measurement are usually not the same as in the 
combustor, the use of thermogravimetric analysis for finding the R (X) is 

d justified by the experimental evidence that the gas film diffusion is not 
the rate controll.ing step of the reaction. 

111. THE MODEL 

A, The Gas-Flow Analysis 

' Bubbles formed at the gas distribution surface coalesce and grow while 
rising through the bed. The bubble diameter, db, according to Mori and 



4 

varies with the bed height, h as: 

Here A is the bed cross-sectional area, and d and dbm "are the initial and 
bo maximum attainable bubble diameters, respectively, as given beiow: 

= 0.3,47[A(Uo - Umf)/nd] 215 
dbo 

for a perforated gas distributor, 

for a porous gas distributor, and 

dim = 0.652[~(~ - Umf)] 215 
0 

where all quantities are expressed in the cgs unit system. Umf and n are d the minimum fluidization velocity and the number of orifices on the perforated 
gas distributor plate, respectively. Mori and made a simplification 
that U -Umf << 0.711 @ while expressing d in the closed form given l ~ y  

0 l.)lll bm 
Eq. 7. This simplification will not usually be valid in most fluidized-bed 
combustion operations because U is normally very large. Following their 
derivation, but without making ?his simplifying assumption, the following 
relation is derived for the determination nf d : 

bm 

For small-diameter columns or high gas velnrities, the bubblc may grow 
to a size comparable to the column diameter D at a bed height h above the 
gas distributor. The resulting slug flow wilf then persist in tRe remaining 
upper portion of the bed. Pccording to Davidson and ~arrison,~~ h may be 

S evaluated from Eq. 4 as that value of h which gives a value for db approx- 
imately equal to 1/3 Dc. Therefore 

A schematic representation of these two different gas-flow patterns is 
ehown in Fig. 1. 

According to Davidson and ~arrison~ and. Stewart and Davidson, l the 
bubble and slug velocities, both expressed as Us, are given by Eqs. 10 and 
11, respectively: 



u o  
. . .  

Pig. 1 .  Bubbling and Slugging Sections 
i n  a ~ i u i d i z e d  Bed 



f o r  h  < h o r  db < (Dc/3) 
S 

and 

- 112 
- - + 0.35(gDc) , f o r  h  > hS o r  db > ( ~ ~ 1 3 )  

Following t h e  two-phase theory29 which a s s e r t s  t h a t  gas i n  excess  of t h a t  
r e q u i r e d  f o r  minimum f l u i d i z a t i o n  passes  through t h e  bed as gas  pockets ,  t h e  
volume f r a c t i o n  of bubbles  o r  s l u g  i n  t h e  bed is:  

. The Gas and S o l i d s  Reactant  Balance 

Since gas  mixing i n  f lu id ized-bed  combustors which have i n t e r n a l  
components is no t  a very  e f f i c i e n t  process , '  i t  i s  assumed h e r e  t h a t  plug 
f low is  a good r e p r e s e n t a t i o n  f o r  gases  i n  both  t h e  emulsion and bubble ls lug  
phases.  The gaseous concen t r a t ions  of oxygen and s u l f u r  d iox ide  i n  t h e s e  
two phases t hen  become dependent on bed he igh t .  On t h e  o t h e r  hand, f o r  
s o l i d s ,  a  back-mix p a t t e r n  i s  assumed f o r  a l l  p a r t i c l e s  i n  t h e  bed, i n  view 
o f t h e  h igh  frequency of r i s i n g  bubbles  and s l u g s  a t  t h e  h igh  gas throughput 
of t h e  coa l  combustor. 

1. The 'Su l id s  Reactant  Balance 

Three k inds  of s o l i d s ,  v i z . ,  the a s h ,  unh,.lrned c o a l ,  and so rben t  
p a r t i c l e s ,  e x i s t  i n  t h e  bed, and t h e i r  volume f r a c t i o n s  a t  s teady  s t a t e  may 
b e  denoted by f a ,  f and f  , r e s p e c t i v e l y .  Fu r the r ,  c d 

S ince  t h e s e  s o l i d s  a r e  i n  back-mix cond i t i on  i n  t h e  bed, each one has  a 
res idence- t ime d i s t r i b u t i o n  given by: 

where F I s  t h e  vo lume t r i c  f low r a t e  of s o l i d s  through t h e  bed.. 

For conver t ing  t h e  residence-t ime d i s t r i b u t i o n  i n t o  t h e  d i s t r i -  
b u t i o n s  of c h a r - p a r t i c l e  s i z e  and so rben t  s u l f a t e  loading ,  r e l a t i o n s  of 
t w i t h  R ,  a s  w e l l  as wi th  X,  have t o  b e  determined from Eqs. 1 and 3 .  Since 
t h e  combustion and s u l f a t i o n  r e a c t i o n s  a r e  c a r r i e d  o u t  on ly  i n  t h e  emulsion 
phase,  t h e  l i n e a r i t y  of Eqs. 1 and 3 i n  C and C , r e s p e c t i v e l y ,  l e a d s  t o  

0 2 so2 . .  . 

a convenient  way of d e f i n i n g  mean va lues  of t h e s e  q u a n t i t i e s ,  uiz . ,  



and 

It can be shown that the terms on the left side of Eqs. 1 and 3 can be 
expressed in the following forms, respectively, 

and 

Here, p'  and p are the densities of char and sorbent particles, respectively. 
d M and M are the molecular weights of carbon, The quantities MC, MS, %, 

d 
sulfur, hydrogen, oxygen, and calcium compound, respectively. Equations 1 
and 3 after substitution from Eqs. 15 through 18 assume the following forms: 

On integration and rearrangement, the above two relations yield: 

and 



L e t  PO(R) dR and PO(X) dX r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  number f r a c t i o n s  of b  b 
cha r  and so rben t  p a r t i c l e s  i n  t h e  bed over  a s i z e  increment dR and a  
conversion increment dX. These p r o b a b i l i t y  d i s t r i b u t i o n  f r a c t i o n s  can be 
ob ta ined  us ing  Eqs. 14 and 19  through 22 and a r e  a s  fo l lows:  

P' (R) = E [ t  = t ( R ) ]  
b  

RFp ' 
(P 

PO(X) = E [ t  = t ( X ) ]  
b  

X 
4 . 1 1 ~ ~ ~  y F 

d d d 
, 4.rrlI3p y F 

- - d d d  

~ A H $ ~ ~ R ~  3AHCSO2Rd (X)Md 

P'(X) becomes a  d e l t a  f u n c t i o n  a t  X = 1 because t h e  corresponding r e s idence  
b t lme could ex tend  from t(X = 1 )  t o  i n f i n i t y .  ' This  d e l t a  func t ion  can be  

ob ta ined  from t h e  fo l lowing:  

Le t  Pb(R), Pb(X) and S(X = 1 )  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  d i s t r i b u t i o n  

f u n c t i o n s  P i (R) ,  PO(X),  and SO(X = 1 )  eva lua ted  on a  s o l i d s  volume b a s i s .  The 
b 

fo l lowing  i n t e r r e l a t i o n s  a r e  v a l i d  f o r  t h e s e  two types  of d i s t r i b u t i o n  
f u n c t i o n s  : 



FfdPb (X) dX qdPi (X) dX 
=I 

( 4 1 3 ) ~ ~ :  (4/3)nR;pd 

where p is t h e , p a r t i c l e  dens i ty  of coa l  feed. Based on Eqs.  26-28 and 
C o the r  r e l a t i o n s  given above, we have 

x exp 

c .  



F u r t h e r ,  it is known t h a t  

and 

1 
6 : ( ~  = 1 )  + $ Pb (X) dX =. 1 

0 

Therefore ,  from Eqs. 29 and 32, w e  o b t a i n  . 

S i m i l a r l y ,  from Eqs. 30, 31, and 33, w e  o b t a i n  

The a s h  r e s i d u e  s t r i p p e d  from t h e  c o a l  s u r f a c e  a f t e r  combust.ion is  much more 
compact than t h e  c o a l  f eed .  Assuming t h i s  compaction r a t i o  t o  be about 116, 
w e  can  r e l a t e  t h e  a s h  c o l l e c t e d  i n  t h e  overf low s t ream t o  t h a t  generated i n  
t h e  bed as fo l lows:  



dR S u b s t i t u t i n g  - from Eq. 19 i n t o  Eq. 36, we ,ob ta in  
d t  

' - DE AH£ P (R) 
02 c . b  

a  + (~ ; /2%)  - (y;/MO)] 

Replacing P (R) i n  Eq.  37 by Eq. 29, we o b t a i n  
b 

(I' 
R 

C 
R2qc 

f  = 7- ex. 
R F P ~  [ ( Y ; / M ~ )  + (y;/MS) + (~;1/2$) - ( Y ~ I M ~ ) ]  

a  d'. dR (38) 2Rcf'c 2AHD C 
02 t 

s u b s t i t u t i n g  f  
a :  'd' 

and f c  from Eqs. 38, 3 5 , .  and 34 r e s p e c t i v e l y ,  i n t o  
Eq. 13 ,  we o b t a i n  

k exp 

" 
RFp; [(YC/MC) + ( Y H I M ~ )  + ( / 2 )  - ( 

2AHDc 02 



The only  unknown i n  Eq. 39 i s  F, which can the re fo re  be determined by t r i a l  
and e r r o r .  The f ,  f c ,  f d ,  Pb(R), Pb(X), and 6(X = 1 )  can then be determined 
on t h e  b a s i s  of t g e  F value  so  obtained.  

2.. The Gas Reactant Balance 

The gas 'exchange between t h e ' s l u g s  and t h e  p a r t i c u l a t e  phase plays 
an important r o l e  i n  t h e  r e d i s t r i b u t i o n  of gaseous r e a c t a n t s  i n  t h e  bed. For 
t h e  present  process ,  t h e  t r a n s f e r  of oxygen from s l u g s  t o  the  p a r t i c u l a t e  
phase can be  expected t o  be a l i m i t i n g  s t e p  f o r  the  coa l  combustion s i n c e  
t h e  combustion r a t e  is usua l ly  g r e a t e r  than t h e  gas-exchange r a t e .  On t h e  
o t h e r  hand, t h e  poorer gas exchange genera l ly  observed i n  a s lugging bed 
may impede t h e  t r a n s f e r  of s u l f u r  d ioxide  from t h e  p a r t i c u l a t e  phase i n t o  
t h e  bypassing gas streain i n  t h e  s l u g  phase, r e s u l t i n g  i n  h igher  s u l f u r  
r e t e n t i o n .  The gas-exchange r a t e  is known t o  h~ a fi"~nct,icrn of tho  olug 
dimensions. Equations have been derived by Hovmand and Davidson18 f o r  the  
s l u g  l eng th ,  LS, and then t h e  s l u g  volume, Vs. These a re :  

The gas-exchange r a t e  per  s l u g ,  Q . based on t h e  Ls obtained from Eq. 11, 
s e  ' i s  now:18 

n ~ t u ~ ( 1  - 6) 
- 

Qs e 
- 

11 2 
+ . :6>' (:)112 (C)lI4 ] f o r  h > hs 

1 4 (gDc) 

where I i s  a func t ion  of L I D  r ep resen t ing  t h e  su r face  i n t e g r a l  along the  
s c '  

s l u g  su r face .  The values  of I f o r  var ious  L ~ / D ~  have been tabula ted  by 
Homand and Davidson . l 

The bubble volume and gas-exchange r a t e  r e l a t e d  t o  t h e  bubbling s t a g e  
below t h e  point  where s l u g  formation s t a r t s ,  denoted a s  Vs and Q s e 9  respect -  
f u l l y ,  a r e : 3 0  

Vs = (1~16)di f o r  h c h s (43) 

112 114 714 for  
< hs Qse = (314)nd; U m f +  0.975 nD g db 



Since a s  mixing is usua l ly  poor i n . f l u i d i z e d  beds, the  g a s , i n  e i t h e r  
t h e  p a r t i c u  f a t e  phase o r  t h e  s l u g  o r  bubble phase is  assumed t o  be i n  plug 
flow. Therefore,  the  oxygen and s u l f u r  dioxide concentra t ions  i n  t h e  s lug  
o r  bubble phase, C and C r e spec t ive ly ,  due t o  t h e  gas exchange 

s r02 s ,so2 
wi th  t h e  p a r t i c u l a t e  phase would vary along t h e  bed height  a s :  

where . C and C a r e  the  oxygen and s u l f u r  d ioxide  concentra t ions  i n  
e,02 e ,  SO2 

t h e  p a r t i c u l a t e  phase. , 

The v a r i a t i o n s  of t h e  two gas concentra t ions  i n  t h e  p a r t i c u l a t e  phase 
along t h e  bed height  r e s u l t  not  only from the  gas exchange but  a l s o  from 
r e l a t e d  reac t ions .  The molar consumption r a t e  of oxygen per  u n i t  volume of 
the  expanded bed can be given as 

The f i r s t  term is t h e  combustion con t r ibu t ion ,  and t h e  second 'term is t h e  
s u l f a t i o n  reac t ion  con t r ibu t ion .  The numerical f a c t o r  112 corresponds t o  
the stnichi-ometric  r e l a t i o n  t h a t  one-half mole of oxygen and one-mole of 
s u l f u r  d ioxide  a r e  requi red  f o r  conversion of one mole of t h e  a d d i t l v e  t o  
t h e  s u l f a t e  product'. The gaseous ' r eac tan t  b a l a n c e . f o r  t h e  oxygen i n  t h e  
p a r t i c u l a t e  phase is then of t h e  following form: 



A similar i o n n u l a t i o n  can b e  de r ived  f o r  C , no t ing  t h a t  t h e  s u l f u r  
e ,  SO2 

d i o x i d e  i s  genera ted  from combustion and absorbed by t h e  so rben t .  Therefore ,  

The boundary c o n d i t i o n s  of Eqs. 45-48, r e s p e c t i v e l y ,  a r e  a s  fo l lows:  

and 

I f  t h e  combustion e f f i c i e n c y  is  de f ined  a s  t h e  conversion of non-ash 
m a t e r i a l  i n  t h e  c o a l ,  i t  can then  be c a l c u l a t e d  from t h e  fo l lowing  express ion:  

On the o t h e r  hand, t h e  s u l f u r  r e t e n t i o n ,  de f ined  as t h e  amount of s u l f u r  
d i o x i d e  absorbed by the  so rben t  as a percentage  of t h a t  r e l e a s e d  dur ing  
combustion, can  be obta ined  from t h e  fol lowing:  



IV. GENERAL COMMENTS 

The above formulation allows calculation of coal combustion efficiency 
and sulfur retention for a fluidized-bed combustor operating in a combined 
bubbling and slugging mode under realistic assumptions for gas-flow and 
solids mixing. The phenomenon of coal~devolatilization, usually neglected in 
modeling efforts, is included in this work as is also the char-particle 
size distribution function and the sulfur loading distribution function of 
sorbent particles in the bed. Numerical calculations are being planned to 
determine the predictions from this model for such quantities as: (1) the 
combustion efficiency and sulfur retention as a function of coal particle 
size and Ca/S ratio, (2) the concentration profiles of oxygen and sulfur 
dioxide in the particulate and slug phases,.and (3) the volumetric fractions 
.of ash, carbon, and sorbent along the bed height. Comparison of the calculated 
combustion efficiency and sulfur retention with the experimentally measured 
values at the 15.2 cm dia ANL fluidized-bed combustor will also be made as 
a check of the appropriatenes"s of the theoretical model described above and 
other models which are being developed at MIT.31-33 
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