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WORK PLAN FOR CONTINUATION OF THE PROJECT 
"REDUCTION OF ATMOSPHERIC POLLUTION BY 

THE APPLICATION OF FLUIDIZED-BED COMBUSTION" 

A. A. Jonke, G. J. Vogel, L. J. Anastasia, 
and R. L. Jarry 

ABSTRACT 

Additional work is planned on the antipollution aspects 
of fuel combustion in fluidized beds to which limestone is 
added. The major emphasis of the next phase of work will be 
on combustion at pressures up to 10 atm and regeneration of 
the sulfated lime under pressure. Fluidized-bed combustors 
will be operated in the one- and two-stage modes to investi- 
gate effects on NOx and sulfur emissions. The program will 
include laboratory- and bench-scale work aimed at elucidating 
mechanisms important to sulfur oxide and nitrogen oxide con- 
trol. 

I. INTRODUCTION 

This document presents a development program for a continuing study of 
the lowering and control of the level of pollutants (SO2, NO, and particu- 
late) in flue gas from the combustion of fossil fuels, using the fluidized- 
bed concept. Work at the Chemical Engineering Division of ANL during the 
past three years has complemented studies of other Air Pollution Control 
Office (AF'CO) contractors--British National Coal Board; Esso, Ltd.; Esso, 
USA; Pope, Evans and Robbins; Consolidation Coal; U. S. Bureau of Mines; 
and Westinghouse. During research at ANL, the proposed work plan submitted 
here may be updated and revised to reflect progress made in the technology. 

The objectives of the development program at ANL are: 

1. To determine how the removal of sulfur oxide (generated during 
fluidized-bed combustion) is affected by independent fluidized-bed operat- 
ing variables such as bed temperature, combustor pressure, gas velocity, 
oxygen concentration, bed height, calcium to sulfur ratio, type of additive 
and coal, and .additive and coal particle size. 

2. To determine the effect of operating variables on the level of NO 
in the flue gas. 

3. To compare, as a function of the independent operating variables, 
the characteristics and quantities of flyash generated in fluidized-bed 
combustors and in pulverized-fuel boilers. 

4. To determine the effects of independent operating variables on the 
regeneration of CaS04 and to investigate various methods of regeneration at 
elevated pressures. 



5 .  To determine how e f f e c t i v e l y  a d d i t i v e  produced by r egene ra t ion  of 
CaS04 accep t s  s u l f u r  i n  t h e  combustor. 

6.  To determine t h e  chemical and phys i ca l  mechanisms involved i n  

a .  removal of SO by a d d i t i v e  
2 

b.  NO formation 

c. r egene ra t ion  of CaSO 4 

The j u s t i f i c a t i o n s  f o r  developing methods of lowering t h e  concentra-  
t i o n s  of noxious p o l l u t a n t s  emi t ted  from power- and steam-producing p l a n t s  
a r e  w e l l  known. Standards have been s e t  by s t a t e  and f e d e r a l  governmental 
agencies  f o r  minimum p o l l u t a n t  q u a n t i t i e s  t h a t  may be emi t t ed ,  r e i n f o r c i n g  
t h e  urgency of developing an e f f e c t i v e  process n r  prncessps .  The program 
developed by APCO should r e s u l t  i n  .lower pnl l l i t an t  concent ra t ionc  i n  t h c  - -  . - 
a i r  and, s econda r i ly ,  may r e s u l t  in a more economical combustion process .  

11. PROGRAM HISTORY AND SUMMARY OF FUTURE PROGRAM 

ANL s t u d i e s  of t h e  e f f e c t s  of v a r i a b l e s  i n  t h e  combustion of f o s s i l .  
f u e l s  a t  atmospheric p r e s s u r e  were l a r g e l y  made i n  a 6-in. d i a  bench-scale 
combustor. I n  t h i s  work, l imestone o r  dolomite a d d i t i v e  was i n j e c t e d  i n t o  
a f l u i d i z e d  bed, where i t  r eac t ed  wi th  s u l f u r  ox ide  generated by t h e  com- 
b u s t i o n  of coa l .  The e f f e c t s  of independent ope ra t ing  v a r i a b l e s  and type 
of a d d i t i v e  on t h e  r educ t ion  of SO2 and NO l e v e l s  were determined, and 
t h e s e  d a t a  were supplemented wi th  S02-additive r e a c t i o n  r a t e  d a t a  obta ined  
i n  boa t  r e a c t o r  experiments .  Coal was the  f u e l  burned i n  most t e s t s ,  b u t  
i n  a few, n a t u r a l  gas  was combusted t o  demonstrate  t h e  low NO l e v e l s  
ach ievab le  and t o  show t h a t  a source  of NO formed dur ing  c o a l  combustion i s  
n i t r o g e n  i n  t h e  coal.. The combustor was opera ted  as a one-stage u n i t  i n  
t h i s  work; i n  one-stage cnmhiistion, a l l  of t h e  combustion air is added LU 
t h e  f lu id ized-bed  r eg ion ,  where e s s e n t i a l l y  a l l  combustion takes place .  
S tud ie s  of t he  e f f e c t s  of v a r i a b l e s  on SO2 and NO removal i n  one-stage com- 
b u s t i o n  a r e  n e a r l y  complete, and d a t a  on t h e  c h a r a c t e r i s t i c s  and q u a n t i t i e s  
of f l y a s h  genera ted  a t  d i f f e r e n t  ope ra t ing  cond i t i ons  a r e  being obtained 
and analyzed.  

I n  another  phase of t he  program, the  combustor was opera ted  a s  a two- 
s t a g e  u n i t .  I n  two-stage combustion, a subs to i ch iome t r i c  volume of a i r  i s  
added t o  t h e  f l u i d i z e d  bed; t h e  remainder of t h e  combustion a i r  i s  added t o  
t h e  r eg ion  above t h e  f l u i d i z e d  bed, where combustion i s  completed. 

The f u t u r e  experimental  program a t  ANL w i l l  encompass t h e  fol lowing:  

1. Completion of s tudy  of t h e  e f f e c t s  of v a r i a b l e s  f o r  one-stage 
combustion a t  a p re s su re  of 1 atm. Coal p a r t i c l e  s i z e  may be t h e  l a s t  of. 
t h e  v a r i a b l e s  t o  be s t u d i e d .  Addi t iona l  experiments a t  1-atm p r e s s u r e  w i l l  
b e  r equ i r ed  t o  a i d  i n  e s t a b l i s h i n g  t h e  mechanisms involved i n  p o l l u t i o n  
c o n t r o l .  

2. Determinat ion of t h e  e f f e c t  of independent v a r i a b l e s  on SO2 re-  
moval, NO l e v e l ,  and p a r t i c u l a t e  emission,  using t h e  atmospheric-pressure 



bench-scale combustor in the two-stage mode of operation. 

3. Construction of a multipurpose, bench-scale plant for operation 
at pressures up to 10 atni to study the effects of the most important 
variables in 

a. one-stage, high-pressure combustion 

b. two-stage, high-pressure combustion 

c. regeneration of the partially sulfated additives from 
one-stage and two-stage operation 

In one-stage combustion, a sulfate is produced that is regenerated to oxide 
with a reducing gas; in two-stage combustion, a sulfide is produced that is 
oxidized to regenerate the additive. 

4. Continuation of studies to elucidate the mechanisms involved in 
one-stage and two-stage combustion and the regeneration reactions. 

111. PRINCIPAL RESULTS OF ANL FLUIDIZED-BED PROGRAM 

To date, studies at ANL using the one-stage fluidized-bed combustion 
concept and various sets of operating conditions have shown that in the 
presence of additive, 

1. greater than 95% of the SO2 can be removed from the flue gas, 

2. nitric oxide emissions are reduced by 20 to 40% (to <300 ppm) 
during coal combustion and to the thermodynamic equilibrium limits of 
%80 ppm NO during the combustion of natural gas, 

3. emission of particulate material of 55 pm diameter is reduced. 
The emissions from a fluidized bed may be severalfold less than emissions 
from conventional boiler systems using pulverized coal. 

In addition, exploratory experiments using the two-stage combustion concept 
have shown that 

1. a NO concentration of %70 ppm in the flue gas was achieved, 

2. sulfur removal was over 90%. 

The bulk of the data have been obtained in one-stage combustion experi- 
ments, and the results of these tests and.aspects of the problem are dis- 
cussed below. 

A. Sulfur Oxides 

1. Sulfur Removal 

In the Argonne study of sulfur removal from flue gases during 
fossil fuel combustion in a 6-in. dia fluidized-bed combustor, coals from 
Illinois, West Virginia, and Great Britain were used. Additive materials 



have cons i s t ed  of American l imes tones  BCR-1359 and BCR-1360, American dolo- 
m i t e s  BCR-1337 and Tymochtee, and B r i t i s h  l imestone.  Two types  of t e s t s  
s imu la t ing  l a rge - sca l e  u n i t s  ope ra t ing  a t  s t eady  s t a t e  have been run i n  
t h e  Argonne 6-in. d i a  combustor. I n  t h e  f i r s t  type  of t e s t ,  an i n e r t  
f l u i d i z e d  bed of alumina was used wi th  f i n e  p a r t i c l e s  of a d d i t i v e  and 
e s s e n t i a l l y  a l l  of t h e  a d d i t i v e  was e l u t r i a t e d  overhead soon a f t e r  i t  was 
fed .  I n  t h e  second type  of t e s t ,  a  f l u i d i z e d  bed of l a r g e - p a r t i c l e - s i z e  
a d d i t i v e  was used; most of t h e  a d d i t i v e  remained i n  t h e  f l u i d i z e d  bed. 

I n  both  types  of t e s t s ,  t h e  most s i g n i f i c a n t  v a r i a b l e s  a f f e c t i n g  
SO2 removal were t h e  combustion temperature,  t h e  Ca/S mole r a t i o  i n  t h e  
feed  s t reams,  and t h e  s u p e r f i c i a l  f l u id i z ing -gas  v e l o c i t y .  Less  s i g n i f i -  
c a n t  v a r i a b l e s  were t h e  a d d i t i v e  type ,  t h e  c o a l  type ,  t he  he igh t  of t h e  
f l u i d i z e d  bed, t h e  oxygen content  of t h e  f l u e  gas ,  and t h e  p a r t i c l e  s i z e  
of t h e  a d d i t i v e  m a t e r i a l .  Two v a r i a b l e s  t h a t  had no demonstrable e f f e c t  
on SO2 removals were (1) premixing of c o a l  and a d d i t i v e  be fn re  t hey  were 
f e d  rs t h e  combustor ( r a t h e r  than feeding  ~f s e p a r a t e  streams) and 
(2) supplementary h e a t i n g  of t he  zone above t h e  f l u i d i z e d  bed. 

One of t h e  most important  v a r i a b l e s  over  t h e  ranges s t u d i e d  i s  
t h e  Ca/S mole r a t i o  i n  t h e  feed  s t reams.  A t  h ighe r  Ca/S r a t i o s ,  b e t t e r  
removals of SO2 from t h e  f l u e  gas were achieved. F igure  1 shows t h e  e f f e c t  
of Ca/S r a t i o  a t  1450-1472"~ i n  runs  wi th  two c o a l s  and wi th  t h e  same lime- 
s t o n e ,  BCR-1359, i n  ANL and B r i t i s h  combustors. A t  a  Ca/S r a t i o  of 4.2, 
e s s e n t i a l l y  100% S02.removal was achieved.  

The experimental  evidence sugges t s  t h a t  an optimum temperature 
e x i s t s  f o r  each ca/S mole r a t i o .  For example, f o r  a  Ca/S r a t i o  of 4 .2,  
1450 t o  1470°F.appears  t o  be  t h e  optimum temperature;  f o r  a  Ca/S r a t i o  of 
2 .5,  t h e  d a t a  sugges t  t h a t  t h e  optimum temperature is  1500 t o  1550°F. A t  
t empera tures  above and below the  optimum, SO2 removals a r e  lower. 

With i n c r e a s i n g  s u p e r f i c i a l  gas v e l o c i t y ,  SO2 removal decreases .  
The dec rease  i s  %5% f o r  a  1 f t l s e c  i n c r e a s e  i n  v e l o c i t y .  

The l e s s  s i g n i f i c a n t  v a r i a b l e s  i nc lude  f luidized-bed he igh t  and 
oxygen concen t r a t ion  i n  t h e  f l u e  gas .  Inc reas ing  t h e  f luidized-bed h e i g h t  
from a minimum of 14 i n .  t o  a maximum of 48 i n .  increased  t h e  SO2 removal 
s l i g h t l y .  SO2 removals were improved a  l i t t l e  by ope ra t ing  t o  g i v e  h ighe r  
concen t r a t ions  of oxygen i n  t h e  f l u e  gas .  

The r e s u l t s  of t h e  Argonne program show t h a t  a f luidized-bed com- 
b u s t o r  can be  opera ted  t o  reduce SO2 emissions below t h e  pe rmis s ib l e  
emission l e v e l s  s e t  by governmental a i r - p o l l u t i o n  agencies. A havurciblc 
f a c t o r  is t h a t  s u l f u r  removal i s  n o t  too  s e n s i t i v e  t o  t h e  types  of c o a l  and 
l imes tone  t e s t e d  s o  f a r  i n  t h e  program. Th i s  sugges t s  t h a t  i t  might no t  be  
necessary  t o  s e l e c t  s p e c i f i c  c o a l s  and l imes tones  t o  achieve  low s u l f u r  
emission.  

2.  Mechanism of Su l fu r  Oxide-Lime React ion 

Ample evidence e x i s t s  from t h e  ANL work t o  d a t e  t h a t  t h e  
mechanism of s u l f u r  ox ide  suppress ion  i n  t h e  f luidized-bed combustor i s  
much more complex than  t h e  s imple consecut ive  r e a c t i o n s  involv ing  C a O ,  S02, 
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FIG. 1. Effect of Ca/S Ratio on SO2 Removal for Three 
Series of Runs (Combustion of two coals in ANL 
.combustor, one coal in British combustor) 



and 02. Many anomalous r e s u l t s  have been observed t h a t  cannot b e  expla ined  
by t h e  r e a c t i o n  p a i r ,  

o r  t h e  a l t e r n a t i v e  r e a c t i o n  p a i r ,  

so, + 112 o2 2 SO3 (3 )  

CaO + SO + CaS04 3 (4) 

It i s  r ea sonab le  t o  suppose t h a t  t h e  above r e a c t i o n s  do occur  i n  
t h e  combustor, b u t  t h e s e  r e a c t i o n s  a lone  a r e  n o t  s u f f i c i e n t  t o  account f o r  
a l l  of t h e  observed r e s u l t s .  Some of t h e  evidence t h a t  suppor t s  a  more 
complex mechanism i s  t h e  fo l lowing:  

1. ANL work has  shown t h a t  when a  S02-air mix ture  i s  passed 
through a  bed of ca l c ined  l imes tone  a t  1500°F, breakthrough of SO2 occurs  
much sooner ,  and l i m e  c a p a c i t y  i s  much lower,  than when t h e  SO2 i s  generated 
i n  s i t u  by combustion of c o a l ,  o r  when SO2 i s  fed  t o  a  bed i n  which combus- -- 
t i o n  of  n a t u r a l  gas  is  occu r r ing .  I n  o t h e r  words, t h e  e f f i c i e n c y  and capa- 
c i t y  of a  l ime bed f o r  SO2 removal i s  g r e a t e r  when combustion is  occu r r ing  
than  when i t  is  n o t .  

2. ANL examinat ion by e l e c t r o n  microprobe of l ime p a r t i c l e s  from 
t h e  f luidized-bed combustor has  shown t h a t  s u l f u r  d i s t r i b u t i o n  is  uniform 
from t h e  o u t e r  s u r f a c e  t o  t h e  c e n t e r  of many (perhaps most) bed p a r t i c l e s .  
I n  c o n t r a s t ,  a  s u l f u r  g r a d i e n t  e x i s t s  from t h e - s u r f a c e  t o  t h e  c e n t e r  of 
c o a r s e  l ime p a r t i c l e s  exposed t o  S02-air mix tu re s ;  uniform s u l f u r  d i s t r i b u -  
t i o n  seems t o  occur  on ly  f o r  p a r t i c l e s  exposed t o  reducing f l u e  gases .  

3 .  An optimum temperature  range f o r  s u l f u r  suppress ion  of 1450 
t o  1550°F has  been observed i n  t h e  ANL combustor. This  temperature  range  
i s  app rec i ab ly  lower than t h e  optimum f o r  SO2 removal from f l u e  gases  ou t -  
s i d e  t h e  combustor (>1600°F).  I n  t h e  f lu id ized-bed  combustor, a  r a p i d  
dec rease  i n  s u l f u r  removal e f f i c i e n c y  occurs  a t  temperatures  above 1600°F; 
t h i s  i s  no t  c o n s i s t e n t  w i t h  most experimental  d a t a  f o r  t h e  r e a c t i o n  of l ime 
w i t h  SO i n  s imula ted  f l u e  gases .  
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4. I n  t h e  f lu id ized-bed  combustor,  t h e  optimum temperature  f o r  
s u l f u r  suppress ion  v a r i e s  wi th  t h e  Ca/S r a t i o ,  being lower a t  h igh  r a t i o s  
of CaIS. The Ca0-SO2-02 r e a c t i o n  should e x h i b i t  s f i x e d  optimum tcmpern- 
t u r e  f o r  a  p a r t i c u l a r  type  of l ime.  

5. When n a t u r a l  gas  i s  burned i n  a  p a r t i a l l y  s u l f a t e d  bed of 
l ime  (without  f r e s h  l imes tone  a d d i t i o n ) ,  evo lu t ion  of SO2 from t h e  bed i s  
observed a t  t empera tures  as low a s  1650°F; y e t  decomposition of CaS04 is  
known t o  occur on ly  a t  much h igher  tempera tures  (>2000°F).  

6. When f l y a s h  con ta in ing  p a r t i a l l y  s u l f a t e d  l ime i s  recyc led  t o  
t h e  f lu id ized-bed  combustor, no e f f e c t  on SO2 removal is  observed; y e t  t h i s  
same f l y a s h  m a t e r i a l  i s  found t o  have cons ide rab l e  c a p a c i t y  t o  r e a c t  w i t h  



SO2 when i t  is  exposed t o  d i l u t e  S02-air mix tures .  

7 .  When l e s s  than s t o i c h i o m e t r i c  a i r  is f ed  t o  t h e  bottom of t h e  
combustor and secondary a i r  i s  f ed  t o  t h e  top  of t h e  bed,  s u l f u r  removal by 
t h e  l ime bed is  v e r y  poor; y e t  when t h e  secondary a i r  is f e d  above t h e  bed, 
s u l f u r  removal i s  good. 

The above observa t ions  sugges t  t h a t  t h e  combustion process  i t s e l f  
i n f luences  t h e  s u l f u r  oxide r e a c t i o n  wi th  l ime.  I n  t h e  f luidized-bed com- 
b u s t o r ,  t h e  s u l f u r  appears  t o  have an excep t iona l  m o b i l i t y  f o r  p e n e t r a t i o n  
i n t o  l ime p a r t i c l e ' s .  The observa t ion  t h a t  SO2 can be  r e l e a s e d  from t h e  bed 
a t  r a t h e r  low temperatures  (1650°P) during combustion of n a t u r a l  gas 
sugges t s  t h a t  chemical r educ t ion  of CaS04 is  occu r r ing  d e s p i t e  t h e  i n t r o -  
duc t ion  of excess  a i r  t o  t he  bottom of t h e  bed. The need t o  employ a  r e l a -  
t i v e l y  low temperature (1450-1550°F) f o r  optimum SO2 r e t e n t i o n  by t h e  l ime 
bed probably r e s u l t s  from t h e  need t o  minimize t h e  r educ t ion  r e a c t i o n .  

a .  Mechanism - Macro E f f e c t s  

Because a l l  t h e  needed information i s  no t  y e t  on hand, our 
c u r r e n t  concept of t h e  mechanism is  n e c e s s a r i l y  s p e c u l a t i v e .  Never the less ,  
a  d e s c r i p t i o n  of our  c u r r e n t  thoughts  about t h e  mechanism might h e l p  t o  
i l l u s t r a t e  its complexity.  

It is necessary ,  f i r s t ,  t o  cons ider  t h e  flow behavior  of 
gases  i n  t h e  f l u i d i z e d  bed. When a ir  e n t e r s  t h e  bed a t  t h e  gas  d i s t r i b u t o r ,  
a  p o r t i o n  of t h e  gas flows through t h e  bed i n  i n t i m a t e  con tac t  w i th  t h e  
s o l i d s .  This  i s  c a l l e d  t h e  "emulsion" phase. The remaining p o r t i o n  of t h e  
a i r  f lows through the  bed i n  t h e  form of gas  bubbles .  Continual  c i r c u l a t i o n  
of gas from t h e  bubbles  i n t o  t h e  emulsion phase and back i n t o  t h e  bubbles  
t akes  p l ace  a s  t he  bubbles  r i s e  through t h e  bed. The gas i n  t h e  bubble 
phase i s  a v a i l a b l e  f o r  r e a c t i o n  only as r a p i d l y  a s  i t  c i r c u l a t e s  i n t o  t h e  
emulsion phase. On t h e  b a s i s  of combustion e f f i c i e n c y  d a t a  f o r  t h e  f l u i d -  
bed combustor, i t  is known t h a t  c i r c u l a t i o n  of a i r  from t h e  bubbles  i s  
e s s e n t i a l l y  completed by t h e  time t h e  bubbles  l eave  t h e  bed. Never the less ,  
i t  i s  reasonable  t o  assume t h a t  i n  t h e  lower p o r t i o n  of t h e  f l u i d i z e d  bed, 
c i r c u l a t i o n  of a i r  from t h e  bubble phase has  not  been completed and t h a t  t h e  
emulsion phase con ta ins  a  de f i c i ency  of a i r .  Thus t h e  emulsion phase i n  t h e  
lower p a r t  of t h e  bed would con ta in  a  reducing atmosphere, and t h e  emulsion 
phase i n  t h e  upper p a r t  of t h e  bed would con ta in  an  ox id i z ing  atmosphere. 

The behavior  of s u l f u r  under t h e  above cond i t i ons  can be 
i l l u s t r a t e d  by an extreme example. I n  a  p a r t i c u l a r  experiment i n  which 
t h e  reducing cond i t i on  i n  t h e  bed was accentuated by feeding  less- than-  
s t o i c h i o m e t r i c  a i r  a t  t h e  bottom of t he  bed, t h e  s u l f u r  concen t r a t ion  i n  
t h e  f l u e  gas was 800 ppm. I n  another  p a r t  of t h e  same experiment,  when 
a d d i t i o n a l  secondary a i r  was in t roduced  through a  tube  i n  such a  way t h a t  
t h e  a i r  impinged on t h e  top  of t h e  bed, t h e  s u l f u r  concen t r a t ion  i n  t h e  
f l u e  gas  increased  t o  3000 ppm. These r e s u l t s  sugges t  t h a t  s u l f u r  was 
accepted by t h e  lime i n  t h e  lower p a r t  of t h e  bed b u t  t h a t  r e a c t i o n  wi th  
excess  a i r  i n  t h e  upper p a r t  of t h e  bed r e l e a s e d  SO2. Of course ,  i n  a  run  
made under t y p i c a l  s ing le - s t age  combustion cond i t i ons ,  any such e f f e c t s  
wuulcl nut be  a s  extreme as i n  t h i s  example. 



It i s  w e l l  known t h a t  CaS04 can be reduced r a p i d l y  t o  CaS by 
reduc ing  gases  such a s  CO o r  hydrogen a t  t empera tures  of about  1750°F. A t  
lower temperatures  t h e  r a t e  decreases ,  and n o t  much is  known q u a n t i t a t i v e l y  
about  t h e  k i n e t i c s  a t  lower tempera tures .  The r e a c t i o n  of CaS wi th  a i r  
t o  produce CaO and SO2 is a l s o  w e l l  known, b u t  aga in  l i t t l e  i s  known about  
t h e  k i n e t i c s  a t  t h e  tempera tures  commonly used i n  t h e  f luid-bed combustor. 
It is reasonable  t o  guess  t h a t  a t  some combustion temperatures  a  sma l l  
p o r t i o n  of t h e  CaS04 i n  t h e  bed can be  reconver ted  t o  CaO and SO2 by a  
mechanism involv ing  c i r c u l a t i o n  of t h e  p a r t i c l e s  i n t o  l o c a l i z e d  reducing 
atmospheres r e s u l t i n g  from f u e l  combustion. This  i s  borne o u t  by t h e  
experiment i n  which e v o l u t i o n  of SO was observed du r ing  combustion of 2  
n a t u r a l  ga s  i n  a  p a r t i a l l y  s u l f a t e d , b e d  a t  1650°F. I f  t h e  o x i d a t i o n  of 
s m a l l  amounts of CaS i s  a  p a r t  of t h e  mechanism, then  some SO2 may be  
gene ra t ed  near  t h e  t op  of t h e  bed, l i m i t i n g  t h e  o v e r a l l  s u l f u r  removal,  

Thus, i t  would seem t h a t  t h e  r e a c t i o n  i n  which CaS04 is 
formed from l i m e  and SO2 is  c o n t i n u a l l y  being reversed  by exposure of 
t h e  CaS04 t o  l o c a l i z e d  reducing cond i t i ons  i n  t h e  lower p o r t i o n  of t h e  
b e d .  The importance of t h e  r e v e r s e  r e a c t i o n  would depend upon t h e  
c o n d i t i o n s  i n  t h e  combustion bed; lower temperatures  would minimize t h e  
r a t e  of t h e  r e v e r s e  r e a c t i o n ,  high concen t r a t i ons  of r e d u c t a n t s  would 
tend  t o  promote t h e  r e a c t i o n .  Thus, t h e  n e t  SO r e t e n t i o n  could h e  
i n f luenced  by combustion cond i t i ons  and by t h e  i i s t r i b u t i o n  of f u e l  (o r  
t h e  d i s t r i b u t i o n  of reduc ing  agen t s )  i n  t h e  bed. I n  a  l a r g e  combustor, 
f o r  example, t h e  number of c o a l  feed  p o i n t s  might i n f l u e n c e  SO2 removal. 
S ince  d i f f e r e n t  c o a l s  burn a t  d i f f e r e n t  r a t e s ,  t h e  l o c a l  concen t r a t i ons  
of gaseous r e d u c t a n t s  i n  t h e  bed may vary  from one type  of c o a l  t o  a n o t h e r .  
Thus, t h e  type of f u e l  burned may i n f l u e n c e  s u l f u r  removal, and t h e  
optimum combustion temperature  may vary  s l i g h t l y  f o r  d i f f e r e n t  types  of 
f u e l .  A number of o t h e r  f a c t o r s  could be important:  f o r  example, i n  a 
l a r g e  combustor w i th  a  deep bed t h a t  is  heav i ly  b a f f l e d  by steam tubes ,  
t h e  r a t e  of s o l i d s  c i r c u l a t i o n  would be  reduced,  t hus  decreas ing  t h e  
amount of t h e  r e v e r s e  r e a c t i o n .  Such f a c t o r s  could  account  f o r  t h e  
v a r i a b i l i t y  of r e s u l t s  achieved i n  v a r i o u s  types  and s i z e s  of combustors 
u s ing  v a r i o u s  types  of  c o a l .  

b.  Mechanism - Micro E f f e c t s  

If w e  c o n j e c t u r e  t h a t  t h e  c i r c u l a t i n g  bed p a r t i c l e s  a r e  
c o n t i n u a l l y  cyc l ing  i n t o  and out  of a  reducing atmosphere and t h a t  SO 
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can thereby  be  r egene ra t ed  from t h e  CaS04, w e  can now examine t h e  e f f e c t  
t h i s  might have on i n d i v i d u a l  a d d i t i v e  p a r t i c l e s .  When a  f r e s h  l ime  (or  
l imes tone)  p a r t i c l e  i s  f e d  t o  t h e  bed, r e a c t i o n  w i t h  SO2 w i l l  occur  r a p i d l y ,  
forming CaS04, most ly  on the  o u t c r  s u r f a c e s  and pores  of t h e  p a r t i c l e .  A 
c o n d i t i o n  w i l l  soon be  reached wherein t h e  p r o b a b i l i t y  t h a t  an  SO2 molecule  
w i l l  be  r e l e a s e d  from the  p a r t i c l e  by t h e  r educ t ion  mechanism i s  almost  
a s  g r e a t  a s  t he  p r o b a b i l i t y  t h a t  an  SO2 molecule w i l l  b e  accepted from 
t h e  bu lk  g a s  phase.  The p a r t i c l e  would then appear  t o  have a  low r e a c t i v i t y  
f o r  SO2, a l though i t  would s t i l l  have a  cons ide rab l e  capac i ty  f o r  accept ing  
SO2 a t  a  low r a t e .  

The average  r e s idence  t ime of a  p a r t i c l e  i n  t h e  f l u i d i z e d  
bed i s  s e v e r a l  hou r s .  During t h i s  long r e s idence  pe r iod ,  t h e  p a r t i c l e  



would be  sub jec t ed  t o  many c y c l e s  of a l t e r n a t e  reduc ing  and ox id i z ing  
cond i t i ons .  Any SO2 r e l e a s e d  by t h e  r educ t ion  mechanism would have a n  
oppor tun i ty  t o  p e n e t r a t e  deeper i n t o  t h e  p a r t i c l e  o r  t o  escape  i n t o  t h e  
g a s  phase.  Ul t imate ly ,  a  cond i t i on  would b e  reached wherein t h e  s u l f u r  
is  uniformly d i s t r i b u t e d  w i t h i n  t h e  p a r t i c l e  a t  a  concen t r a t i on  determined 
by a  pseudoequi l ibr ium set up by t h e  s u l f u r  acceptance  and r e j e c t i o n  c y c l e .  
This  s u l f u r  concen t r a t i on  would be  apprec iab ly  l e s s  than  t h a t  r ep re sen t ed  
by t o t a l  conversion t o  CaS04. When t h i s  l e v e l  of s u l f u r  is  reached,  any 
a d d i t i o n a l  pickup of SO2 w i l l  b e  balanced by r e l e a s e  of SO2 s o  t h a t  t h e  
s u l f u r  l e v e l  remains cons t an t .  

The above conjec tured  mechanism would have t h e  e f f e c t  of 
l i m i t i n g  t h e  t o t a l  s u l f u r  pickup by t h e  lime p a r t i c l e s .  On t h e  o t h e r  
hand, t h e  s u l f u r  would have a  g r e a t e r  mob i l i t y  f o r  p e n e t r a t i o n  i n t o  
p a r t i c l e s ,  and s u l f a t e  s h e l l s  t h a t  would s e r i o u s l y  reduce t h e  r e a c t i v i t y  
and capac i ty  would be  avoided. Pre l iminary  experimental  d a t a  i n d i c a t e  
t h a t  t h e  n e t  e f f e c t  i s  a  g r e a t e r  r e a c t i v i t y  and c a p a c i t y  f o r  SO2 removal 
by f l u i d i z e d  l ime beds i n  which combustion is  occu r r ing  than i n  s i m i l a r  
beds i n  which combustion i s  n o t  occu r r ing .  

Let  us  now cons ider  t h e  f i n e  l i m e  p a r t i c l e s  conta ined  i n  
recyc led  f l y a s h .  These p a r t i c l e s ,  which a r e  on ly  l i g h t l y  converted t o  
s u l f a t e ,  have cons ide rab l e  capac i ty  f o r  accep t ing  a d d i t i o n a l  SO2 as i s  
observed when they a r e  exposed t o  SO2-containing g a s e s .  Y e t  when t h e  
f l y a s h  i s  recyc led  t o  t h e  combustor, t h e r e  is  l i t t l e  apparen t  e f f e c t  on 
SO2 removal. This  could be expla ined  by assuming t h a t  t h e  o u t e r  s u l f a t e -  
bear ing  p o r t i o n  of t h e  p a r t i c l e s  is a l r e a d y  i n  su l fu r - equ i l i b r ium w i t h  
t h e  f lu id ized-bed  combustion medium. With t h e  very  s h o r t  r e s i d e n c e  t i m e  
of t he se  p a r t i c l e s  i n  t h e  f l u i d i z e d  bed, any f u r t h e r  s u l f u r  p e n e t r a t i o n  
i n t o  t h e  p a r t i c l e  is  i n s i g n i f i c a n t .  Thus, t h e  r ecyc l ed  p a r t i c l e s  pas s  
through t h e  bed wi th  l i t t l e  apparen t  change. 
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Next cons idered  i s  t h e  feed ing  ( t o  a  c o a r s e - p a r t i c l e  bed) of 

c o a l  and l imes tone  a t  r a t e s  corresponding t o  very  h igh  r a t i o s  of l i m e  t o  s u l -  
f u r .  A s  t h e  Ca/S r a t i o  is inc reased ,  t h e  average  r e s idence  t ime of t h e  
a d d i t i v e  p a r t i c l e s  decreases  p ropor t i ona t e ly .  A t  h igh  Ca/S r a t i o s ,  t h e  
p r o b a b i l i t y  t h a t  an SO2 molecule w i l l  be  picked up nea r  t h e  o u t e r  s u r f a c e  
of a  r e l a t i v e l y  f r e s h  p a r t i c l e  r a t h e r  than p e n e t r a t i n g  i n t o  a n  aged p a r t i c l e  
i n c r e a s e s .  Thus, a t  h igh  Ca/S r a t i o s ,  a  s u l f u r  g r a d i e n t  w i t h i n  a  p a r t i c l e  
is  more l i k e l y .  Under t h e s e  circumstances,  t h e  r e l a t i v e  e f f e c t  of  t h e  
I' reverse ' '  r e a c t i o n  ( r educ t ion  of CaS04) becomes g r e a t e r ,  and t h e  temperature  
f o r  optimum SO2 removal would b e  s l i g h t l y  lower.  Th i s  hypo thes i s  conforms 
t o  t h e  experimental  evidence t h a t  t h e  optimum combustion temperature  is  
lower a t  a  Ca/S r a t i o  of f o u r  (1450°F) than a t  a  Ca/S r a t i o  of two (1550°F). 

c .  S ign i f i cance  t o  t h e  Process  

The above-proposed mechanism needs t o  be  v e r i f i e d  o r  disproved 
by experimental  work. Chemical k i n e t i c s  experiments  and t h e  u se  of t h e  
e l e c t r o n  microprobe t o  determine s u l f u r  d i s t r i b u t i o n s  i n  p a r t i c l e s  w i l l  be  
important  t o o l s  f o r  t h i s  work. 



The ANL program i s  a t tempt ing  t o  e s t a b l i s h  t h e  d e t a i l s  of 
t h e  complex physical-chemical  r e a c t i o n  mechanism t h a t  de te rmines  t h e  s u l f u r -  
c o n t r o l  c a p a b i l i t i e s  of t h e  f lu id ized-bed  combustion process .  Unless a  
b e t t e r  i n s i g h t  i n t o  t h e  mechanism is  gained,  i t  w i l l  b e  extremely d i f f i c u l t  
t o  extend experimental  d a t a  t o  scaled-up f a c i l i t i e s  o r  t o  cond i t i ons  t h a t  
a r e  d i f f e r e n t  from those  used i n  t h e  experiments .  Unfor tuna te ly ,  t h e  
mechanism involved appears  t o  be  i n t i m a t e l y  a s s o c i a t e d  w i t h  t h e  f l u i d  
dynaa ic  behavior  of t h e  f l u i d i z e d  bed, and s o  cannot be  e l u c i d a t e d  by 
chemical  s t u d i e s  a l o n e .  Never the less ,  a  b e t t e r  understanding of t h e  
chemis t ry  would be  ve ry  h e l p f u l  toward understanding t h e  mechanism. 

Regardless  of whether t h e  p r e c i s e  d e t a i l s  of t h e  mechanism 
a s  now v i s u a l i z e d  a r e  c o r r e c t ,  t h e r e  can be  l i t t l e  doubt t h a t  t h e  mechanism 
i s  n o t  a  s imple  one. I f  s u l f u r  removal is  indeed inf luenced  by t h e  
combustion cond i t i ons ,  then  f l u c t u a t i o n s  o r  i n t e n t i o n a l  changes i n  t h e  
o p e r a t i n g  c o n d i t i o n s  of a  p l a n t - s c a l e  comb~lstor could have important 
i n f l u e n c e s  on s u l f u r  emission.  Moreover, one cannot assume t h a t  t h e  use  
of i n c r e a s i n g  excesses  of lime (high Ca/S r a t i 0 8 ) ~ w i l l  compensate f o r  
o t h e r  f a c t o r s ,  s i n c e  t h e r e  is  evidence t o  show t h a t  changes i n  Ca/S r a t i o  
need t o  be  accompanied by o t h e r  changes.  The use  of empi r i ca l  methods 
a l o n e  does no t  seem adequate  f o r  e s t a b l i s h i n g  t h e  s u l f u r - c o n t r o l  c a p a b i l i t . i e s  
of f  luidized-bed combustion. 

B.  Ni t rogen Oxides 

i n  F lue  Gases 
A 

N i t r i c  ox ide  (NO) is  formed dur ing  t h e  combustion of c o a l  and 
is  a n  impor tan t  c o n t r i b u t o r  t o  a i r  p o l l u t i o n .  I n  c o a l  combustion exper i -  
ments,  n i t r i c  ox ide  l e v e l s  of 300 t o  800 ppm have been measured i n  t h e  
p re sence  of ~3 v o l  % oxygen i n  t h e  f l u e  gas .  A t  t h i s  oxygen concen t r a t i on  
and a t  t h e  combustion tempera tures  used, a  thermodynamic equ i l i b r ium 
cuncencra t lon  of on ly  8U ppm NO i s  expected a s  a  r e s u l t  of n i t r o g e n  f i x a t i o n .  
The r e s u l t s  of s e v e r a l  Argonne experiments showed t h a t  t h e  sou rce  of t h e  
NO emi t t ed  during t h e  combustion of c o a l  i s  t h e  n i t rogenous  con ten t  of t h c  
c o a l  i t s e l f  ( 1  t o  1 .5  w t  % i n  U . S .  c o a l s ) .  

The presence  of  l imes tone  o r  dolomite  i n  t h e  f l u i d i z e d  bed during 
t h e  combustion of c o a l  r e s u l t s  i n  NO emission be ing  reduced by about  10 t o  
40%. Although t h e  mechanism f o r  t h i s  r educ t ion   in-^^ l e v e l  i s  n o t  known, 
p o s s i b l y  decomposition of NO by c a t a l y s i s  is  promoted i n  t h e  presence  of 
CaO and/or  CaS04. 

Experimental d a t a  ga the red  dur ing  t h e  Argonne s tudy  do n o t  
c o r r e l a t e  t he  ope ra t i ng  v a r i a b l e s  s t r o n g l y  w i t h  n i t r i c  ox ide  emissions.  
Apparent ly ,  t h e  type  of c o a l  and t h e  Ca/S mole r a t i o  a r e  t h e  most 
s i g n i f i c a n t  v a r i a b l e s ;  w i t h  h ighe r  Ca/S r a t i o s ,  NO emissions a r e  s l i g h t l y  
h i g h e r ,  The West V i r g i n i a  and B r i t i s h  c o a l s  appa ren t ly  e m i t  more n i t r i c  
ox ide  t han  does t h e  I l l i n o i s  c o a l .  The reasons  f o r  t h i s ,  however, a r e  
n o t  c l e a r ;  r e g r e s s i o n  ana lyses  of t h e  d a t a  a r e  con t inu ing .  A r e l a t i o n s h i p  
between NO emission and a  p h y s i c a l  o r  chemical p rope r ty  of t h e  c o a l  may 
b e  found f o r  c o r r e l a t i n g  t h e  exper imenta l  r e s u l t s .  



Exploratory work a t  ANL has  shown t h a t  when l e s s  than  s t o i c h i o -  
m e t r i c  a i r  i s  f e d  t o  t h e  f l u i d i z e d  bed and secondary excess  a i r  is  f e d  
above t h e  bed, t h e  NO l e v e l  i n  t h e  f l u e  g a s  corresponds t o  t h e  equ i l i b r ium 
va lue  f o r  n i t r o g e n  f i x a t i o n  ( ~ 7 0  ppm) . Apparently,  under reducing 
cond i t i ons  t h e  n i t rogenous  compounds i n  t h e  c o a l  a r e  n o t  converted t o  NO. 

2. Mechanism 

Nitrogen oxides  ( e s s e n t i a l l y  a l l  NO) i n  t h e  f l u e  g a s  of f l u i d -  
bed combustors a r e  mainly produced from t h e  n i t rogenous  c o n t e n t  of t h e  c o a l .  
The concen t r a t i ons  observed i n  t h e  f l u e  g a s  a r e  g e n e r a l l y  many times 
g r e a t e r  than  i s  p red i c t ed  from t h e  equ i l i b r ium f o r  t h e  n i t r o g e n  f i x a t i o n  
r e a c t i o n .  Therefore ,  c o n t r o l  of t h e  n i t r i c  ox ide  v i a  t h i s  r o u t e  i s  n o t  
i n d i c a t e d .  Other methods such a s  chemical r educ t ion  o r  c a t a l y t i c a l l y  
enhanced. decomposition seem i n d i c a t e d .  

N i t r i c  ox ide  con ten t  of t h e  f l u e  g a s  from f luid-bed combustors 
has  been s t u d i e d  by s e v e r a l  i n v e s t i g a t i v e  teams.' A t  a l l  of t h e s e  
i n s t a l l a t i o n s ,  i t  was observed t h a t  t h e  NO concen t r a t i on  i n  t h e  f l u e  g a s  
tended t o  dec rease  upon t h e  a d d i t i o n  of l imes tone .  Recent ly ,  B r i t i s h  
workers observed an i n c r e a s e  i n  t h e  NO concen t r a t i on  w i t h  do lomi te  
a d d i t i o n  and SO2 r educ t ion  i n  a  p re s su r i zed  c o m b u s t ~ r . ~  I n  o t h e r  r epo r t ed  
work,3 t h e  NO ' concent ra t ion  was observed t o  dec rease  w i th  a n  i n c r e a s e  i n  
SO2 concen t r a t i on  a t  a tmospheric  p re s su re ;  t h e s e  workers s p e c u l a t e  t h a t  
an  i n t e r a c t i o n  between NO and SO2 is  r e s p o n s i b l e  f o r  t h e  lowering i n  NO 
l e v e l .  

a .  Decomposition 

A mechanism f o r  t h e  c o n t r o l  of NO i n  t h e  f l u e  g a s  is  
decomposition: 

This  r e a c t i o n ,  though f avo rab l e  accord ing  t o  t h e  equ i l i b r ium,  i s  appa ren t ly  
no t  f a s t  enough t o  reduce t h e  chemical ly  genera ted  NO t o  t h e  equ i l i b r ium 
va lue  of l e s s  than 100 ppm a t  1600°F. Limited use  of c a t a l y s t s  a s  
decomposition promoters has  no t  been s u c c e s s f u l .  

I n  t h e  c a s e  of p r e s s u r i z e d  combustors i n  which t h e  bed depth  
can be  r e l a t i v e l y  l a r g e ,  t h e  g r e a t e r  r e s idence  t i m e  of  t h e  NO i n  t h e  bed 
a f t e r  format ion  might r e s u l t  i n  g r e a t e r  decomposition. I t  i s  a l s o  p o s s i b l e  
t h a t  e l e v a t e d  p re s su re s  may a f f e c t  t h e  format ion  of NO. The behavior  of 
NO under p re s su r i zed  combustion cond i t i ons  needs f u r t h e r  s tudy .  

b .  Chemical I n t e r a c t i o n  

Another mechanism f o r  t h e  c o n t r o l  of NO i n  t h e  f l u e  g a s  i s  
chemical i n t e r a c t i o n .  Two r e a c t i o n s  between components of  t h e  f lu id-bed  
sys tem'have  been proposed t o  account  f o r  t h e  lowering of NO con ten t .  One 
i s  

-b 
NO* + so2 -+ NO + so3 (6) 



I n  t h i s  r e a c t i o n ,  any r educ t ion  i n  SO2 concen t r a t i on  i n  t h e  f l u e  g a s  (by 
r e a c t i o n  w i t h  l imes tone)  could s h i f t  t h e  r e a c t i o n  t o  t h e  l e f t ,  thereby 
d imin ish ing  t h e  NO concen t r a t i on .  Measurement a t  ANL of NO2 l e v e l s  i n  
t h e  f l u e  gas  d i d  n o t  confirm t h i s  hypo thes i s .  An a l t e r n a t i v e  proposed 
pathway f o r  NO r educ t ion  is a series of r e a c t i o n s  involv ing  CaS03 and a 
complex wi th  NO: 

CaO + SO2 + CaSO 
3 (7)  

CaS03 + 2 NO + CaSO ' 
3 (8) 

CaS03'(N0)2 + CaS04 + N20 (9 

N20 + N2 + 112 o2 (10) 

This  decomposition mechanism has  n o t  been proved. 

c . Reducing ~ o n d i  t i o n s  

'Itjo-s t a g e  combustion r e p r e s e n t s  one of  t h e  most promising 
methods f o r  c o n t r o l  of NO emissions i n  f  luidized-bed cn rnh~~s t ion .  Apparent ly ,  
t h e  absence of excess  oxygen i n  t h e  combustion bed p reven t s  t h e  o x i d a t i o n  
of n i t r o g e n  compounds i n  c o a l .  A smal l  amount of NO is  produced above t h e  
bed by f i x a t i o n  of n i t rogen .  

C .  P a r t i c u l a t e  Matter 

P a r t i c u l a t e  m a t t e r  emi t ted  from f l u i d i z e d  beds c o n s i s t s  of f l y a s h  and 
unburned carbon from t h e  combustion of c o a l  and f i n e  p a r t i c l e s  of a d d i t i v e  
m a t e r i a l  (which a r e  e i t h e r  p a r t  of t h e  a d d i t i v e  f eed  o r  a r e  d e c r e p i t a t e d  
from l a r g e r  a d d i t i v e  p a r t i c l e s  du r ing  f l u i d i z a t i o n ) .  I n  t h e  Argonne 
f lu id ized-bed  system, p a r t i c u l a t e  m a t t e r  i s  removed from t h e  f l u e  g a s  by 
two cyc lone  s e p a r a t o r s  i n  s e r i e s  and a f i .nal d u s t  f i l t e r .  

Carbon i n  t h e  p a r t i c u l a t e  m a t t e r  r e p r e s e n t s  t h e  l a r g e s t  l o s s  of 
unburnt  carbon from t h e  system. I n  t h e  Argonne combustor, about  80 t o  90% 
of t h e  unburnt carbon l o s s  occurs  by e l u t r i a t i o n  of f i n e  p a r t i c l e s  i n  the 
exhaus t  ga se s  b e f o r e  combustion is  complete;  t h e  remaining 10  t o  20% of 
t h e  carbon l o s s  i s  due t o  t h e  format ion  of CO and CxH i n  t h e  f l u e  gases .  
O v e r a l l  combustion e f f i c i e n c i e s  of 93 t o  97% have beex demonstrated w i th  
c o a l  i n  t h e  f lu id ized-bed  u n i t  wi thout  f l y a s h  r e c y c l e ,  Combustion 
e f f i c i e n c i e s  can be  i nc reased  by r e c y c l i n g  t h e  e l u t r i a t e d  s o l i d s  t o  t h e  
f l u i d i z e d  bed o r  t o  a carbon burnup c e l l .  

I n  a l l  experiments  a t  Argonne, a r e l a t i v e l y  sma l l  coal  p a r t i c l e  s i z e  
of -12 mesh (%I116 i n .  o r  l e s s )  has  been used, and a l l  of the f l y a s h  
has  e l u t r i a t e d  from t h e  f l u i d i z e d  bed. I n  t h e  6-in. d i a  combustor, t h e  
maximum c o a l  s i z e  has  been l i m i t e d  by t h e  n e c e s s i t y  of a i r - t r a n s p o r t i n g  
t h e  c o a l  through sma l l  l i n e s .  

S ince  t h e  e l u t r i a t e d  m a t t e r  i s  a mix tu re  of s o l i d s  of d i f f e r e n t  
o r i g i n s  and composi t ions,  t h e  f r a c t i o n  of a d d i t i v e  car ryover  due t o  
d e c r e p i t a t z o n  and a t t r i t i o n  of bed m a t e r i a l  can only  be  es t imated  a s  p a r t  



of t h e  t o t a l  c a r ryove r .  For example, a l l  of t h e  f l y a s h  and a d d i t i v e  
p a r t i c l e s  having d iameters  l e s s  than 177 pm a r e  expected t o  e l u t r i a t e  
from t h e  f l u i d i z e d  bed a t  s u p e r f i c i a l  g a s  v e l o c i t i e s  of  2.6 f t l s e c .  I n  
an  experiment of 39-hr du ra t i on ,  t h e  amount of calcium c o l l e c t e d  i n  t h e  
overhead s o l i d s  corresponded t o  on ly  s l i g h t l y  more t han  t h e  t o t a l  weight  
of minus 177-pm p a r t i c l e s  fed .  Thus, i t  was c a l c u l a t e d  t h a t  less than 
two percent  of t h e  l a r g e r  l imes tone  (BCR-1359) p a r t i c l e s  had d e c r e p i t a t e d .  
I n  o t h e r  experiments ,  t h e  d a t a  i n d i c a t e  t h a t  car ryover  of BCR-1359 l imes tone  
can be  a s  h igh  a s  9% of t h e  t o t a l  a d d i t i v e  and f lu id ized-bed  inventory .  
I n  s i n g l e  experiments ,  t h e  car ryover  of BCR-1360 l imes tone  was approximately 
20% and t h a t  f o r  dolomite  BCR-1337 was approximately 85% ( t h i s  h igh  car ry-  
over was es t imated  from both t h e  calcium and t h e  magnesium m a t e r i a l  
ba lances  f o r  BCR-1337). 

The r e s u l t s  i n d i c a t e  t h a t  d e c r e p i t a t i o n  of BCR-1359 l imes tone  
i s  sma l l  and tha t  u se  nE t h i s  type  of a d d i t i v e  m a t e r i a l  i n  a f u l l - s c a l e  
f lu id ized-bed  combustor w i t h  r egene ra t i on  and r e c y c l e  of a d d i t i v e  should 
be  p o s s i b l e .  I n  comparison, more l imes tone  BCR-1360 and dolomite  BCR-1337 
( s tones  con ta in ing  MgCO ) appeared t o  be  c a r r i e d  over  i n  a s i n g l e  use  of 
t h e  a d d i t i v e  than was o 2 served  f o r  BCR-1359. The e f f e c t  of r egene ra t i on -  
r ecyc l ing  on d e c r e p i t a t i o n  of t h e s e  m a t e r i a l s  needs t o  be  determined.  

2 . .  P a r t i c l e  S i z e  of  E l u t r i a t e d  F ines  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  of e l u t r i a t e d  f i n e s  was determined 
i n  e a r l y  experiments a t  Argonne (ANLIESICEN-1001, p .  32) ;  t h e s e  ana lyses  
showed t h a t  less than 4% of t h e  p a r t i c l e s  pass ing  i n t o  t h e  cyc lone  s e p a r a t o r s  
had a diameter  of 58 pm. Even though t h e  cyclones s e l e c t e d  f o r  t h e  exper i -  
mental  equipment may no t  be optimum i n  si 'ze o r  des ign ,  t h e  c o l l e c t i o n  
e f f i c i e n c y  f o r  t h e  combined cyclones has  ranged from 95 t o  99%. Th i s  
e f f i c i e n c y  range p l a c e s  t h e  car ryover  beyond t h e  secondary 
cyc lone  a s  low a s  0 . 1  g r / f t 3 ,  which i s  much l e s s  than t h e  p ro j ec t ed  
p a r t i c u l a t e  emissions (0.5 g r / f  t3 )  from power g e n e r a t i o n  p l a n t s  a t  a 1970 
c o n t r o l  l e v e l  of 87% r e m ~ v a l . ~  

S ince  a p re s su r i zed  f lu id ized-bed  b o i l e r  c o u l d . e a s i l y  handle  
c o a l  crushed t o  a top s i z e  of 118-in.  d i a ,  sma l l e r  q u a n t i t i e s  of f l y a s h  
of 55-pm d i a  would be  genera ted  i n  a p re s su r i zed  u n i t  than i n  a convent iona l  
coa l - f i r ed  p l a n t  i n  which c o a l  pu lve r i zed  t o  ve ry  f i n e  p a r t i c l e s  i s  used.  
Thus, emissions of p a r t i c l e s  of 55-pm diameter  might r e a l i s t i c a l l y  be  
expected t o  be  s e v e r a l f o l d  less than  emissions from convent iona l  p l a n t s  
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burning pulver ized  coa l .  

IV, PLANS FOR FUTURE WORK 

A .  One-Stage Combustion Experiments a t  One-Atmosphere P re s su re  

1. Experim.enta1 Work 

The con t inua t ion  of t h e  exper imenta l  program of one-stage, 
a tmospheric-pressure combustion w i l l  b e  aimed c h i e f l y  a t  t h e  e l u c i d a t i o n  
of t h e  sulfur-removal  mechanism and t h e  s tudy  of c e r t a i n  v a r i a b l e s  t h a t  



may be  of p a r t i c u l a r  importance. The Westinghouse concepts  f o r  de s ign  of 
f lu id ized-bed  combustors propose r e l a t i v e l y  h igh  g a s  v e l o c i t i e s  (>6 f t / s e c )  
and,  i n  t h e  c a s e  of t h e  p re s su r i zed  combustor, r e l a t i v e l y  h igh  temperatures  
(1750°F). ANL work h a s  shown t h a t  h igh  g a s  v e l o c i t i e s  a r e  d e t r i m e n t a l  t o  
SO2 removal. To be  determined i s  whether t h i s  e f f e c t  can be  overcome by 
i n c r e a s i n g  t h e  Ca/S r a t i o  o r  by o t h e r  means. 

Seve ra l  a d d i t i o n a l  experiments w i l l  be  needed t h a t  a r e  s p e c i f i c a l l y  
aimed a t  s tudying  t h e  sulfur-removal  mechanism. For example, combustion 
of c o a l  i n  a  bed of a n h y d r i t e  (CaS04) might be  expected t o  r e l e a s e  SO2, i f  
t h e  proposed mechanism d i scus sed  i n  Sec t ion  I I I .A.2  above i s  c o r r e c t .  
These experiments  w i l l  be  designed a s  f u r t h e r  in format ion  i s  ga the red .  

Seve ra l  experiments  w i l l  b e  needed t o  v e r i f y  t h a t  t h e  optimum 
tempera ture  f o r  SO2 removal is a  f u n c t i o n  of Ca/S r a t i o .  Some experiments  
a t  h ighe r  Ca/S r a t i o s  than  h e r e t o f o r  employed w i l l  b e  needed t n  determine 
wherher SO removal con t inues  t o  i n c r e a s e  n r  r e m a i n s  r n q s t a n t  abovo a 
r p r t a i n  r::a?S r a t i ~ .  

Most of t h e  important  independent ope ra t i ng  v a r i a b l e s  have 
a l r e a d y  been eva lua t ed .  A smal l  amount of c o r k  i s  s t i l l .  needed t o  examine 
t h e  e f f e c t  of c o a l  p a r t i c l e  s i z e ,  a  p o t e n t i a l l y  important  v a r i a b l e .  I n  
a d d i t i o n ,  demons t ra t ion  runs  could be  made w i t h  f u e l s  such as c h a r ,  l i g n i t e ,  
o i l  s h a l e ,  and r e s i d u a l  o i l ,  bu t  t h i s  work w i l l  b e  g iven  a  low p r i o r i t y .  

2 .  C o r r e l a t i o n  of Resu l t s  

The c o r r e l a t i o n  of experimental  r e s u l t s  is  c u r r e n t l y  under way 
by two methods, r e g r e s s i o n  a n a l y s i s  and model l ing s t u d i e s .  The o b j e c t i v e  
of r e g r e s s i o n  a n a l y s i s  is  t o  o b t a i n  a mathematiral  express ion  f o r  p r e d i c t i n g  
t h e  expected r e d u c t i o n  i n  SO2 emission a s  a f u n c t i o n  of  t h e  s i g n i f i c a n t  
independent  v a r i a b l e s ,  which a r e  t h e  bed tempera ture ,  Ca/S r a t i o ,  and 
gas  v e l o c i t y .  A s i m i l a r  equa t ion  is  being developed f o r  NO l e v e l  i n  t h e  
f l u e  gas .  These c o r r e l a t i o n s  a r e  be ing  updated a s  a d d i t i o n a l  experin1erit;al 
r e s u l ~ s  are ob ta ined .  

I n  t h e  second c o r r e l a t i n g  method, a  mathematical  node l  is der ived  
f o r  t h e  combustion of c o a l  i n  a  f l u i d i z e d  bed w i t h  t h e  r e l e a s e  of s u l f u r  
and i t s  c a p t u r e  by t h e  a d d i t i v e .  Actual  d a t a  and p red i c t ed  d a t a  a r e  
esmpared. Cur ren t ly ,  r e s u l t s  from e i t h e r  modelling o r  r eg re s s ion  a n a l y s i s  
p r e d i c t  SO2 removals w i t h  a  s t anda rd  e r r o r  of %8%. However, bo th  methods, 
a t  t h e  c u r r e n t  s t a g e  of development, assume t h a t  t h e  types of c o a l  and 
a d d i t i v e  used do not  a f f e c t  SO2 removal, which i s  n o t  t r u e .  Addit ional .  
re f inement  of t h e  c o r r e l a t i o n s  should al low p r e d i c t i o n s  w i t h  lower s t anda rd  
error. - Fur the r  development of the mathematical  model w i l l  depend on t h e  
a v a i l a b i l i t y  of  t i m e  and manpower. 

3 .  Topica l  Report 

A t o p i c a l  r e p o r t  w i l l  b e  prepared on t h e  r e s u l t s  of f l u i d i z e d -  
bed combustion vcrk done a t  ANL a f t e r  a l l  exper imenta l  work a t  1-atm 
p r e s s u r e  has  been completed. 



B. P re s su r i zed  Combustion 

1. Background Information 

C a p i t a l  c o s t s  of a  f lu id ized-bed  combustor ope ra t ed  a t  h igh  
p r e s s u r e s  (Q10 atm) may be  lower han those  f o r  a  f lu id ized-bed  combustor 
opera ted  a t  a tmospheric  p r e s s u r e  .' Westinghouse c o s t  s t u d i e s  p r o j e c t  a  
c a p i t a l  c o s t  decrease  of ~ 2 0 %  f o r  a  p r e s su r i zed  combustor and ~ 6 %  f o r  an  
atmospheric  f lu id ized-bed  combustor i n  comparison t o  a  pu lver ized- fue l  
p l a n t .  BCURA e s t i m a t e s  tend t o  con£ i r m  t h e s e  c o s t  p r o j e c t i o n s .  Add i t i ona l ly ,  
i n  t h e  c a s e  of p r e s su r i zed  combustion, t h e  p r a c t i c a b i l i t y  of  combining 
g a s  and steam c y c l e s  ( recover ing  energy from t h e  combustion gases  by use  
of a  ga s  t u r b i n e )  may l ead  t o  an improvement of 2 t o  5% i n  power g e n e r a t i o n  
e f f i c i e n c y .  8  

The decreased volume r equ i r ed  f o r  a  p r e s su r i zed  combustor promises 
t o  dec rease  t h e  c a p i t a l  c o s t  f o r  c o n s t r u c t i o n  i n  comparison t o  a  u n i t  
opera ted  a t  atmospheric  p r e s s u r e .  A t  a  g iven  s u p e r f i c i a l  gas  v e l o c i t y ,  
t h e  q u a n t i t y  of h e a t  genera ted  i n  a  u n i t  opera ted  a t  10-atm p r e s s u r e  w i l l  
b e  t e n  t imes t h a t  f o r  an atmospheric  combustion u n i t  having t h e  same cross -  
s e c t i o n a l  a r e a .  A l t e r n a t i v e l y ,  a  p r e s su r i zed  u n i t  opera ted  a t  10 a t m  
would r e q u i r e  on ly  one-tenth t h e  c ros s - sec t iona l  a r e a  of a n  atmospheric  
u n i t  t o  produce a  g iven  q u a n t i t y  of h e a t .  Addi t iona l  s av ings  may r e s u l t  
from s h o p  f a h r i r . a t i n n  r a t h e r  than f i e l d  e r e c t i o n .  

2. Design of ANL Experimental P re s su r i zed  Combustion System 

A bench-scale p re s su r i zed  combustor-regenerator w i l l  be  cons t ruc t ed  
t h a t  w i l l  b e  used f o r  r egene ra t i on  s t u d i e s  i n  a d d i t i o n  t o  10-atm combustion 
s t u d i e s .  No s u l f u r  recovery system w i l l  b e  i n s t a l l e d .  The components 
w i l l  b e  s i m i l a r  t o  those  of the atmospheric  combustion u n i t ,  b u t  ope rab l e  
a t  10 atm. The major components w i l l  be  t h e  combustor-regenerator ,  s o l i d s  
feed ing  system, and p a r t i c u l a t e  removal system. Pre l iminary  des ign  
informat ion  f o r  t h e  combustor-regenerator i n d i c a t e s  t h a t  t h e  m a t e r i a l  of 
c o n s t r u c t i o n  should be  type 316 s t a i n l e s s  s t e e l 9  and t h a t  t h e  p re s su r i zed -  
s h e l l  approach should be fol lowed.  The u n i t  w i l l  probably be  8  i n .  i n  
d iameter ,  and a  1- in .  t h i c k  s h e l l  of r e f r a c t o r y  m a t e r i a l  w i l l  b e  i n s t a l l e d  
on t h e  w a l l  for t h e  r egene ra t i on  s t u d i e s .  I n  t h e  combustion s t e p ,  t h e  
p r o ' e c t e d  o v e r a l l  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  expected t o  be  Q75 B tu / (h r )  1 ( f t  )(OF). Pro jec t ed  h e a t  gene ra t i on  r a t e  per  u n i t  volume of f l u i d i z e d  
bed w i l l  b e  l i m i t e d l o ,  l1 t o  ~ 4 5 0 , 0 0 0  Btu/ (h r )  ( f  t 3 ) ,  and t h e  r equ i r ed  h e a t  
t r a n s f e r  s u r f a c e l 0 s l l  w i l l  b e  ~8  f t 2 / f t 3  of bed. I n  d e t a i l e d  des ign  
s t u d i e s ,  t h e  fo l lowing  i tems must b e  considered:  

a .  Heat t r a n s f e r  s u r f a c e  a v a i l a b i l i t y  and o r i e n t a t i o n  
b .  Gas and s o l i d s  d i s t r i b u t i o n  and mixing 
c .  S o l i d s  feed  p repa ra t i on  ( t h e  p o s s i b i l i t y  of premixing 

c o a l  and additive) 
d .  Prevent ion  of o v e r p r e s s u r i z a t i o n  
e.  Automatic sol ids-withdrawal  systems 
f . Feed system f o r  a l t e r n a t i v e  f u e l s  such a s  g a s  

and o i l  



3. Experimental Program 

The experimental  work w i l l  be  designed t o  s y s t e m a t i c a l l y  s tudy  
t h e  v a r i a b l e s  a f f e c t i n g  SO2, NOx, and p a r t i c u l a t e  emissions dur ing  
combustion of c o a l  a t  10-atm p res su re  and t o  provide i n s i g h t  on r e a c t i o n  
mechanisms. Regenerat ion and r e u s e  of t h e  a d d i t i v e  m a t e r i a l  w i l l  a l s o  
b e  an  important  p a r t  of t h e  pressurized-combustion s tudy .  React ion of SO2 
w i t h  a d d i t i v e  and r egene ra t ion  of a d d i t i v e . w i l 1  be  done i n  c l o s e  conjunct ion;  
t h e  products  of one ope ra t ion  w i l l  b e  t h e  s t a r t i n g  m a t e r i a l  f o r  t h e  o t h e r .  

a .  Laboratory-Scale Work 

Laboratory-scale  equipment t h a t  has  been cons t ruc t ed  from 
a  2-in. d i a ,  schedule  80, type  316 s t a i n l e s s  s t e e l  p ipe  w i l l  b e  used t o  
s tudy  t h e  r e a c t i o n  of SO2 wi th  l imes tone  and dolomite  a t  10-atm p res su re .  
A syn thes i zed  mixture  of flue gas ~ . n n s t i t ~ i ~ n t s  a t  V B ~ ~ C I I . ! S  concenfra t innn  
w i l l  be passed through a  f i x e d  bed of dolomite  o r  l imestone.  Thc exper i -  
mental  program w i l l  p rovide  pre l iminary  informat ion  on t h e  e f f e c t s  of 
temperature,  p re s su re ,  and gas  composi.ti.on nn SO2 removal and NO l e v e l .  
A t o t a l  of ' e i g h t  v a r i a b l e s  ( l imestone o r  dolomite  a d d i t i v e ,  p re s su re ,  
temperature,  concen t r a t ions  of 02 ,  H20, NO, and CO/CH4 i n  t h e  i n l e t  gas ,  
and p r e c a l c i n a t i o n  of s t o n e )  a r e  being considered i n  a 28-4 f r a c t i o n a l  
f a c t o r i a l  experiment.  Var iab les  showing a  s i g n i f i c a n t  e f f e c t  can be  
eva lua t ed  f u r t h e r .  

b  . Bench-Scale Experiments 

The v a r i a b l e s  determined t o  be  s i g n i f i c a n t  i n  bench-scale 
experiments  a t  a tmospheric  and i n  l abo ra to ry - sca l e  experiments 
a t  1U-atm p res su re  w i l l  be  incorpora ted  i n t o  t h e  s tudy of bench-scale 
f lu id ized-bed  combustion a t  10-atm p res su re .  Experiments w i l l  b e  focused 
on maximizing SO2 removal w i th  s e v e r a l  a d d i t i v e s  and s e v e r a l  c o a l s .  The 
e f f e c t s - o f  t h e s e  v a r i a b l e s  on NOx emissions w i l l  be  observed. Pre l iminary  
BCURA r e s u l t s  f o r  p re s su r i zed  f lu id ized-bed  combustion have shown low NOx 
concen t r a t ion  i n  t he  f l u e  g a s  and a l s o  an  inc rease  i n  NOx concen t r a t ion  
when SO2 emission was reduced by t h e  i n j e c t i o n  of dolomite .12 

P a r t i c u l a t e  entrainment w i l l  alto bc  determined, s i n i c  
h ighe r  entrainment  r a t e s 1 3  may b e  encountered under p re s su r i zed  ope ra t ion .  
S ince  combustion a t  10-atm p res su re  w i l l  a l low an apprec i ab le  p re s su re  
drop  a c r o s s  t h e  cyclone s e p a r a t o r s ,  p a r t i c u l a t e  removal i s  expected t o  be  
good w i t h  inexpensive mechanical s e p a r a t o r s .  Also, s i n c e  e l u t r i a t e d  
a d d i t i v e  p a r t i c l e s  mixed wi th  f l y a s h  probably w i l l  no t  be  r eusab le ,  
d e c r e p i t a t i o n  of regenera ted  and recyc led  a d d i t i v e  w i l l  b e  determined 
a s  a  f u n c t i o n  of r egene ra t ion  cond i t i ons  and number of cyc l e s .  

The e f f e c t s  of regenera ted  and reused a d d i t i v e  on SO2, NOx, 
' and p a r t i c u l a t e  emissions w i l l  b e  eva lua ted .  The number of a d d i t i v e  

r e u s e  cyc l e s  f e a s i b l e ,  t h e  a d d i t i v e  SO2 s o r p t i o n  capac i ty  a s  a  f u n c t i o n  
of number of cyc l e s ,  and t h e  requirements  f o r  f r e s h  a d d i t i v e  w i l l  have 
important  e f f e c t s  on t h e  commercial f e a s i b i l i t y  of t h e  process .  

P re s su r i zed  combustion of o t h e r  f u e l s  such a s  o i l ,  ga s ,  
c o a l  cha r ,  and l i g n i t e  may a l s o  b e  s tud ied  l a t e r  i n  t h e  i n v e s t i g a t i o n .  



4. M a t e r i a l  and Energy Balances 

I n  conjunc t ion  wi th  t h e  development program, m a t e r i a l  and energy 
ba l ances  w i l l  b e  r equ i r ed  s o  t h a t  r e a l i s t i c  engineer ing  a p p r a i s a l s  can be  
made wi th  regard  t o  process  economics and scale-up.  Such work w i l l  b e  
done only  as a gu ide  t o  t h e  development program, and w i l l  n o t  ove r l ap  o r  
d u p l i c a t e  work done i n  t h e  Westinghouse p a r t  of t h e  o v e r a l l  program. 

F igu re s  2 and 3 a r e  i l l u s t r a t i v e  schematic  f l owshee t s  f o r  one- 
s t a g e  and two-stage f lu id ized-bed  combustion and a d d i t i v e  r egene ra t i on .  

C .  Two-Stage Combustion 

F o s s i l  f u e l s  can be  burned t o  carbon d iox ide  and water  i n  e i t h e r  one- 
o r  two-stage combustors. I n  one-stage combustion, t h e  f o s s i l  f u e l  i s  
burned w i t h i n  a f l u i d i z e d  bed of s o l i d s  c o n s i s t i n g  of p a r t i a l l y  s u l f a t e d  
l i m e .  A i r  i n  excess  of t h e  s t o i c h i o m e t r i c  requirement  is  used, t y p i c a l l y  
about  15% excess .  

I n  c o n t r a s t ,  i n  two-stage combustion, l e s s  than t h e  s t o i c h i o m e t r i c  
volume of a i r  (e .g . ,  50-80% of s t o i c h i o m e t r i c )  r equ i r ed  f o r  complete 
combustion is added t o  t he  f l u i d i z e d  bed of l i m e  ( t h e  f i r s t  s t a g e ) .  
R e l a t i v e l y  l a r g e  volumes of carbon monoxide and hydrocarbons a r e  produced, 
and t h e s e  a r e  burned t o  carbon d iox ide  and water  by adding excess  a i r  t o  
t h e  gas  i n  a second s t a g e .  This  second s t a g e  can  be  t h e  r e g i o n  above 
t h e  f l u i d i z e d  bed i n  t h e  same combustor o r  can be  a s e p a r a t e  r e a c t o r .  
I n  one-stage combustion, l i t t l e  carbon is  p re sen t  i n  t h e  ' f l u i d i z e d  bed; 
i n  two-stage combustion, a r e l a t i v e l y  l a r g e  inventory  of carbon is  p re sen t .  
A char  can be  produced i f  a very  low percentage  of t h e  s t o i c h i o m e t r i c  
combustion a i r  is  added t o  t h e  f i r s t  s t a g e .  Not included i n  t h i s  
i n v e s t i g a t i o n  w i l l  be  s tudy  of a char-producing process  ( i n  which a char  
.must be  removed cont inuous ly  i f  a cons t an t  bed l e v e l  is  t o  be  main ta ined) .  

1. Advantapes of Two-Stage Combustion 

Two-stage combustion has  s e v e r a l  p o t e n t i a l  advantages over  one- 
s t a g e  combustion. A h igh  gas  temperature  can b e  maintained i n  t h e  second 
c tngc ,  where t h e  carbon monoxide and hyrlrncathnns a r e  burned, and t h e  
temperature  i n  t h e  f i r s t  s t a g e  can be maintained i n  t h e  1400-1550°~ range  
t o  maximize t h e  r e a c t i o n  of CaO w i t h  s u l f u r  compounds genera ted  du r ing  
combustion. I f  t h e  g a s  l eav ing  t h e  second s t a g e  of t h e  combustor i s  a t  
a h igh  temperature  and i n  a d d i t i o n  t h e  combustor i s  ope ra t ed  a t  h igh  
p r e s s u r e  ( f o r  example, 10  atm),  t h e  second-stage gas  can be  rou t ed  t o  a 
gas  t u r b i n e  f o r  d i r e c t  conversion of t h e  energy t o  power. Thus t h e  
o v e r a l l '  p rocess  e f f i c i e n c y  can be  h igher  than i n  t h e  convent iona l  p rocess  
i n  which t h e  combustion g a s  i s  rou ted  t o  a steam-producing h e a t  exchanger 
and t h c  r a i s e d  steam i s  used t o  d r i v e  a ti-lrbine. Another advantage i s  
t h a t  less h e a t  would be  r e l e a s e d  i n  t h e  f i r s t  o r  f lu id ized-bed  s t a g e  of 
a two-stage combustor and less water-steam tubing  would b e  r equ i r ed  i n  
t h e  bed. Also, t h e  v e l o c i t y  of t h e  g a s  pass ing  through t h e  f l u i d i z e d  
bed would be  lower than  i n  one-stage combustion o r ,  a l t e r n a t i v e l y ,  t h e  
bed a r e a  could b e  sma l l e r .  



FIG.  2 .  One-st.age Fluidized-bed Combustion w i t 5  R e g e n e r a t i c 1  of A d d i t i v e  
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Another p o t e n t i a l  advantage of two-stage combustion i s  t h a t  t h e  
l ime-su l fur  product  may b e  i n  t h e  form of CaS r a t h e r  t han  CaSO The 4 r e g e n e r a t i o n  of CaS can b e  accomplished r e a d i l y  by o x i d a t i o n  w i t h  a i r ,  . 

consumes no reducing agen t ,  and i s  n o t  a f f e c t e d  by p r e s s u r e .  

Most impor t an t ly ,  NO concen t r a t i ons  i n  t h e  f l u e  gas  would be  
low. I n  fou r  exp lo ra to ry ,  two-stage c o a l  combustion experiments  made i n  
t h e  ANL 6-in.  d i a  combustor, t h e  NO concen t r a t i on  i n  t h e  f l u e  g a s  was a s  
low a s  70 ppm (ANLIESICEN-F026), cons iderab ly  lower t han  t h e  250-550 ppm 
NO concen t r a t i ons  ob t a ined  i n  one-stage experiments .  Also, g r e a t e r  than  
90% of t h e  s u l f u r  was r e a c t e d  w i th  l i m e .  Under optimum cond i t i ons ,  
s u l f u r  removal w i l l  probably be  a s  h igh  a s  i n  t h e  one-stage combustion 
experiments--96-98%. 

2. . Experimental Program 

Before two-stage combustion experiments  are s tar t ed  aimed a t  
d e t e r m i n i n g ' t h e  e f f e c t s  of independent v a r i a b l e s  on SO2 and NO concen- 
t r a t i o n s  i n  t h e  f l u e  gas ,  t h e  a v a i l a b l e  l i t e r a t u r e  w i l l  b e  searched 
f o r  equ i l i b r ium and thermodynamic d a t a  f o r  t h e  r e a c t i o n s  involved and f o r  
r e s u l t s  ob ta ined  i n  s i m i l a r  p rocesses .  The Babcock-Atlantique " I g n i f l u i d "  
(two-stage, f luid-bed p roces s )  has  been developed t o  a  r e l a t i v e l y  l a r g e  
60-MW s c a l e .  l4 However, a l t hough  the  ccsnlhus t i on  concept has been 
demonstrated,  l i t t l e  o r  no in format ion  i s  a v a i l a b l e  on t h e  concen t r a t i ons  
of NO and s u l f u r  t h a t  can  be  expected i n  t h e  f l u e  gas  i f  l imes tone  o r  
do lomi te  is  i n j e c t e d  i n t o  t h e  f l u i d i z e d  bed t o  reduce  t h e s e  emiss ions .  
The B r i t i s h  two-stage oil-combustion s t u d i e s  s h o u l d ' p r o v i d e  some informat ion  
on p o l l u t a n t  c o n c e n t r a t i o n s  i n  t h e  f l u e  g a s  and on removal of p o l l u t a n t s  
by regenera ted  l i m e . 1 5  However, t h e s e  d a t a  would be  f o r  o i l  combustion 
on ly  and would b e  f o r  a  r e l a t i v e l y  narrow s e t  of cond i t i ons .  

Some informat ion  on NO and s u l f u r  l e v e l s  should be  a v a i l a b l e  
trom s t u d i e s  of p rocesses  t h a t  produce a  burnable  gas  ( g a s i f i e r s ) ,  such 
a s  p roces se s  being developed by t h e  I n s t i t u t e  of Gas Technol.ogy, 
Bituminous Coal Research, Inc .  and Consol ida t ion  c o a l .  l6 With t h e  except ion  
of t h e  Consol ida t ion  Coal p rocess ,  i n  which s u l f u r  is removed by ca l c ined  
dolomite ,  no in format ion  w i l l  be  a v a i l a b l e  on p o l l u t a n t  l e v e l s  i n  t h e  f l u e  
g a s  i n  t h e  presence  of a d d i t i v e .  Some co r ros ion  informat ion  should be  
a v a i l a b l e  from t h e s e  g a s i f i c a t i o n  process  s t u d i e s ,  and t h i s  wou1.d a i d  i n  
t h e  d e s i g n  of a  two-stage combustor. 

I n i t i a l  experiments  w i l l  be  designed t o  exp lo re  t h e  p r a c t i c a l i t y  
of t h e  concept i n  comparison wi th  the  one-stage combustinn r n n r e p t ,  These 
experiments  w i l l  examine t h e  minimum amount of a i r  d e f i c i e n c y  (below 
s ro i ch fomer r i c )  t h a t  can be employed i n  t h e  f i r s t  s t a g e  ( f l u i d i z e d  bed) 
wi thout  a p p r e c i a b l e  NOx format ion .  This  in format ion  may be  important  
i n  eva lua t ing  t h e  p o t e n t i a l  co r ros ion  of tubes i n  t h e  bed under reducing 
cond i t i ons .  The i n i t i a l  experiments  w i l l  a l s o  a t tempt  t o  determine 
whether  t h e  second combustion s t a g e  can r e a d i l y  ach i eve  high cornhiistion 
e f f i c i e n c y  wi thout  re-formation of SO above t h e  bed. 

2  

Af t e r  t h i s  phase of t h e  work i s  compleied, a  d e c i s i o n  w i l l  b e  
made, i n  conjunc t ion  wi th  APCO, a s  t o  whether f u r t h e r  work should be  done 



toward opt imiz ing  t h e . p r o c e s s .  I f  t h e  two-stage s t u d i e s  a r e  cont inued ,  
t h e  next  phase of t h e  program w i l l  n o t  be  s p e c i f i e d  u n t i l  a  l i t e r a t u r e  
review i s  completed and t h e  e f f e c t s  of v a r i a b l e s  i n  one-stage combustion 
s t u d i e s  a r e  reviewed. Probably, t h e  e f f e c t s  of some independent v a r i a b l e s  
w i l l  b e  sma l l ,  l i m i t i n g  t h e  number of experiments  needed i n  t h e  two-stage 
combustion s t u d i e s .  The independent v a r i a b l e s  i nc lude  t h e  f i r s t - s t a g e  
temperature ,  t h e  f i r s t - s t a g e  a i r  a d d i t i o n  r a t e  ( a l s o  r ep re sen t ed  by gas  
v e l o c i t y ) ,  t h e  calcium t o  s u l f u r  r a t i o  i n  t h e  f eed  s t reams,  t h e  c o a l  and 
a d d i t i v e  p a r t i c l e  s i z e s ,  t he  second-stage temperature ,  t h e  second-stage 
excess -a i r  a d d i t i o n  r a t e  ( a l s o  r ep re sen t ed  by gas  v e l o c i t y ) ,  and t h e  g a s  
p r e s s u r e  i n s i d e  t h e  combustor. Dependent v a r i a b l e s  i nc lude  t h e  concen- 
t r a t i o n s  of s u l f u r  ox ide ,  NO, and reducing gases  i n  t h e  gas  s t ream l eav ing  
t h e  f i r s t  s t a g e  and t h e  second s t a g e ,  t h e  concen t r a t i on  of c o a l  char  i n  
t h e  bed, t h e  o v e r a l l  combustion e f f i c i e n c y ,  and t h e  r a t e  of  p a r t i c u l a t e  
emiss ion . f rom t h e  combustor. An a d d i t i o n a l  independent v a r i a b l e  t h a t  can 
be  t e s t e d  i s  t h e  type  o r  source  of c o a l  and l imes tone  (a l though one-stage 
combustion experiments  a t  ANL have i n d i c a t e d  t h a t  c o a l  sou rce  may have a  
r e l a t i v e l y  sma l l  e f f e c t  on SO2 removal).  

The i n i t i a l  t e s t i n g  w i l l  b e  a t  a tmospheric  p r e s s u r e  u s i n g  t h e  
e x i s t i n g  ANL combustor. This  w i l l  b e  followed by runs  i n  t h e  p re s su r i zed  
combustor. The major purpose of t h e  atmospheric-pressure experiments  
w i l l  b e  t o  a c q u i r e  in format ion  t o  e v a l u a t e  two-stage ope ra t i on ,  t hus  
a i d i n g  i n  d e c i s i o n s  on o v e r a l l  program d i r e c t i o n .  

I n  a l l  of these experiments ,  t h e  bed p a r t i c l e s  w i l l  be  analyzed 
chemical ly  and wi th  a n  e l e c t r o n  microprobe f o r  CaS and CaS04 concen t r a t i ons  
and d i s t r i b u t i o n s  a t  t h e  d i f f e r e n t  l e v e l s  of  a i r  s t o i ch iome t ry  used i n  t h e  
t e s t s .  Subs to ich iomet r ic  a i r  l e v e l s  t h a t  r e s u l t  i n  good removals of SO2 
and low l e v e l s  of NO w i th  good o p e r a b i l i t y  of equipment w i l l  b e  recommended 
f o r  l a r g e r  s c a l e  s t u d i e s .  

Corrosion informat ion  w i l l  b e  ob ta ined  by m e t a l l u r g i c a l  exami- 
n a t i o n  of (1)  co r ros ion  coupons, (2) combustor components a t  t h e  end of 
t h e  experiments ,  and (3 )  f a i l e d  equipment, i f  any. 

D .  Regenerat ion of Limestone M a t e r i a l s  

S ince  e f f i c i e n t  SO2 r a n o v a l . i n  c o a l  combustion w i l l  r e q u i r e  t h a t  
r e l a t i v e l y  l a r g e  q u a n t i t i e s  of l imes tone  be  used,  i t  w i l l  b e  d e s i r a b l e  
t o  r e g e n e r a t e  t h e  p a r t i a l l y  s u l f a t e d  l imes tone  f o r  r e c y c l e  and t o  recover  
t h e  s u l f u r  v a l u e  a s  s u l f u r i c  a c i d  o r  e lementa l  s u l f u r .  

The j u s t i f i c a t i o n  f o r  r e g e n e r a t i o n  and r e u s e  of t h e  l imes tone  
m a t e r i a l  i s  r educ t ion  of t h e  was te  burden imposed by t h e  sulfur-removal  
p rocess .  U.S. c o a l s  c o n t a i n  about 10  w t  % ash ,  which i s  e l u t r i a t e d  o u t  
of t h e  combustor i n  t h e  f l u e  gas  and must be removed b e f o r e  t h e  f l u e  g a s  
i s  vented t o  t h e  atmosphere.  P r e s e n t l y ,  only a  sma l l  f r a c t i o n  of t h i s  
a sh  i s  u t i l i z e d  - about  20%, mainly i n  t h e  manufacture of conc re t e  
agg rega t e  and conc re t e  b locks .  The use  of l imes tone  f o r  SO2 removal 
would i n c r e a s e  t h e  was te  burden by many times. For example, f o r  a  4  w t  % S 
c o a l  and w i t h  a  calcium t o  s u l f u r  (Ca/S) r a t i o  of 1 i n  t h e  f eed  s t r eams ,  
abour 10 l b  of l imes tone  wuuld Le a J J e ~ 1  f u r  t h e  combustion of 100 l b  of 



c o a l .  Therefore ,  t h e  t o t a l  was te  burden per  t o n  of 4  w t  % S c o a l  
consumed a t  a  Ca/S s t o i c h i o m e t r i c  r a t i o  of 4,  assuming no r egene ra t i on  
and r e u s e  of t h e  l imes tone ,  would be  a s  h igh  a s  1000 l b .  The use  of 
a  do lomi te  (CaC03*MgC03) i n s t e a d  of l imes tone  would double  t h e  c o n t r i b u t i o n  
of t h e  sulfur-removal  p rocess  t o  t h e  was te  burden. Although a  byproduct 
market might be  found f o r  t h i s  m a t e r i a l ,  t h i s  cannot  be  assumed. 

Regenerat ion and r e u s e  of t h e  l imes tone  m a t e r i a l  is t h e r e f o r e  a  
d e s i r a b l e  process  s t e p .  An i n t e g r a l  r egene ra to r  is  sugges ted .  A 
r e g e n e r a t i o n  system opera ted  a t  10 atm is favored because of t h e  e a s e  of 
coupl ing  i t  t o  a  10-atm combustor and f o r  reasons  of economy of s i z e  
f o r  a  g iven  throughput  of m a t e r i a l .  However, i f  h igh  SO l e v e l s  i n  t h e  

2 r egene ra to r  o f f -gas  cannot  be  ob t a ined  a t  10 atm, o p e r a t i o n  a t  a  lower 
p r e s s u r e  may be  r equ i r ed .  

1. L i t e r a t u r e  Review 

A comprehensive i i t e r a t u r e  review and e v a l u a t i o n  w i l l  b e  made 
a s  part of the program tn  s e l e c t  a procecc o r  proccooc3 f o r  study of 
c y c l e s  i n  which p a r t i a l l y  s u l f a t e d  l imes tone  is regenera ted  and s u l f u r  i s  
recovered  from t h e  CaS04 o r  CaS formed dur ing  c o a l  combustion. The 
r e g e n e r a t i o n  p roces s  i nvo lves  r educ t ion  of CaS04 o r  o x i d a t i o n  of CaS, 
depending on whether combustion i s  done under o x i d i z i n g  o r  reducing 
c o n d i t i o n s .  

The fo l l owing  pre l iminary  l i t e r a t u r e  survey is  in tended  mainly 
to  i n d i c a t e  t h e  p o s s i b l e  scope of t h e  i n v e s t i g a t i o n s  and t o  s e r v e  a s  
a  b a s i s  f o r  a d d i t i o n a l  in format ion  ga the r ing .  It c o n s i s t s  almost 
e x c l u s i v e l y  of m a t e r i a l  from HEW and OCR c o n t r a c t o r s .  Included is work 
a t  Conso l ida t ion  Coal on s e v e r a l  processes17-20 f o r  r egene ra t i ng  p a r t i a l l y  
s u l f a t e d  l imes tone  and recovering s u l f u r  from CaS04 o r -CaS  formed i n  t h e  
f lu id ized-bed  combustion of f o s s i l  f u e l ,  

The major r e a c t i o n s  considered f n r  I ISP i n  a r egene ra t i on  c y c l e  
a r e  t h e  fol lowing:  

D i s s o c i a t i o n  of CaSO 

CaS04 = CaO + SO, + 1 2  O2 
L 

Reduction of CaSO, by CO o r  H2 
-t 

-co2 
CaS04 + = CaO -C SO2 +' 

'. 

Reduction of CaSO, by S u l f u r  Vapor 

CaS04 + 112 S = CaO + 312 SO2 

Oxidat ion of CaS 

CaS + 312 O2 = CaO + SO2 



React ion of. CaS wi th  H 0 + CO 
2 2 

CaS + H20 + C02 = CaC03 + H2S (15) 

The temperatures  r equ i r ed  f o r  t h e s e  p roces se s  a r e  q u i t e  v a r i e d ;  
r e a c t i o n  11 r e q u i r e s  temperatures  of 2200°F o r  g r e a t e r ,  r e a c t i o n s  12,  13 ,  
and 14 can be  accomplished a t  about  1900-2000°F, and r e a c t i o n  15  is  r epo r t ed  
t o  proceed s a t i s f a c t o r i l y  a t  1000°F a t  e l eva t ed  p re s su re s .  

React ions 11, 13,  14,  and 1 5  a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d  wi th  
r e l a t i v e l y  s imple  equ i l i b r ium r e l a t i o n s h i p s .  Reac t ion  12,  however, i s  
complicated by in t e rmed ia t e  r e a c t i o n s  and is a f f e c t e d  i n  a r a t h e r  complex 
manner by t h e  CO/C02 r a t i o  i n  t h e  gas  s t ream.  The in t e rmed ia t e  r e a c t i o n s  ' 

f o r  r e a c t i o n  12 a r e  cons idered  i n  some d e t a i l  i n  subsec t ion  b below. 

S u l f u r  can b e  recovered from SO2 produced i n  t h e  r e g e n e r a t i o n  
s t e p  by subsequent r educ t ion  of SO2 wi th  e i t h e r  CO o r  H2 a s  shown below. 

a .  D i s soc i a t i on  of CaS04 

Thermodynamic and equi l ib r ium d a t a  f o r  t h e  d i s s o c i a t i o n  
r e a c t i o n  a r e  a v a i l a b l e  i n  s e v e r a l  r e p o r t s .  21-23 An experimental  
i n v e s t i g a t i o n  of t h e  k i n e t i c s  of t h e  d i s s o c i a t i o n  r e a c t i o n  was performed 
by workers a t  Muscle Shoals  F a c i l i t y  of T V A . ~ ~  Both t h e  equ i l i b r ium d a t a  
and . the  k i n e t i c  d a t a  i n d i c a t e  t h a t  temperatures  of %2400°F would b e  
r equ i r ed  t o  ach ieve  a s a t i s f a c t o r y  r a t e  of d i s s o c i a t i o n  of CaS04. For 
example, i f  a temperature  of 2500°F and a P of 0 .03  atm a r e  assumed, t h e  
P would be  almost 0.06 atm, g iv ing  an SO;2concentration i n  t h e  e f f l u e n t  
ofo26 v o l  %. 

oper .a t ion of a r egene ra to r  a t  2500°F would probably no t  be  
f e a s i b l e  due t o  m a t e r i a l  of c o n s t r u c t i o n  l i m i t a t i o n s .  I f  t h e  temperature  
were reduced t o  2000°F, s t i l l  r a t h e r  high from t h e  m a t e r i a l  of c o n s t r u c t i o n  
s t andpo in t ,  t h e  SO2 concen t r a t i on  p red i c t ed  by t h e  equ i l i b r ium d a t a  is 
2 x v o l  %, which i s  f a r  too  low f o r  an economic p roces s .  

b .  Reduction of CaSO,, by CO o r  H 
2 

Overa l l  r e a c t i o n s  of p a r t i a l l y  s u l f a t e d  l imes tone  w i t h  
carbon monoxide18 o r  hydrogen a t  h igh  temperatures  (ca  1900°F) a r e  
g iven  above a s  r e a c t i o n  12.  The in t e rmed ia t e  r e a c t i o n  whereby SO gas  
i s  a c t u a l l y  removed is 

2 

314 CaS04 + 114 CaS ='CaO + SO2 (16) 

The CaS f o r  r e a c t i o n  16  is  formed a s  fo l lows:  



114 CaS04 + CO = 114 CaS + C02 (17) 

114 CaSo4 + H2 = 114 CaS + H20 (18) 

Of t h e  r e a c t i o n s  p e r t a i n i n g  t o  t h i s  r egene ra t i on  c y c l e ,  
r e a c t i o n s  12 and 16 a r e  d e s i r a b l e  b u t  r e a c t i o n s  17 and 18,  which conver t  
CaS04 only  t o  CaS and consume l a r g e  q u a n t i t i e s  of r e d u c t a n t s ,  should b e  
al lowed t o  occur  on ly  t o  t h e  e x t e n t  needed t o  provide  CaS f o r  . r e a c t i o n  16 .  
Reac t ions  12 and 16  a r e  favored  a t  h igh  temperatures  and r e a c t i o n s  17 and 1 8  
a t  lower tempera tures .  High SO2 r e l e a s e  should be  o b t a i n a b l e  by r e a c t i o n  
12 wi th  high CO/CO and H./H20 r a t i o s ,  b u t  t h e s e  cond i t i ons  a l s o  f avo r  
r e a c t i o n s  17 and 16, whici? produce CaS b u t  do n o t  r e l e a s e  SO2. The 
equ i l i b r ium c o n s t a n t  v a l u e s  f o r  r e a c t i o n s  17 and 1 8  depend on t h e  f o u r t h  
power of t h e  CO/C02 and H2/H 0  r a t i o s .  A CO/C02 r a t i o  of 112 ( i n  t h e  i n l e t  
g a s  s t ream)  w a s  found t o  p ro  uce most ly  CaO and SO2 i n  p re fe r ence  t o  CaS 
a t  most t empera tures .  23 

a 
A r e a c t i o n  temperature  g r e a t e r  than  1880°F bu t  no g r e a t e r  

t h a n  2060°F i s  needed f o r  r e g e n e r a t i o n  wi th  CO o r  H2.  For  example, 
o p e r a t i o n  a t  2060°F and 1 atm wi th  a  10% CO-20% C02 mixture  r e s u l t e d  i n  
%8% SO i n  t h e  ex i t -gas  s t ream,  and o p e r a t i o n  wi th  a  15% CO-30% CO mix ture  2  
r e s u l t e d  i n  ~11% SO2 i n  t h e  e x i t  gas  s t ream. I n  bo th  ca se s ,  95% of t h e  
CaS04 was converted to Can and the ramaining 5 %  vao converted LU Ca3. 

c  . Regenerat i o n  by t h e  CaSO, -CaS React ion  -, 

A s  noted above, CaO and SO2 may be  produced by a  s o l i d - s o l i d  
r e a c t i o n  of CaS wi th  CaS04 (equat ion 1 6 ) .  I f  t h e  product  of t h e  s u l f u r -  
f i x a t i o n  r e a c t i o n  is  CaS, t h e  CaS04 needed f o r  r e a c t i o n  16 can be formed 
by t h e .  fo l lowing  r e a c t i o n s :  

114 CaS + H20 = 114 CaSO + H2 4 (13) 

The r egene ra t i on  s t e p  of a  g a s i f i c a t i o n  process  developed 
by Consol ida t ion  ~ o a 1 1 7 , 2 0  (CO accep to r  process  i n  which t h e  s u l f u r  i s  
f i x e d  a s  CaS) c o n s i s t s  of a  soz id - so l id  r e a c t i o n  between CaS04 and CaS i n  
a r egene ra to r  t o  produce CaO and SO Tn tests a t  315 p s i a ,  t h e  SO2 2 ' 
concen t r a t i on  i n  t h e  e f f l u e n t  gas  s t ream from t h e  r egene ra to r  was about  
0 .23 v o l  %. 

For t h e  c a s e  i n  which CaSO r a t h e r  than'CaS i s  the s t a r t i n g  
4  

su l fu r - con ta in ing  m a t e r i a l ,  t h e  o v e r a l l  p rocess  c o n s i s t s  o f  conversion of 
a p o r t i o n  of t h e  CaS04 t o  CaS a s  shown i n  equa t ion  17,  fol lowed by t h e  
s o l i d - s o l i d  r e a c t i o n  ( r e a c t i o n  1 6 ) .  For CaS04 and CaS t o  c o e x i s t  a s  a  
r e s u l t  of r e a c t i o n  17,  t h e  C02/C0 r a t i o  i n  t h e  e x i t  gas  needs t o  be  nea.r 
t h e  equ i l i b r ium r a t i o  of 46z2 Bench-scale experiments  were performed 
i n  which t h e  CO I C O  r a t i o  was i n  t h e  range  23-30 ( r i c h e r  i a  CO than t h e  2 equ i l i b r ium r a t i o ) ,  and 93% o r  more of t h e  s u l f u r  was removed from t h e  
s o l i d s .  



d.  Reduction of CaSO, by S u l f u r  Vapor 

We have l ea rned  i n d i r e c t l y  about  a  s tudy  c a r r i e d  o u t  i n  a  
European country on t h e  r educ t ion  of CaS04 w i t h  elementary s u l f u r  i n  a  
f l u i d i z e d  bed. A mixture  of a i r  and s u l f u r  vapor  was used a t  temperatures  
of 1800-2000°F ( r e a c t i o n  1 3 ) .  The o b j e c t i v e  of t h e  work was t o  e v a l u a t e  
t h e  p o s s i b i l i t y  of u s ing  t h e  minera l ,  anhydr i t e ,  a s  a  sou rce  of s u l f u r  f o r  
s u l f u r i c  a c i d  product ion .  A c o s t  comparison w i t h  convent iona l  p roces se s  
was made. 

The r e s u l t s  and d e t a i l s  of t h i s  work a r e  no t  a v a i l a b l e  a t  
p r e sen t ,  b u t  f u r t h e r  in format ion  w i l l  be  sought .  

e. Oxidat ion of CaS 

A procedure f o r  r egene ra t i on  of s u l f i d e d  l i m e  (produced 
dur ing  combustion a t  p a r t i a l l y  reducing cond i t i ons )  r e q u i r e s  tempera tures  
i n  excess  of 1900°F and ox id i z ing  cond i t i ons .15  The o v e r a l l  r e a c t i o n ,  
performed a t  1900-1950°F, i s  g iven  i n  equa t ion  14 above. A s  i n  t h e  o t h e r  
proposed sulfur-removal  procedures ,  s o l i d - s o l i d  r e a c t i o n  of CaS04 wi th  
CaS is  a l s o  involved i n  t h i s  scheme, t h e  CaS04 be ing  produced by ox ida t ion  
of a  p o r t i o n  of t h e  CaS. 

A mode of e f f e c t i n g  r egene ra t i on  of CaS t h a t  has  been t e s t e d  
exper imenta l ly  i s  t o  i n t e r r u p t  f u e l  a d d i t i o n  t o  a  g a s i f y i n g  f l u i d  bed and 
cont inue  o p e r a t i o n  wi th  a i r  a lone .  Exothermic r e a c t i o n  14 r a i s e s  t h e  bed 
temperature  s u b s t a n t i a l l y ,  producing SO2. For a  cont inuous ly  uperat i f ig  
r egene ra to r ,  t h e  temperature  would be  c o n t r o l l e d  a t  a  s e l e c t e d  a i r  i n p u t  
r a t e  by c o n t r o l l i n g  t h e  c i r c u l a t i o n  r a t e  of t h e  bed m a t e r i a l .  

The l i f e  of f luid-bed m a t e r i a l  f o r  t h i s  combination of 
gas i fy ing - r egene ra t i on  has  been t e s t e d  i n  experiments  c o n s i s t i n g  of a s  
many a s  60 c y c l e s .  l5 The conc lus ions  reached w e r e  a s  fol lows:  (1) 100% 
d e s u l f u r i z i n g  capac i ty  can be  ob ta ined  i n d e f i n i t e l y  a t  a  makeup r a t e  of 
1 . 5  w t  CaO pe r  w t  s u l f u r ,  (2) when p a r t i c l e  s i z e  changes from 810 v m  t o  
635 v m ,  t h e  absorp t ion-desorp t ion  i s  no t  a f f e c t e d ,  and (3) a t  makeup 
r a t e s  of about  1 . 5  w t  CaO per  wt s u l f u r ,  t h e  d e s u l f u r i z i n g  e f f i c i e n c y  i s  
o t a b i l i x e d  i n  less than  10 cycl P.S.  

f .  Regenerat ion of P a r t i a l l y  S u l f a t e d  Dolomite w i t h  H20 + C02 

Processes  have been desc r ibed  f o r  re e n e r a t i o n  of dolomite  
t h a t  ha s  taken  up s u l f u r  under reducing condi t ions2?  and under ox id i z ing  
cond i t i ons  . 26 For t h e  former ca se ,  t h e  feed  t o  t h e  r egene ra to r  i s  
CaS0MgO, and r egene ra t i on  is c a r r i e d  o u t  u s ing  water  vapor  and CO The 2 ' complete cyc l e ,  w i t h  ope ra t i ng  cond i t i ons  of 1000°F and 220 p s i ,  is  
o u t l i n e d  i n  t h e  fo l lowing  r e a c t i o n s :  



Heat evolved by r e a c t i o n  21 i s  s a i d  t o  be  s u f f i c i e n t  t o  
r a i s e  steam o r  t o  supe rhea t  steam. Reac t ion  22 would be b e s t  performed 
a t  a  temperature  j u s t  below t h e  equ i l i b r ium decomposition tempera ture  of 
CaCO a t  t h e  p r e v a i l i n g  CO concen t r a t i on .  3  2  

8 

The r egene ra t i on  of [CaS04.MgO] t o  produce [CaC03'MgO] h a s  
a l s o  been s tud i ed ;26  t h e  k i n e t i c s  a r e  f a v o r a b l e  a t  t empera tures  a s  low a s  
llOO°F. Half-calcined dolomi te  i s  t h e  expected product  from p a r t i a l  
c a l c i n a t i o n  i n  a  p r e s s u r i z e d  combustor. 

Regenerat ion of m a t e r i a l  produc.ed under o x i d i z i n g  cond i t i ons ,  
[CaS04'MgO], d i f f e r s  i n  on ly  one s t e p  ( t h e  i n i t i a l  s t e p )  from t h e  regener-  
a t i o n  scheme o u t l i n e d  i n  equa t ions  21 t o  23. I n  t h e  i n i t i a l  s t e p ,  s u l f a t e  
is  reduced t o  s u l f i d e  a t  about  1470°F, using hydrogen a s  shown i n  equa t ion  
18 .  

2.  Technica l  Eva lua t ion  of Candidate Processes  

A complete t e c h n i c a l  e v a l u a t i o n  of cand ida t e  p roces se s  w i l l  b e  
made a s  p a r t  of t h e  program. The fo l lowing  i s  a  p re l imina ry  eva lua t ion .  

Current  in format ion  on r egene ra t i on  of l imes tone  m a t e r i a l  used 
f o r  removing s u l f u r  du r ing  the  combustion of fossil f u e l s  r i n d i r a t ~ s  t h a t  
r e g e n e r a t i o n  processes  may o p e r a t e  a t  temperatures  a s  h igh  a s  %2000°F 
o r  a s  low a s  llOO°F, depending upon t h e  method used.  Both s u l f a t e d  
l imes tone  (CaS04) and s u l f i d e d  l imes tone  (CaS) can be  processed.  By 
a proper  choice  of r e a c t i o n  cond i t i ons  and r e a c t a n t  cuncen t r a t i ons ,  t h e  
concen t r a t i ons  of SO2 o r  H2S i n  t h e  e f f l u e n t  gas  phase can be  s u f f i c i e n t l y  
h igh  t o  a l low s u l f u r  recovery a s  e i t h e r  d i l u t e  H2S04 o r  a s  e lementa l  
s u l f u r  . 

The lower-temperature processes  f o r  r egene ra t i on  of a  dolomite  
proposed by Squ i r e s ,  <1400°F, appear  a t t r a c t i v e  because they can be  
conducred under p r e s s u r e  and because t h e  temperature  i s  low. However, 
if t h e  m a t e r i a l  t o  be r egene ra t ed  is  CaSO r a t h e r  ihan  CaS, an e x t r a  s t e p  4 
is  needed. These p roces se s  need f u r t h e r  eva lua t ion .  

An example of a n  exper imenta l  s tudy  of a  promising r egene ra t i on  
process  f o r  p a r t i a l l y  s u l f a t e d  l imes tone  from a c o a l  combustor opera ted  
i n  t h e  ox id i z ing  mode has  been descr ibed .18  I n  t h i s  r egene ra t i on  ope ra t i on ,  
t h e  o v e r a l l  r e a c t i o n  ( r e a c t i o n  12)  i s  t h e  fol lowing:  

CaSO + CO = CaO + SO + C02 
4 2 

However, t he  a c t u a l  chemistry i nvo lves  two consecut ive  r e a c t i o n s :  

114 CaS04 + CO = 114 CaS + C02 

314 CaS04 + 114 CaS = CaO + SO2 



I n  work a t  Consol ida t ion  Coal,  excess  CO was combusted t o  f u r n i s h  
h e a t  f o r  t h e  o v e r a l l  endothermic process ,  which has  a  h e a t  of r e a c t i o n  of . 

59.2 kcal lmole.  The compositions of i n p u t  and output  gas  and s o l i d s  s t reams 
a r e  shown d i ag rama t i ca l l y  i n  F ig .  4 f o r  t h e  f i r s t  of s i x  s u l f a t i o n -  
r e g e n e r a t i o n  cyc les .18  The gas  compositions a r e  g iven  i n  v o l  % on a  d ry  
b a s i s .  I n  t h e  s i x t h  cyc l e ,  t h e  r e g e n e r a t i o n  s t e p  was s t i l l  removing 94% 
of t h e  s u l f u r  conten t  of t h e  s u l f a t e d  dolomite .  Although dolomi tes  have 
proved s u i t a b l e  f o r  m u l t i c y c l e  use,  Esso R & E ~ ~  found t h a t  l imes tone  No. 
1359 has  h igh  a t t r i t i o n - r e s i s t i n g  q u a l i t i e s .  

The CO /CO r a t i o  of 30 ( i n  t h e  e x i t  ga s )  f o r  t h e  r egene ra t i on  
c y c l e  dep ic t ed  above is  d e s i r a b l e  t o  maximize s u l f u r  removal from t h e  
s o l i d s .  The equ i l i b r ium v a l u e  a t  1950°F i s  r epo r t ed  by Consol ida t ion  
Coal t o  be  46. With a  lower CO concen t r a t i on  and t h e r e f o r e  a  h ighe r  
C02/C0 r a t i o ,  less s u l f u r  i s  removed. 
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3 .  P r e s s u r e  E f f e c t s  i n  Regenerat ion 

An impor tan t  v a r i a b l e  i n  a  r egene ra t i on  process  is  t h e  t o t a l  
p r e s s u r e  of t h e . s y s t e m .  S ince  a  h igh-pressure  process  is  envis ioned ,  
t h e  e f f e c t  of p r e s s u r e  - e s p e c i a l l y  on t h e  concen t r a t i on  of SO i n  t h e  2 g a s  phase - must be  eva lua t ed .  I n  g e n e r a l ,  t h e  e f f e c t  of p r e s s u r e  on t h e  
e q u i l i b r i u m  is  t o  compensate i n  t h e  manner p red i c t ed  by t h e  LeChate l ie r  
p r i n c i p l e  of mobile  equ i l i b r ium.  The p r i n c i p l e  s t a t e s  t h a t  t h e  equ i l i b r ium 
system w i l l  s h i f t  i n  such a  manner a s  t o  minimize t h e  e f f e c t  of a  change 
i n  temperature  o r  p r e s su re .  Therefore ,  a n  i n c r e a s e  i n  t h e  p r e s s u r e  of 
t h e  t o t a l  system (not  an  i n c r e a s e  i n  t h e  p r e s s u r e  of a  ga,s component 
t h a t  does no t  r e a c t )  w i l l  cause  t h e  equ i l i b r ium t o  s h i f t  t o  t h e  s i d e  
having fewer gaseous molecules .  The r e v e r s e  i s  t r u e  f o r  a  dec rease  i n  
t h e  p r e s s u r e  of t h e  t o t a l  system. I n c r e a s i n g  t h e  f r a c t i o n  of a nonreac t ing  
g a s  component i n  an  equ i l i b r ium system does n o t  change t h e  equ i l i b r ium 
p o i n t ,  i .e . ,  t h e  r e l a t i o n s h i p  be tween . the  v a r i o u s  r e a c t i n g  gaseous components 
remains t h e  same. 

Candidate  regeneration r e a c t i o n s  a re  l i s t e d  i n  Table  1. Al.sn 
l l s t e d  i n  Table  1 a r e  t h e  equ i l i b r ium r e l a t i o n s h i p s ,  f r e e  ene rg i e s ,  
AGR, and t h e  change i n  t h e  number of gaseous molecules ,  Av, i f  t h e  
r e a c t i o n  proceeds a t  2000°F a s  w r i t t e n .  These d a t a  show t h a t  
t h e  p r i n c i p a l  r e d u c t i o n  r e a c t i o n s  of CaSO (Table 1, equat ions  2 and 3)  4 
would be  a f f e c t e d  unfavorably by an  i n c r e a s e  i n  t h e  system p re s su re ;  t h e  
o x i d a t i o n  r e a c t i o n s  of CaS (Table 1, equa t ions  7 ,  9 ,  and 10) would be  
favored  by an i n c r e a s e  i n  t h e  system p r e s s u r e .  With r e s p e c t  t o  r e a c t i o n s  
2 and 3 ,  a l though t h e  SO2 concen t r a t i on  f o r  a  c e r t a i n  voluule throughput 
of reduc ing  agent  would be reduced by i n c r e a s i n g  t h e  system p re s su re ,  t h i s  
might be  o f f s e t  by i n c r e a s i n g  t h e  concen t r a t i on  of reducing a g e n t .  Thus, 
f o r  example, i n c r e a s i n g  t h e  CO/C02 r a t i o  i n  t h e ,  e x i t  gas  would i n c r e a s e  
t h e  SO, concen t r a t i on  i n  t h a t  g a s  hilt would i n c r e a ~ c  t h e  CO r e q u i r e i ~ ~ e n t s .  
To combensate f o r  t h e  i nc reased  CO requirement ,  t h e  e x i t  ga s  ( a f t e r  s u l f u r  
removal) might be  cyc led  t o  t h e  combustor t o  consume t h e  CO. 

Frou~ c h i s  B r i e f  review, i t  is apparen t  that. a sy s t ema t i c  
examinat ion of t h e  e f f e c t  of p r e s s u r e  on s e l e c t e d  r egene ra t i on  systems 
should  b e  made. Ca lcu l a t i on ,  probably by a n  i t e r a t i v e  computer program, 
of  t h e  equ i l i b r ium concen t r a t i ons  o f  t h e  gaseous components a s  a  f u n c t i o n  
of bo th  temperature  and p r e s s u r e  w i l l  b e  necessary  i n  t h e  e v a l u a t i o n  of 
r e g e n e r a t i o n  p roces se s  and t h e  s e l e c t i o n  of r e a c t i o n  cond i t i ons  t h a t  w i l l  
maximize t h e  SO2 concen t r a t i on  i n  t h e  g a s  phase.  

4 .  Experimental Program 

Thc clcpcrimental prugrsuo w i l l  cotnprise both l abo ra to ry - sca l e  
and bench-scale s t u d i e s .  

a .  . Laboratory-Scale  S t u d i e s  

I n  t h e  l abo ra to ry - sca l e  s t u d i e s ,  t h e  i n i t i a l  emphasis w i l l  
b e  on sc r een ing  cand ida t e  r egene ra t i on  processes ,  fol lowed by e v a l u a t i o n  
of r e a c t i o n  parameters  f o r  guidance of t h e  bench-scale  work. 



TABLE 1. Equilibrium and Thermodynamic Functions 
a 

f o r  Reactions of I n t e r e s t  f o r  Regeneration 

-- - - 

No. Reaction Kp = KP A v  A G ~  

1 CaS04 CaO + SO + 112 O2 P P 1 /2  , atm 312 1.54x10-~ +1.5 30.10 2 s02 O2 

2 CaS04 + CO 2 CaO + SO2 + C02 
P P 

SO2 co2 
D , atm 

'So2 'H20 
CaS04 + H2 2 CaO + SO2 + H20 , atm 

P 

1 /4  CaS04 + CO 1 / 4  CaS + C02 
C02 

P 
CO 

'H20 
1 /4  CaS04 + Hg Z 1/4  CaS + H20 - 

P 
H2 

3/4 CaS04 + 114 CaS 2 CaO + SO2 P , atm 
s02 

CaS + 3/2 O2 CaO + SO2 

P 
s02 

atm 
-1/2 

3/2' 

CaS + H2U + CU2 : CaCU3 + H2S 
'H2S 

, atm -1 P 
'H20 C02 

a - 1 
A l l  da ta  apply t o  2000°F; A G  is  i n  k i l o c a l o r i e s  mole . R 



The exper imenta l  equipment t h a t  w i l l  b e  u t i l i z e d  i n  t h e  
l abo ra to ry - sca l e  work i s  a n  a l r e a d y  cons t ruc t ed  a l l - s t a i n l e s s  s t e e l  system 
c o n s i s t i n g  of two 2-in. d i a  v e r t i c a l  tube  r e a c t o r s  and a s s o c i a t e d  mani- 
f o l d i n g  and gas .hand l ing  and supply arrangements.  This  system i s  shown 
schemat i ca l ly  i n  F i g .  5. Although t h e  system was designed f o r  fixed-bed 
experiments ,  i t  can  be  modified f o r  f luidized-bed ope ra t ion  by the  a d d i t i o n  
of s u i t a b l e  s o l i d s - f i l t e r i n g  equipment. The system can be  opera ted  a t  

. 150 p s i g  and up t o  1800°F. 

Screening experiments  w i l l  b e  performed a t  10-atm p res su re  
t o  s e l e c t  t he  r educ tan t  and process  chemical concen t r a t ions  necessary  t o  
produce a  h igh  enough volume f r a c t i o n  SO2 i n  t h e  e x i t  gas  f o r  s u l f u r -  
recovery processes .  A g a s  phase concen t r a t ion  of about 10 v o l  % i s  
cons idered  adequate  f o r  recovery  a s  s u l f u r i c  a c i d  o r  a s  e lementa l  s u l f u r .  

I n  t h e  second phase of t h e  l abo ra to ry - sca l e  program, t h e  
e f f e c t  on t h e  r egene ra t ion  r e a c t i o n  of v a r i a t i o n  i n  r e a e t i o n  parameters  
such as temperature,  reagent  concen t r a t ion ,  gas  flow r a t e s ,  and s o l i d  
f eed  s u l f u r  concen t r a t ion  w i l l  be  i n v e s t i g a t e d .  I n  a d d i t i o n ,  t h e  composition 
of ou tpu t  gas  and s o l i d  s t reams w i l l  be  s t u d i e d .  From t h i s  work, r e a c t i o n  
c o n d i t i o n s  w i l l  be  s e t  f o r  bench-scale exper imenta t ion .  

b  . Bench-Scale Program 

The bench-scale program w i l l  u t i l i z e  t h e  f lu id ized-bed  
r e a c t o r  now being designed f o r  ope ra t ion  a t  10-atm p res su re .  A s i n g l e  
r e a c t o r  w i l l  b e  used f o r  bo th  combustion and r egene ra t ion  work. Experi- 
ments w i l l  b e  performed using t h e  range of process  parameters  e s t a b l i s h e d  
i n  t h e  l abo ra to ry - sca l e  work. Th i s  work w i l l  i nc lude  the  fo l lowing  i tems 
b u t  w i l l  no t  n e c e s s a r i l y  be r e s t r i c t e d  t o  them. 

1, I n v e s t i g a t e  r e a c t i o n  rates for r egene ra t ion  a s  
a  func t ion  of ope ra t ing  temperature,  i n l e t  gas  
composition, and ot,her v a r i a b l e s .  

2 .  Spec i fy  t h e  compositions of in.put a.n.d ou tput  
s o l i d s  and gaseous process  s t reams.  

3 .  Demonstrate l imes tone  makeup, r ecyc le ,  and 
a t t r i t i o n  r a t e s .  

4 .  Demonstrate r e a c t i v i t y  of regenera ted  l imes tone .  

5. I n v e s t i g a t e  s u l f u r  recovery processes  i f  t h i s  i s  
found t o  be  necessary on t h e  b a s i s  of t h e  
l i t e r a t u r e  s ea rch .  

On t h e  foundat ion  of p r i o r  bench-scale and labora tory-6ca le  
work, a  demonstrat ion of s u f f i c i e n t  ope ra t ion  time and number of r e c y c l e s  
w i l l  b e  made t o  ach ieve  ope ra t ing  d a t a  and exper ience .  

s. Literature Survey and Evalua t ion  

Simultaneously wi th  s e t t i n g  up of t h e  experimental  program, 
t h e  l i t e r a t u r e  w i l l  be  searched on t o p i c s  of i n t e r e s t  f o r  l imes tone  
r e g e n e r a t i o n .  Both t h e  c o n t r a c t o r  l i t e r a t u r e  and open l i t e r a t u r e  w i l l  be  
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surveyed and c r i t i c a l l y  analyzed.  Not on ly  w i l l  p o t e n t i a l  r egene ra t i on  
systems be l i s t e d  a s  a gu ide  i n  t h e  s e l e c t i o n  of t h e  p roces s ,  b u t  a l s o  
thermodynamic and k i n e t i c  d a t a  w i l l  be  c o l l a t e d .  

E . K i n e t i c s ,  E q u i l i b r i a ,  and Mechanisms 

Th i s  p a r t  of t h e  ANL program w i l l  i nvo lve  exper imenta l  and t h e o r e t i c a l  
s t u d i e s  a p p l i e d  t o  bo th  t h e  combustion and t h e  r egene ra t i on  processes .  
The fundamental problems being cons idered  a r e  t h e  fo l lowing .  

1. Experimental S t u d i e s  

a .  Mechanism of t h e  S u l f a t i o n  React ion 

The appa ren t  complexity of t h e  s u l f a t i o n  mechanism and t h e  
importance of understanding t h e  mechanism were d i s cus sed  i n  an  e a r l i e r  
p a r t  of t h i s  document. I n  o r d e r  t o  e l u c i d a t e  t h e  mechanism, i,t i s  planned 
t o  u t i l i z e  t h e  fo l lowing  approaches: 

1. E lec t ron  microprobe examination of i n d i v i d u a l  p a r t i c l e s  
w i l l  b e  used t o  de te rmine  t h e  d i s t r i b u t i o n  of s u l f u r  under v a r i o u s  ope ra t i ng  
c o n d i t i o n s .  For example, i n  o r d e r  t o  e s t a b l i s h  whether combustion cond i t i ons  
a f f e c t  t h e  manner i n  which s u l f u r  d i s t r i b u t e s  w i t h i n  l ime p a r t i c l e s ,  t h e  
e l e c t r o n  probe w i l l  b e  used t o  compare s u l f u r  d i s t r i b u t i o n  i n  p a r t i c l e s  
from runs  i n  which combustion i s  occu r r ing  wi th  s u l f u r  d i s t r i b u t i o n  i n  
runs  i n  which combustion is  n o t  occu r r ing .  S i m i l a r l y ,  comparisons can 
b e  made f o r  runs  performed under a v a r i e t y  of combustion c o n d i t i o n s .  

2 .  The k i n e t i c s  of p e r t i n e n t  r e a c t i o n s ,  such as t h e  
r e a c t i o n s  of carbon monoxide wi th  CaS04, w i l l  be  s t u d i e d  a t  combustion 
tempera tures  t o  determine whether t h e  r e a c t i o n  i s  s u f f i c i e n t l y  e n e r g e t i c  
a t  t h e s e  tempera tures  t o  e x p l a i n  t h e  apparen t  " regenera t ion"  o r  r e v e r s a l  
of t h e  CaS04 formation r e a c t i o n .  These experiments  w i l l  b e  conducted on 
a l a b o r a t o r y  s c a l e  i n  a fixed-bed r e a c t o r .  

3 .  S p e c i f i c  experiments  w i l l  b e  designed f o r  t h e  bench- 
s c a l e  f lu id ized-hed  combustor t o  provide  i n s i g h t  i n t o  t h e  mechanism o r  
t o  p rov ide  bed m a t e r i a l  f o r  e l e c t r o n  microprobe examination. An example 
of a p o s s i b l e  experiment would be t o  c a r r y  ou t  a combustion run  w i t h  a 
pure  CaSO bed (without  l imes tone  a d d i t i o n )  t o  determine whether SO2 is  4 evolved under t h e s e  c o n d i t i o n s .  

The c h a r a c t e r i s t i c s  and composition of f l y a s h  p a r t i c l e s  
may be  important  from t h e  s t andpo in t  of t h e i r  p o t e n t i a l  e f f e c t  on gas  
t u r b i n e  b l ades ,  problems of f i n e  p a r t i c l e  emiss ions ,  a sh  s i n t e r i n g  
problems i n  carbon burnup c e l l s ,  etc. The e l e c t r o n  microprobe, t oge the r  
w i t h  o p t i c a l  microscopes,  w i l l  b e  u s e f u l  i n  e s t a b l i s h i n g  t h e  c h a r a c t e r i s t i c s  
and e lementa l  composition of p a r t i c l e s ,  a s  w e l l  a s  i n v e s t i g a t i n g  t h e  
p roces s  of agglomerat ion of p a r t i c l e s .  Such work w i l l  be  c a r r i e d  ou t  a s  
t h e  need becomes appa ren t .  



2. L i t e r a t u r e  and Thermodynamic Surveys 
, . 

Resu l t s  of bench-scale combustor experiments  sugges t  t h a t  a  
p h y s i c a l  o r  chemical p rocess  i s  o p e r a t i n g  t o  l i m i t  t h e  u l t i m a t e  r educ t ion  
i n  SO2 concen t r a t i on  i n  t h e  f l u e  gas .  React ions i nvo lv ing  t h e  s u l f a t i o n  
product  CaSO i n  which reducing r e a c t i o n s  would be  involved,  seem t o  be  

% ' l i k e l y  cand i  a t e s  f o r  such l i m i t i n g  s t e p s .  Therefore ,  t h e  l i t e r a t u r e  
should be  thoroughly scanned and t h e  thermodynamics examined f o r  r e a c t i o n s  
such a s  t hose  l i s t e d  below. 

CaS04 = CaO + SO2 + 112 O2 

CaSO + CO = CaO + SO2 + C02 
4  

CaSO + H2 = CaO + SO2 + H 0  
4  2  

114 CaS04 + CO = 114 CaS + C02 

314 CaS04 + 114 CaS = CaO + SO2 

CaS04 + S2 = CaS + 2 SO2 

Another p o s s i b i l i t y  i s  t h a t  t h e  r educ t ion  i n  SO concen t r a t i on  
i n  t h e  f l u e  gas  might be  l i m i t e d  by r e a c t i o n s  i n  which ~ a 6  is removed by 
combination wi th  o t h e r , c o n s t i t u e n t s  i n  t h e  f luid-bed system, such a s  
Fe203, A1203, and SiO Calcium f e r r i t e  (CaOnFe203) can be  formed a t  

2  ' 
t h e  temperatures  employed i n  f lu id-bed  combustors. 

The e x t e n t  o r  completeness of combustion i n  t h e  f l u i d i z e d  bed 
seems t o  i n f l u e n c e  t h e  s u l f a t i o n  r e a c t i o n  of l ime.  Techniques f o r  
complete combustion of t h e  carbon i n  a  f lu id ized-bed  combustar w i l l  b e  
reviewed. A thorough review of t h e  mechanism and k i n e t i c s  of t h e  carbon 
combustion r e a c t i o n ,  i n  p a r t i c u l a r  t h e  CO + 112 O2 = C02 r e a c t i o n ,  might 
i n d i c a t e  a  means of ensur ing  more complete combustion. 

The e f f e c t ,  i f  any, on SO2 removal of t h e  type  of c o a l  and 
t h e  q u a n t i t y  and types  of s u l f u r  p r e sen t  i n  t h e  c o a l  w i l l  be  reviewed. 
C o r r e l a t i o n  of t h e  r e s u l t s  of f luid-bed combustor experiments  w i th  t h e  
s u l f u r  con ten t  and t h e  phys i ca l  and chemical p r o p e r t i e s  of t h e  c o a l s  used 
i s  of i n t e r e s t .  

The p o s s i b l e  r e l a t i o n s h i p  of a  temperature  e f f e c t  (SO removal 
t? optimized a t  a  s p e c i f i c  temperature)  t o  changes i n  r e a c t i o n  mec anism 

o r  s t o i c h i o m e t r i c  cond i t i ons  of t h e  s u l f a t i o n  . r eac t ion  w i l l  be  reviewed. 



V. PROGRAM SCHEDULE AND MILESTONE CHART 

. The schedule  of the 'development  program is  cont ingent  upon t h e  l e v e l  
of funding a v a i l a b l e .  The, a t t a c h e d  mi l e s tone  c h a r t  assumes t h a t  t h e  
c u r r e n t  manpower l e v e l  (June. 15 ,  1970 t o  June 15, 1971) w i l l  be main- 
t a i n e d  cons t an t  and t h a t  funding w i l l  be  provided f o r  t h e  cons t ruc t ion  of 
a new p r e s s u r i z e d  combustor-regenerator.  

Emphasis i n  t h e  f u t u r e  program w i l l  b e  g iven  t o  t h e  des ign ,  cons t ruc t ion ,  
and ope ra t ion  of t h e  bench-scale p re s su r i zed  u n i t  f o r  combustion and 
r egene ra t ion  s t u d i e s .  Laboratory-scale  work on p re s su r i zed  combustion 
and r egene ra t ion  w i l l  b e  cont inued,  a s  w e l l  a s  work on t h e  e l u c i d a t i o n  

. o f  niechanisms and r e l a t e d  b a s i c  s t u d i e s .  Planned experiments on 
atmospheric-pressure combustions w i l l  be complet,ed on a schedule  t h a t  
w i l l  n o t  . i n t e r f e r e  w i t h  t h e  work on p re s su r i zed  combustion. 



MILESTONE CHART 

(Assumes Same Manpower Level a s  i n  F i s c a l  Year 1971) 

Calendar Year 
Months 

I. Conbustion Experiments, Atmospheric Tes t s  

One-Stage combustion, bench-scale u n i t :  

Completion of planned experiments t o  s tudy  c o a l  
p a r t i c l e  s i z e ,  temp-Ca/S e f f e c t ,  e t c .  

Preparat i ,on of r e p o r t  on one-stage combustion 
exper iments  a t  a tmospher ic  p r e s s u r e  (assumes t h a t  
o t h e r  v a r i a b l e s  w i l l  no t  be  s t u d i e d )  

Two-stage combustion, bench-scale u n i t :  

L i t e r a t u r e  sea rch  

Decis ion on type  of experimental. program 

Completicn of planned exper imental  program 

Decision on whether t o  con t inue  bench-scale 
s t u d i e s  z t  a tmospher ic  p r e s s u r e  

P r e p a r a t i o n  of r e p o r t  on two-stage combustion 
exper imects  a t  a tmospher ic  p r e s s u r e  

11. Combustion Experiments, P ressu r i zed  T z s t s  

Fixed-bed uni t -s tudy t h e  e f f e c t s  of t h e  main 
p rocess  v a r i a b l e s  on dependent v a r i a b l e s  

Bench-scale urnit : 

Design of p l a n t  

Procurement and f a b r i c a t i o n  

Construe-ion and t e s t i n g  of equipment 

Experimental s t u d i e s :  

One-s t age  combus t i o n  experiments 

Two-stage combustion experiments 

P r e p a r a t i o n  of r e p o r t  on one-stage a d  two-stage 
p ressu r i zed-c~mbus  t i o n  experiments 



MILESTONE CHART 

(Assumes Sane Minpower Level as in Fiscal Year 1971) 

Calendar Yesr 
Yon t hs 

111. Regeneration Studies 

Literature search 

Decision on type of regeneration process 
to be scudied 

Laboratory-scale program, screerir.g experiments: 

CaS04 Regeneration 

CaS Regeneration 

Bench-Scale program: 

Decision on typ? of regeneratian to be 
stcdied 

Study of the effect of operating variables 
on CaSO or CaS regeneration 4 

IV. Combined Combus tion-Regeneration Stdies 

Bench-scale experiments 

Preparation of report on regeneration and 
combusti2n regenerztion studies 

V. Kinetics, Equilibrium, Mechanisms 

VI. Miscellaneou's 

Preparation of annual re?orts 
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