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ABSTRACT 

The f e a s i b i l i t y  of us ing  fluidized-bed.combustors i n  power and 
steam p l a n t s  is being evaluated.  The concept involves  burning f u e l s  
such a s  coa l  i n  a f l u i d i z e d  bed of e i t h e r  a n a t u r a l l y  occurr ing ,  
calcium-containing l imestone o r  dolomite o r  i n  a s y n t h e t i c a l l y  pre- 
pared calcium-containing s tone .  The calcium oxide i n  t h e  s tone  
r e a c t s  wi th  t h e  s u l f u r  r e l ea sed  dur ing  combustion t o  form calcium 
s u l f a t e ,  which remains i n  t h e  bed, t hus  decreas ing  t h e  l e v e l  of SO2 
i n  t h e  f l u e  gas.  Levels of NO, i n  t h e  f l u e  gas a r e  a l s o  low. The 
e f f e c t  of ope ra t ing  v a r i a b l e s  and type  of s tone  on t h e  l e v e l s  of 
SO2 and NO, is being determined. Behavior of t r a c e  elements dur ing  
combustion has  been p r e l i m i n a r i l y  eva lua ted .  The p r o p e r t i e s  of a 
f l u i d i z e d  bed a t  minimum f l u i d i z a t i o n  a t  d i f f e r e n t  temperatures and 
p re s su res  have been determined. 

The CaSOt, produced i n  t h e  combustion process  is  regenerated t o  
CaO f o r  r euse  i n  t he  combustor by reductkve decomposition a t  1095'C/ 
2UO0°F. The e f f e c t s  of ope ra t ing  v a r i a b l e s  on s u l f u r  r e l e a s e  dur ing  
r egene ra t ion  a r e  being eva lua ted .  Another regenera t ion  process ,  
s o l i d - s o l i d  r e a c t i o n  of CaS04 with CaS, i s  a l s o . h e i n g  inves t iga t ed .  

Fundamental i n v e s t i g a t i o n s  of t h e  k i n e t i c s  of s u l f a t i o n  and re -  
genera t ion  r e a c t i o n s  f o r  t h e  n a t u r a l  and s y n t h e t i c  s tones  a r e  cont in-  
uing. A model f o r  t h e  s u l f a t i o n  r e a c t i o n  i s  presented.  

The s t a t u s  of t h e  new combustor and a n c i l l a r y  regenera tor  equip- 
ment i s  d iscussed .  



SUMMARY 

In fluidized-bed combustion, coal is completely combusted in a bed of 
partially sulfated additive using an excess of oxygen. Sulfur contained in 
the coal is released during combustion as S02, which in the excess-oxygen 
environment reacts with the additive to form CaS04. The additive can be a 
naturally occurring calcium-containing limestone/dolomite or it may be a 
synthetically prepared material consisting of calcium oxide-impregnated on 
a support material. Fresh additive is continuousfy added to the combustor 
and sulfated material is continuously withdrawn to keep the level of the bed 
constant. The sulfated material can be regenerated (an alternative to dis- 
carding the sulfated material) to obtain (1) CaO that can be returned to the 
combustor for reuse and (2) SO2 that can be converted either to sulfur or to 
sulfuric acid. The regeneration process of main interest consists of reacting 
the CaS04 with a reductant at ~1095~C/s2000~~. Other regeneration reactions. 
are also being studied. 

Thc current program on regenera~lun cmoicts nf seudylng (1) the effects 
of operating variables on the reductive decou~position of CaS04 to CaO, (25 
the regeneration-sulfation of synthetic additives, (3) the possible use of 
other regeneration reactions such as the solid-solid, CaS04-CaS reaction, 
and ( 4 )  the chemistry of the sulfation-regeneration reactions. Combustion 
studies have been made to determine (1) the effect of operating variables and 
different additives on SO2 and NO, emissions, (2) the behavior of biologically 
hazardous elements--Hg, Be, F, and Pb--during combustion and the fate of 
elements such as Na which are potentially corrosive to turbine blade and 
equipment metals. Another study pertinent to the program is determining the 
effects of temperature and pressure on minimum fluidization velocities of 
particles. The status of equipment design and construction is described. 

One-Step Regeneration Experiments 

Onc-otep or reductive decomposition regeneration experiments were completed 
to evaluate the effecLs of experimental cullclition~ on t h e  regeneration of CaO 
from sullaccd T-ymosht~~ dol~mite additive. The reduction of CaS04 to CaO 1s 
favored by high temperatures (>1.900~~/1U38*~j .- alld iniiLdly redllring gonditions. 

CaSo4 + CO -t CaO + SO2 + C02 (1) 

At lower temperatures (s870-925°~/%1600-17000F) and under more highly reducing 
conditions, the following reactions are favored: 

C ~ S O ~  + 4 ~ 2  -t CaS -I- 4H20 ( 4 )  

The effects of temperature, residence time, total concentration of reducing 
gas (He, CO, or CH4) in the fluidized bed, and height of fluidized bed on the 
regeneration of CaO from CaS04 were evaluated. 



Sulfated Tpochtee dolomite containing either Q J ~  or 10.2 wt % S was 
,egenerated in the one-step regeneration experiments. The sulfated material 
:ad been produced in combustion experiments. Experiments were made in the 
3-in.-dia fluidized-bed regenerator. 

One-Step Regeneration with the In Situ Combustion of Kerosene Under 
Reducing Conditions. In these experiments, the reducing gases were generated 
by the combustion of kerosene under reducing conditions. The maximum SO2 
concentration in, the off-gas was 3%. Plugging of the bed overflow line .and 
the off-gas system was encountered in most of the regeneration experiments; 
this caused the experiments to be terminated before steady state conditions 
could be established. Heavy petroleum byproducts were found in the plugging 
material. 

One-Step Regeneration with the In Situ Combustion of Methane. In situ 
partial cpmbustion of methane (instead of kerosene, which had caused operating 
problems) was used in these experiments to provide the heat and the reducing 
gas (COY H2, and excess CH4) necessary for the regeneration of CaO from 
sulfated additive. Results obtained in eleven regeneration experiments, in 
which suliated Tymochtee dolomite containing 10.2 wt % S was regenerated, have 
shown the following: 

(1) When replicating one experiment three times the sulfur regeneration 
results agreed within 8%, ranging from 57 to 65%. The difference in completeness 
of regeneration was due mainly to small differences in the fluidizing-gas 
velocity at which these experiments were performed. 

(2) Deeper beds resulted in poorer regeneration. The effect of fluidized- 
bed heights of 2.5 ft and 1.5 ft were evaluated. 

(3) Poorer regeneration was obtained at lower bed temperatures. Fluidized- 
bed temperatures ranged from 1010°C (1850°F) to 1093°C (2000°F). 

( 4 )  Increasing the fluidizing gas velocity adversely affected regeneration. 
Data from an experiment at a fluidizing velocity of 3.0 ftlsec were compared 
with one at 2.2 ftlsec. 

(5) When the residence time of the solid in the bed was effectively 
doubled by regenerating a previously regenerated batch of sulfated dolomite, 
the regeneration rate remained high in the second regeneration. The combined 
material from the first regeneration had a sulfur concentration of %5.8 wt %. 
After the second regeneration it was 2.7 wt %. 

Material and Energy Balances. An experimental program is being initiated 
to develop and demonstrate the technical feasibility of one-step regeneration 
at atmospheric pre'ssure. A technical objective of the program is ultimately 
to reduce sulfated additive in a fluidized bed by the in situ partial com- 
bustion of coal. Additive particles will-be processed, using a high solids 
throughput, i.e., short reactor residence times (surface utilization-only). 



Mate r i a l  and energy ba lances  have been determined f o r  t h r e e  s e t s  of base 
cond i t i ons  t o  a s s e s s  t h e  p o t e n t i a l  ope ra t ing  c a p a b i l i t i e s  of t h e  u n i t  a t  high 
s o l i d s  throughput. The energy ba lances  c l e a r l y  emphasize t h e  penal ty  imposed 
by n o t  prehea t ing  t h e  r e a c t a n t s  (and i n e r t s ) .  Approximately 50 t o  60% of t h e  
h e a t  input  t o  t h e  u n i t  is  r equ i r ed  t o  r a i s e  t h e  temperature of t h e  r e a c t a n t s  
t o  t h e  design ope ra t ing  temperature of 2000°F, and only  1 5  t o  25% of t h e  f u e l  
i s  r equ i r ed  t o  c a r r y  ou t  t he  r educ t ion  r eac t ion .  

P repa ra t ion ,  S u l f a t i o n ,  and Regeneration of Calcium Oxide-Impregnated Supported 
Addi t ives  

A research  program i s  i n  progress  t o  determine t h e  f e a s i b i l i t y  of us ing  
supported a d d i t i v e s  f o r  removing SO2 from t h e  combustion gas.  Various suppor ts  
w i l l  b e  s tud ied ,  w i t h  t h e  major candida te  being a-A1203. Curren t ly ,  only CaO 
and K20 a r e  being considered a s  a d d i t i v e s .  Methods for . impregnat ing an a-Alp03 
suppor t  wi th  an a d d i t i v e  a r e ' d e s c r i b e d .  

P e l l e t s  ( c a t a l y s t  support  m a t e r i a l )  conta in ing  6.6% CaO have been su l -  
f a t e d  and regenera ted  i n  a thermal  grav imet r ic  a n a l y s i s  (TGA) u n i t  t o  determine 
t h e  r a t e s  of s u l f a t i o n  and r egene ra t ion ,  t h e  percent  calcium oxide u t i l i z a t i o n  
dur ing  s u l f a t i o n ,  and t h e  e f f e c t s  of t h e  va r ious  gases  on t h e  k i n e t i c s  of 
t h e  r eac t ions .  Resu l t s  of s u l f a t i o n  at  900°C, us ing  gas s t reams conta in ing  
as l i t t l e  as.0' .3% S02, show t h a t  more than  60% of t h e  calcium oxide i s  u t i l i z e d  
f o r  SO2 cap tu re  w i t h i n  40 min. The s u l f a t i o n  r a t e  is  p ropor t iona l  t o  t h e  
SO2 gas  composition (0.3 t o  3% SO2), but  t h e  order  of t he  r eac t ion  has not been 
determined a t  t h i s  tiine. A minimum of 75% of t h e  calcium oxide was u t i l i z e d  
w i t h i n  4 h r  a t  t h e  SO2 gas  compositions used. 

One-step r egene ra t ion  s t u d i e s  have been performed a t  llOO°C us ing  carbon 
monoxide a t  concen t r a t ions  of 0 .5 t o  6%. In  a l l  c a ses ,  complete reduct ion  of 
t h e  CaS04 w a s  obtained.  The r egene ra t ion  r e a c t i o n  r a t e  was approximately 
f i r s t  o rder  and very  rapid--only a5 min being requi red  t o  reduce t h e  CaS04 
i n  t h e  p e l l e t s  u s ing  6% CO t n  N2.  

I n  pre l iminary  f l u i d i z a t i o n  experiments us ing  only a i r  and calcfum oxide- 
impregnated suppor ts ,  no d e c r e p f t a t i o n  of p e l l e t s  o r  calcium l o s s  from t h e  
p e l l e t s  were observed. 

' Su l fu r  Emission Control  Chemistry , 

The fundamental a s p e c t s  of t h e  chemical r e a c t i o n s  and s t r u c t u r a l  p r o p e r t i e s  
r e l a t e d  t o  t h e  c y c l i c  u s e  of l imestone and o the r  reagents  t o  c o n t r o l  s u l f u r  
emissions a r e  being inves t iga t ed .  A number of explora tory  expe r inen t s  have 
been conducted t o  determine those  f a c t o r s  t h a t  Influence reacrluu rates, Lht! 
degree  of reagent  u t i l i z a t i o n ,  t h e  ea se  of sorbent  regenerae ioa ,  and t h e  ex t en t  
of d e c r e p i t a t i o n .  Techniques t o  o b t a i n  t h e  experimental  d a t a . i n e l u d e  thermo- 
gravimet r ic  ana lyses  (TGA), d i f f e r e n t i a l  thermal  ana lyses  (DTA), X-ray d i f -  
f r a c t i o n ,  o p t i c a l  microscopy, e l e c t r o n  microscopy, e l e c t r o n  microprobe, and 
i n f r a r e d  spectroscopy.  



A rudimentary mathematical model has been developed t o  a s s i s t  i n  i n t e r -  
p r e t i n g  t h e  experimental  da t a .  This  model succes s fu l ly  f i t s  much of t h e  
s u l f a t i o n  d a t a  p re sen t ly  ava ' i l ab le ,  bu t  c e r t a i n  parameters a r e  s t i l l  without  
phys i ca l  s ign i f i cance .  Nevertheless ,  t h i s  model has  been u s e f u l  f o r  sugges t ing  
l i n e s  of i n v e s t i g a t i o n  and w i l l  s e rve  a s  a po in t  of depa r tu re  f o r  a more 
s a t i s f a c t o r y  model. 

The s u l f a t i o n  of ha l f -ca lc ined  dolomite has  been s tud ied  by s e v e r a l  experi-  
mental approaches. Deta i led  a n a l y s i s  of t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e  and 
morphology of t h e  s tone  be fo re  and a f t e r  s u l f a t i o n  has  provided cons iderable  
i n s i g h t  i n t o  t h e  n a t u r e  of t h e  s u l f a t i o n  process  on a microscale .  S imi la r  
s t r u c t u r a l  s t u d i e s  of t h e  c a l c i n a t i o n  r e a c t i o n  suggest t h a t  t h e  c r y s t a l l o g r a p h i c  
na tu re  of t h e  ca lc ined  s tone  is  determined by t h e  c a l c i n i n g  condi t ions  and 
t h a t  p r o p e r t i e s  d e s i r a b l e  i n  subsequent r e a c t i o n s  can be s e l e c t i v e l y  produced. 

An a l t e r n a t i v e  one-step regenera t ion  process  based on t h e  so l id - so l id  
r e a c t i o n  of CaS and CaS04 has  been explored. In  o t h e r  work, t h e  s t r u c t u r a l  
and morphological cha rac t e r  of t h e  va r ious  sorbent  r eagen t s  has been examined 
on a microscale  i n  an e f f o r t  t o  determine those  f a c t o r s  t h a t  c o n t r i b u t e  t o  
s tone  hardness  and thereby in f luence  d e c r e p i t a t i o n  r a t e s .  

Bench-Scale, P re s su r i zed ,  Fluidized-Bed' Combustion Experiments - 

In  e a r l i e r  f luidized-bed combustion s t u d i e s ,  t h e  e f f e c t s  of bed temperature 
(788-89g°C), gas  v e l o c i t y  (2-5 f t / s e c ) ,  and' Ca/S mole r a t i o  (173) on t h e  s u l f u r  
r e t e n t i o n ,  NO l e v e l  i n  t h e  f l u e  gas , .  and p a r t i c u l a t e  s o l i d s  loading i n  t h e  f l u e  
gas were eva lua ted  us ing  Tymochtee dolomite a d d i t i v e  and ope ra t ing  a t  a system 
p res su re  of 8 atm. The s t u d i e s  have been extended t o  eva lua t ing  t h e  e f f e c t s  
of a h igher  bed temperature,  p reca l c ina t ion  of a d d i t i v e ,  a d i f f e r e n t  a d d i t i v e  
( l imes tone) ,  and t h e  amount of excess  a i r .  

Cnmbustion experiments were performed us ing  a h ighly  caking,  h igh -vo la t i l e  
bituminous, P i t t s b u r g  seam c o a l  from t h e  Consol idat ion Coal Company's Arkwright 
mine. 

Tymochtee dolomite obtained from C .  E. Duff and Sons, Hun t sv i l l e ,  Ohio, 
was used i n  some of t h e  experiments,  and l imestone No. 1359 obtained from 
M. J. Grove.Co., Stephen C i ty ,  VA., was used f o r  t h e  remainder of t h e  com- 
bus t ion  experiments. Prerun t rea tment  of t h e  a d d i t i v e  cons i s t ed  of a i r -dry ing  
and screening.  

The ANL bench-scale equipment, designed f o r  opera t ion  a t  p re s su re s  up t o  
10  atm, c o n s i s t s  of a 6-in.-dia f luidized-bed combustor, a compres'sor f o r  
supplying fluidizing-combustion a i r ;  a prehea ter  f o r  t h e  fluidizing-combustion 
a i r ,  c u a l  and a d d i t i v e  f eede r s ,  and an off-gas system (cyclones,  f i l t e r s ,  gas- 
sampling equipment, and p re s su re  let-down va lve ) .  The syscem 1s thoroughly 
iristrumentcd and i s  erl~lipped wi th  an automatic  d a t a  logging system. 

E f fec t  of Bed Temperature of 955OC (1750°F) a t  D i f f e r e n t  Ca/S Mole Rat ios  
' 

on Su l fu r  Reten t ion  and NO Flue-Gas Level. A t  a C02 concent ra t ion  of %15% i n  
the.combustor ,  a system p res su re  of 8 atm a b s o l u t e ,  and a bed temperature of 
955OC, Tymochtee dolomite and l imestone No. 1359 c a l c i n e  f u l l y ,  i.e., any 
tontained CaC03 and ~ $ 0 ~  a r e  converted t o  t h e i r  r e s p e c t i v e  oxides.  BET 



surface area measurements were made for -25 +35 mesh Tymochtee dolomite and 
limestone No. 1359. Dolomite in the air-dried, half-calcined, and fully cal- 
cined states had surface areas of 2.14, 4.05, and 8.23 m21g, respectively. 
Limestone in the air-dried and fully calcined states had surface areas of 
0.35 and 3.56 rn2lg. Calcination does create larger internal openings in the 
additive particles and should, therefore, increase their capability to react 
with S02. Experiments at 955°C (where full calcination of the additive 
occurs) and at 900°C (where partial calcination occurs) were performed with 
Tymochtee dolomite. In two tests, the total sulfur retention decreased from 
96% to 87% upon lowering of the CaIS mole ratio from 1.5 to 1.1 at 955"~. The pre- 
dicted sulfur retentions for these two experiments are 89% and 82%, respectively. 
These predicted values are based on an empirical correlation for half-calcined 
dolomite (MgC03 only is calcined) in the VAR-series of experiments reported 
earlier. To check the VAR results an experiment was performed at a combustor 
temperature of 900°C and a Ca/S mole ratio of 1.2 using Tymochtee dolomite 
additive. A total sulfur retention of 82% was measured which was in agreement 
with the empirically predicted sulfur retention of 83%. Thc NO concentration 
in the Flue gas ('~13U ppm) was relatively constant in these experiments. 

Using limestone No. 1359 instead of dolomite and experimental conditions 
similar to those used in the dolomite experiments, two experiments were per- 
formed. When the Ca/S mole ratio was decreased from 1.8 to 1.4 at 955"C, 
sulfur retention dropped from 722 to 63%. At 900°C and with a Ca/S mole ratio 
of 1.5, a sulfur retention of 62% was obtained. 

To test the effect of precalcination (calcining the additive prior to 
feeding it into the combustor) on the sulfur retention capability, an experi- 
ment was performed with precalcined limestone at a bed temperature of 900°C 
and a Ca/S mole ratio of 1.4. Total sulfur retention was only 56%. Precal- 
cination apparently does not improve limestone perfurnlauce; The average addi- 
tive particle diameter for the precalcined limestone was 850 microns, in 
comparison with 700 microns for the uncalcined feed limestone. This may explain 
the lower sulfur retention of this experiment in comparison with the experiment 
at 9U0°C with uncalcined Ifmestone. 

The NO concentration in the dry flue gas ranged from 130 to 135 ppm in 
t l w  experiments with dolomite and from 84 to 110 ppm in the limestone experi- 
ments. 

Comparison of the Sulfur Retention Capabilities of Limestone and Dolomire. 
Comparison of the performance of the two additives was made in experiments 
that were performed mainly at 955OC, a pressure of 8 atm, a gas velocity of 
3.5 ftlsec, and a nominal particle size distribution of -14 +100'mesh. 
Tymochtee dolomite was found to be superior to limestone No. 1359 as a sulfur- 
retaining additive on both a molar-feed and a mass-feed basis. The mass-feed 
ratio, (lb stone fed)/(lb sulfur in coal), was varied from 5 to 9.5 with 
dolomite and from 4.6 to 13 with limestone. The sulfur retention varied from 
75 to 95% for dolomite and from 63 to 85% for limestone. 

Thc NO concetltrations in the dry flue gas ranged from 130 to 135 ppm using 
dolomite and from 84 to 150 ppm using limestone. The additive type does not 
seem to affect NO emission from a fluidized coal combustor. 



Effect of Percent Excess Combustion Air on Sulfur Retention. The EA-series 
sf experiments was designed to test the effect of Ca/S mole feed ratio on the 
sulfur retention capability of Tymochtee dolomite at several excess air com- 
bustion conditions. These experiments were performed at 900°C, '8 atm, and 
a nominal fluidizing-gas velocity of 4.5 ftlsec. 

With 17% excess air, a sulfur retention of 83% was obtained at a Ca/S 
mole ratio of 1.4. With 44% excess air, as the Ca/S mole ratio was varied from 
1.1 to 2.9, sulfur retention was 76 to 93%. With 75% excess air, a sulfur 
retention variation of 57 to 92% was found as the Ca/S mole ratio was varied 
from 1.3 to 2.9. 

At all of the excess-air levels studied, increasing the Ca/S mole ratio 
generally resulted in impcoved sulfur retention. However, no meaningful 
effect of excess-air condition on the sulfur retention capability of dolomite 
was found in the excess-air range of 17 to 75%. 

The NO concentration in the dry flue gas generally increased with oxygen 
concentration, as expected. At ~ 3 %  oxygen in the dry flue gas, the NO concen- 
tration was 160 ppm; at 6%, it averaged 200 ppm; and at Q9%, it averaged 220 
PPm* 

Combustion Efficiency and Carbon Balance Calculations for Excess Air and ---- 
Dolomite-Limestone Experiments. Carbon balances and combustion efficiencies 
have been calculated for some of the experiments to study the effects of excess 
air, dolomite, and limestone. The calculated carbon balances for.these experi- 
ments ranged from 97 to 114 percent. The combustion efficiency 'in the excess 
air experiments ranged from 85 to 97 percent, increasing in proportion to the 
quantity of excess air. Combustion efficiencies in the experiments comparing 
dolomite and limestone, which were made at bed temperatures of 900°C and 955°C 
and with 17% excess air, ranged from 88 to 97%. 

Concentration of COS in Flue Gas. In six combustion experiments, the COS 
concentration in the flue gas was found to be below the detectability limit of 
100 ppm. 

Processing€ Combustor Data. Programs for plotting data collected in 
coiulsustion expcrimcnt c are beinFewrif ten tn a1 low usage o f  Integrated Software 
Corporation's plotting package. Examples of plots are given. 

Coal 'combustion Reactions 

Determination of the Inorganic Constituents in the Effluent Gas from Coal. 
Work has begun on a laboratory-scale investigation to determine inorganic con- 
stituenls iu the  efflucnt gao from coal combustion. The study is necessary to 
determine which species exist in the vapor phase or are carried as particulates 
that may bc deleterious to turbjne r.nmponents in a combined-cycle power gener- 
ation system. Analyses will be performed on feed materials, particulates 
retained on a filter, and materials condensed in a cold trap in order to obtain 
a complete material balance. The initial apparatus, now being designed, will 
consist of a fixed-bed coal combustion unit, a hot filter, a cold trap, 
appropriate analytical instruments, and ancillary equipment. 



Systematic Study of the Volatility of Trace Elements in Coal. A study to 
obtain data on the volatility of trace elements in coal at practical coal com- 
bustion and gasification conditions is under way. This work is also intended 
to obtain data supporting the study on the determination of the inorganic con- 
stituents in the effluent gas from coal combustion. 

The procedure will be to ash coal at various temperatures under both com- 
bustion and gasification conditions. The resulting ashes will be analyzed 
for the trace elements of interest. The variables of temperature, time, and 
the composition of feed gases will be studied to evaluate their effects on the 
vol.atility of trace elements. 

Trace-Element Distribution Studies 

The prqcess of coal combustion releases trace elements, e . g . ,  Hg, Pb, Be, 
F, to the environment as vapors and/or in association with particulate emissions. 
Although a substantial fraction of the trace elements is retained with the fly 
ash removed by emission control devices, significant quantities of trace 
elements (such as mercury) may still, be emittad as vaporo or in aaaociation 
with submicron size particles that are not efficiently removed by present-day 
devices. 

Since fluidized-bed combustion is carried out at temperatures of 845-955°C 
(1550-1750°F), which are well below those of conventional coal-fired power 
plants, and in the presence of a chemically reactive additive for sulfur 
dioxide removal, an evaluation was made of the potential of fluidized-bed com- 
bustion for reducing trace element emissions as compared with conventional 
combustors. Mass balances were made around ANL's 6-in.-dia, pressurized, 
fluidized-bed combustor for the following trace and minor elements: Hg, F, 
Be, Pb, As, Br, Co, Cr, Fe, K, La, Mn, Na, and Sc. 

Results are presented here for a total of four combustion experiments 
made to assess the behavior of trace elements during combustion. The operating 
conditions varied were bed temperature (845 or 900°C). system pressure (8 n r  
10 atm), and oxygen content of the flue gas (3 or 4%). To assess the effect 
of additive, one experiment at each set of conditions involved the combustion 
of coal in a fluidized bed of alumina; the other experiment involved the 
combustion of coal in a fluidized bed of dolomite. 

Material. Balance Results. The extent of retention of the relatively 
volatile elements (Hg, As, F, and Br) in the solid samples indicated a definite 
potential for reduction of their emission by fluidized-bed combustion. The 
average retention of 34% for mercury in the s n l i d  eff l , i~ents  from the oombuotor 
compares favorably with the 10% retention reported for a large conventional 
coal-fired power plant. The average retention of 85% for arsenic is considerably 
better than the 35-50% recovery reported for a conventional boiler and for a 
high-Btu gasification pilot plant. The average retention of fluorine and 
bromine in the combustion experiments with dolomite (59 and 36%, respectively) 
was compared with retention in the combustion experiments in an alumina bed 
(14 and 0%, respectively). This indicates that the dolomite additive used 
for sulfur dioxide removal is also effective in reducing the emissions of these 
two elements. 



Of t h e  remaining t e n  elements  repor ted)  on, seven (Ph, Co, Fe, K,  La, Na, 
nd Sc) had average m a t e r i a l  balances,  of 100 + l o % ,  i n d i c a t i n g  e s s e n t i a l l y  
3 l o s s e s  by v o l a t i l i z a t i o n .  Average r ecove r i e s  of bery l l ium and chromium 

were 69 and 74%, r e s p e c t i v e l y ,  bu t  a r e  suspec t  s i n c e  complete r ecove r i e s  of 
chromium have been r epo r t ed  f o r  much h igher  temperature  coal-processing 
u n i t s  and bery l l ium is r e p o r t e d l y  l e s s  v o l a t i l e  than  chromium. With t h e  
except ion  of one unaccountably h igh  recovery f o r  manganese, i t  a l s o  exh ib i t ed  
a recovery of 100 - + 10%. 

The concen t r a t i ons  of t h e  t r a c e  elements  i n  t h e  c o a l  and f ly -ash  samples 
from succes s ive  s t a g e s  of  gas-cleaning devices  (primary cyclone,  secondary 
cyclone,  and f i l t e r )  were ad jus t ed  t o  a combustible-matter-free b a s i s  and 
compared f o r  s i g n i f i c a n t  d i f f e r e n c e s  i n  concen t r a t i on  between c o a l  and a sh  
samples and among succes s ive ly  f i n e r  samples of ash.  The concen t r a t i ons  of 
s e v e r a l  e lements  (such a s  Ba, Co, Fe, K ,  La, Na, and Sc) had s l i g h t  t endenc ies  
t o  i n c r e a s e  w i th  decreas ing  p a r t i c l e  s i z e .  The lower combustion temperatures  
of f luidized-bed combustion a r e  apparen t ly  e f f e c t i v e ,  however, i n  reducing t h e  
p r e f e r e n t i a l  concen t r a t i on  of t r a c e  elements  i n  t h e  f i n e r  a s h  p a r t i c l e s ,  
which has  been observed i n  convent iona l  coa l - f i r ed  power p l a n t s .  

Tes t i ng  of Mercury Sampling Tra in .  Because of low mercury r e c o v e r i e s  
observed i n  t h e  experiments ,  an eva lua t ion  of t h e  mercury sampling t r a i n  used 
t o  measure t h e  l e v e l s  of v o l a t i l i z e d  mercury i n  t h e  f l u e  gas  was made. 
E s s e n t i a l l y  complete recovery of mercury was observed when known q u a n t i t i e s  
of mercury were added t o  a n i t r o g e n  c a r r i e r  s t ream and t o  a f lue-gas  c a r r i e r  
stream. Therefore ,  f u r t h e r  experimentat ion i s  r equ i r ed .  

The P r o p e r t i e s  of a Dolomite Bed of a Range of P a r t i c l e  S i z e s  and Shapes at' 
Minimum F l u i d i z a t i o n  

A two-phase model t o  d e s c r i b e  t h e  combustion of coa l  i n  a f l u i d i z e d  bed 
of dolomite  would be c r i t i c a l l y  in f luenced  by t h e  p r o p e r t i e s ,  a t  minimum 
f l u i d i z a t i o n ,  of bed m a t e r i a l s  of a range of p a r t i c l e  s i z e s  and shapes.  Tn 
a i d  i n  developing t h e  model, experiments  have been performed wi th  dolomite  
p a r t i c l e s  of a s i z e  d i s t r i b u t i o n  i n  t h e  range of 88  t o  1410 Lim i n  a 6-in.-dia 
f luidized-bed r e a c t o r .  The bed voidage a t  minimum f l u i d i z a t i o n  and t h e  minimum 
f l u i d i z i n g  a i r  v e l o c i . t i e s  were determined a s  a func t ion  of temperature  (20-425OC/ 
70-800"~)  and p re s su re  (26-121 p s i a ) .  The experimental  d a t a  suggest  t h a t  a t  
a given temperature ,  t h e  minimum f l u i d i z a t i o n  v e l o c i t y  decreases  w i th  i nc reas ing  
p re s su re  and t h a t  a t  a given pressi i re ,  che minimum f l u i d i z a t i o n  v e l o c i t y  i s  
almost independent of temperature .  These d a t a  were c o r r e l a t e d  us ing  t h e  
Ergun r e l a t i o n .  The mean s p h e r i c i t y  of t h e  p a r t i c l e s  r equ i r ed  i n  t h e  Ergun 
c o r r e l a t i o n  was determined from experimental  p r e s su re  drop d a t a  a t  low Reynolds 
number. 

Other methods o f t e n  employed f o r  p r e d i c t i n g  t h e  minimum f l u i d i z a t i o n  
v e l o c i t y  of a bed of s i n g l e  s i z e  s p h e r i c a l  p a r t i c l e s  were examined w i t h  appro- 
p r i a t e  modif.i.catinns for t h e i r  a p p l i c a b i l i t y  t o  a bed c o n ~ i c t i n g  of a wide 
range of p a r t i c l e  s i z e s  and shapes.  S p e c i f i c  recommendations have been made a s  
t o  t h e  a p p l i c a b i l i t y  of t h e  d i f f e r e n t  methods f o r  c a l c u l a t i n g  minimum f l u i d i z a t i o n  
v e l o c i t i e s .  



Revamping of t h e  Bench-Scale, Pressur ized ,  Fluidized-Bed Combustion System 

The e x i s t i n g  6-in.-dia,  p re s su r i zed ,  f luidized-bed combustor i s  l imi t ed  
t o  ope ra t ion  a t  combustion temperatures  ranging from 790 t o  955OC (1450 t o  
1750°F),  f l u id i z ing -gas  v e l o c i t i e s ' o f  2 t o  5 f t l s e c ,  bed depths of 3 t o  4 f t ,  
and a d d i t i v e  p a r t i c l e  s i z e s  below 14 U.S. mesh. The off-gas from t h e  combustor 
coo l s  s e v e r a l  hundred degrees Centigrade i n  t h e  freeboard a r e a  of t h e  com- 
b u s t o r ,  and t h e  off-gas system is  not  designed t o  withstand combustion-zone 
temperatures .  A new 6-in. -d ia  combustor i s  being designed f o r  i s n t g l l a t i o n  
and u s e  i n  s tudying  t h e  e f f e c t s  of h igher  gas v e l o c i t i e s  (6 t o  10 f t l s e c ) ,  
deeper  beds (6 t o  8 f t ) ,  and l a r g e r  a d d i t i v e  p a r t i c l e  s i z e s  (up t o  0.25 in . ) . ,  
With t h e  i n s t a l l a t i o n  of t h e  new combustor, t h e  present  combustor off-gas 
system (p ip ing ,  cyclones,  and f i l t e r s )  w i l l  b e  replaced wi th  equipment s u i t a b l e  
f o r  ope ra t ion  a t  temperatures  up t o  900°C (1650°F). Prel iminary design 
c h a r a c t e r i s t i c s  of t h e  new combustor and f lue-gas system a r e  presented.  

. . 

Separa t ion  . of Combustion and Regeneration Systems 

The .p re s su r i zed ,  fiuidiz'ed-'bed com'bustor and the  regenerator currently 
u t i l i z e  s e v e r a l  common components. Because of t h e  dua l  func t ion  of t h e s e  
components, t h e  two u n i t s  cannot be  operated simulraneously. To phys i ca l ly  
s e p a r a t e  t h e  two un,i'ts s o  a s  ' t o  permit concurrent  i n v e s t i g a t i o n s  of both t h e  
combustion process  and t h e  r egene ra t ion  process ,  modi f ica t ion  of both u n i t s  
and i n s t a l l a t i o n  of a d d i t i o n a l  equipment i s  i n  progress .  

A new regenera tor  support  s t r u c t u r e  wi th  a s soc i a t ed  acces s  platforms w a s  
e r e c t e d .  The e x i s t i n g  r egene ra to r  w i l l  be  l oca t ed  i n  t h e  new s t r u c t u r e ,  wi th  
t h e  combustor remaining i n  i t s  present  l oca t ion .  Plans were formulated f o r  
i n s t a l l a t i o n  of t h e  process  p ip ing  and e l e c t r i c a l  s e r v i c e s  requi red  f o r  t he  new 
system, and work r e l a t e d  t o  t h e s e  s e r v i c e s  was s t a r t e d .  



INTRODUCTION 

Fluidized-bed combustion has t h e  p o t e n t i a l  f o r  c o n t r i b u t i n g  s i g n i f i c a n t l y  
t o  t h e  s o l u t i o n  of t h e  n a t i o n ' s  urgent  energy problem without  p o l l u t i n g  t h e '  
atmosphere. For t h e  pas t  s i x  yea r s ,  t h e  Chemical Engineering Div is ion  has been 
cooperat ing w i t h . o t h e r  o rgan iza t ions  i n  t h i s  country and abroad in ' deve lop ing  
t h i s  technique f o r  burning high-sulfur  coa l .  The program has been sponsored 
by t h e  Of f i ce  of Coal Research, U.S. Energy Research and Development Agency. 

In  t h e  f luidized-bed process ,  small  p a r t i c l e s  of l imestone o r  dolomite 
a r e  he ld  i n  a dense suspension by a s t ream of a i r  pass ing  upward through 
them. The f l u i d i z e d  bed i s  heated t o  about 1600°F (870°c),  and f i n e l y  
crushed c o a l  is  i n j e c t e d  i n t o  i t .  A s  t h e  c o a l  mixes wi th  the  bed m a t e r i a l ,  
i t  burns,  genera t ing  hea t .  This  hea t  i s  t r a n s f e r r e d  by t h e  moving p a r t i c l e s  
t o  steam tubes ... immersed i n  t h e  bed,  and t h e  steam i s  used t o  genera te  e l e c t r i c  
power. In  more advanced ve r s ions  of t h e  process  t h a t  ope ra t e  a t  e leva ted  
p re s su res ,  a po r t ion  of t h e  power is  generated by a gas t u r b i n e  ope ra t ing  on 
t h e  ho t ,  p ressur ized  , f l ue  gases  o r  on a i r  heated i n  tubes immersed i n  t h e  bed. 

Crushed l imestone o r  dolomite  is  added cont inuously t o  t h e  bed a t  a 
s u i t a b l e  r a t e .  The CaC03 (or  CaO i f  t h e  CaC03 i s  ca l c ined )  i n  t h e  l imestone 
r e a c t s  wi th  t h e  s u l f u r  d ioxide  r e l ea sed  by t h e  burning of t h e  c o a l  t o  produce 
calcium s u l f a t e ,  which i s  discharged from t h e  bed. To avoid c r e a t i n g  a s o l i d  
waste problem from t h i s  discharged s t o n e ,  methods f o r  r egene ra t ing  t h e  spent  
s tone  s o  t h a t  i t  may be reused many times a r e  be ing  developed. A favored 
process  i s  a 'one-step r educ t ive  decomposition of CaS04 t o  CaO a t  ~2000OF (Q1095"C) 
using a reductan t  ( f o r  example, CO) according t o  t h e  fol lowing r eac t ion :  

I n  t h e  experim&tal  i n v e s t i g a t i o n  r epor t ed  he re  on t h e  combustion and 
regenera t ion  process ,  t h e  fol lowing were s tud ied :  

The e f f e c t  of regenera t ion  ope ra t ing  v a r i a b l e s  (bed temperature,  
reducing gas concent ra t ion ,  gas  v e l o c i t y ,  and bed he igh t )  on SO2 
concent ra t ion  i n  t h e  off-gas.  

2 .  The condi t ions  f o r  preparat.i.nn of and the  regenera t ion  p r o p e r t i e s  
of p e l l e t s  c o n s i s t i n g  of CaO impregnated i n  an  A1203 matr ix.  

3.  The e f f e c t i v e n e s s ,  i n  a pre l iminary  i n v e s t i g a t i o n ,  of t h e  s o l i d -  
s o l i d  (CaS04-CaS) r e a c t i o n  f o r  producing SO2. 

4. The e f f e c t  of t h e  b a s i c  chemical and s t r u c t u r a l  p r o p e r t i e s  of reagent  
ma te r i a lo  on t h c i r  r e a c t i v i t y ,  r ~ g ~ n c ? . r a h i l . i t y ,  and phys i ca l  pro- 
p e r t i e s .  

5. The e f f e c t  on s u l f u r  r e t e n t i o n  i n  t h e  bed and NO l e v e l  i n  t h e  f l u e  
gas of s i g n i f i c a n t  v a r i a b l e s  and m a t e r i a l s  o u t s i d e  t h e  range used i n  
previous s t u d i e s .  The combustor has  been opera ted  us ing  a h igher  
bed temperature (955"C/1750°F)', h igher  l e v e l s  of excess  combustion 
a i r  ( t o  ~ 7 5 % ) ~  and wi th  l imestone a s  w e l l  a s  dolomite.  



6. The equipment (now being f a b r i c a t e d )  and t h e  procedure t o  i d e n t i f y  
and t o  determine t h e  concen t r a t ions  of i no rgan ic  s p e c i e s  i n  t h e  
vapor phase o r  c a r r i e d  as p a r t i c u l a t e s  i n  t h e  f l u e  gas.  This  i s  of 
i n t e r e s t  i f  t h e  f l u e  gas is  t o  be  passed through a tu rb ine .  

7. The d i s t r i b u t i o n  and emission of b i o l o g i c a l l y  hazardous t r a c e  
elements from t h e  combustion system. 

8. The minimum f l u i d i z a t i o n  v e l o c i t y ,  a s  a func t ion  of temperature and 
p re s su re ,  f o r  p a r t i c l e s  i n  t h e  s i z e  range used i n  t h e  beds of t h e  
combustor and regenera tor .  

Information i s  a l s o  presented on t h e  s t a t u s  of t he  cons t ruc t ion  of t h e  
r egene ra t ion  system (which w i l l  have feeding  and off-gas equipment s epa ra t e  
from t h a t  of t h e  combustor) and on t h e  des ign  cons ide ra t ions  f o r  t h e  new 
system for h o ~  I l u e  gas  t o  be cons t ruc ted .  



ONE-STEP ADDITIVE REGENERATION EXPERIMENTS 

One-step a d d i t i v e  regenera t ion  experiments were completed t o  eva lua t e  t h e  
e f f e c t s  of va r ious  experimental  condi t ions  on t h e  regenera t ion  of CaO from su l -  
f a t e d  ~ ~ m o c h t e c  dolomite.  The reduct ion  of CaS04 t o  CaO i s  favored by h igh  
temp.eratures (1900°F/10380C) and mildly reducing condi t ions .  

CaS04 + CO f CaO + SO2 + C02 (1) 

CaS04 + H2 CaO + SO2 + H20 (2) 

A t  lower temperatures  ( ~ 1 6 0 0 - 1 7 0 0 ~ F / ~ 8 7 0 - 9 2 5 ~ C )  and under more h igh ly  reducing 
condi t ions ,  t h e  fol lowing r e a c t i o n s  a r e  favored:  

CaS04 + 460 -% CaS + 4C02 (3 )  

CaS04 + 4H2 -t CaS + 4H20 (4) 

The e f f e c t s  of temperature,  res idence  t ime,  t o t a l  reducing gas (H2, CO,  o r  CHI,) 
concent ra t ion  i n  t h e  f l u i d i z e d  bed, and he ight  of f l u i d i z e d  bed on t h e  regen- 
e r a t i o n  of CaO from CaS04 a r e  being evaluated.  

Ma te r i a l s  

Tymochtee dolomite ,  which had been s u l f a t e d  ( ~ 7  w t  % S) i n  t h e  VAR-series 
experiments,  was regenerated i n  experiments R-14, R-15A, K-15B. Kerosene from 
t h e  ANL s tock  was used t o  h e a t  t h e  regenera tor  t o  1900°F, and i t s  combustion 
under reducing cond i t i ons  was used t o  gene ra t e  t h e  necessary  r educ tan t s  (CO, 
CH4, and H2) f o r # t h e s e  experiments and f o r  experiment KB-2. The c h a r a c t e r i s t i c s  
of t h e  Alundum used i n  KB-2 a r e  given i n  Table A-1 i n  Appendix A .  

For t h e  FAC-series of experiments,  s u l f a t e d  Tymochtee dolomite (10.2 w t  % S) 
from t h e  C- and EA- combustion experiments was regenerated.  The i n  s i t u  
combustion of methane was used t o  genera te  t h e  hea t  and provide reductan t  gases.  

Equipment 

The experimental  system used f o r  regenera t ion  experiments R-14, R-15A, 
R-15B, and KB-2 i s  shown i n  Ref. 1, p. 7 .  This  system was:-.!modified 
t o  t h a t  shown i n  Fig. 1 and was used i n  t n e  FAC-series. Modif ica t ions  in-  
cluded t h e  a d d i t i o n  of a mul t ipo in t  gas i n j e c t i o n  system f o r  methane i n  t h e  
regenera tor  and removal of t h e  low-eff iciency cyclone and t h e  two i n - s e r i e s  
f i l t e r s  i n  t h e  off-gas system t o  reduce t h e  res idence  time of t h e  off-gas.  
This  modi f ica t ion  prevented t h e  gas  from reaching i t s  water  dew po in t  be fo re  
it was exhausted and e l imina ted  plugging caused by bui ldups  of moisture and 
s o l i d  p a r t i c l e s  i n  t h e  off-gas Lines. 

The regenera t ion  system c o n s i s t s  of a 3-in.-dia f luidized-bed r egene ra to r ,  
a p e r i p h e r a l l y  sea led  r o t a r y  f eede r  f o r  meter ing s o l i d s  t r anspor t ed  i n t o  t h e  
regenerator , ,  and t h e  equipment f o r  removing s o l i d s  from t h e  off-gas.  Some of 
t h e  f l u i d i z i n g  gas and t h e  prehea t ing  gas (used i n  s t a r t u p  only)  i s  preheated 
;? an electti .ca.l . . ly heated p ipe  h e a t  exchanger. For experiments R-14, R-15A, 

-15B, and KB-2, an off-gas sample was cont inuously removed, dewatered, and 
--~alyzed f o r  S02, NO, CH4, CO, and 02; i t  was i n t e r m i t t e n t l y  analyzed f o r  C02. 
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For t h e  FAC-series, i n  a d d i t i o n ,  off-gas samples from each experiment were 
~ a l y z e d  f o r  H2S, H 2 ,  and some t r a c e  gases  us ing  a mass spectrograph.  

The 3-in.-dia pressur ized ,  f luidized-bed regenera tor  shown schemat ica l ly  
i n  Fig. 2 c o n s i s t s  of 2 112-in. P l i b r i c o  c a s t a b l e  re ' f rac tory  encased i n  a 
8-in.-dia Schedule 40 p ipe  (Type 316 SS), approximately 7 112 f t  long,  wi th  
almost i t s  e n t i r e  l eng th  contained wi th in  a 12-in.-dia Schedule 20 carbon 
s t e e l  pipe.  D i f f e r e n t i a l  thermal expansion between t h e  inne r  and ou te r  p ipes  
i s  accommodated by t h e  use  of packing glands on l i n e s  e n t e r i n g  t h e  bottom 
f l ange  of t h e  u n i t .  The u n i t  has  a balanced-pressure design.  The annular  
chamber between t h e  two p ipes  can be maintained under p re s su re  t o  prevent  a 
l a r g e  p re s su re  d i f f e r e n t i a l  ac ros s  t h e  hot  inner-pipe w a l l  when t h e  u n i t  i s  
operated a t  p re s su re s  up t o  t h e  design l i m i t  of 10 atm absolu te .  

One-Step Regeneration wi th  t h e  I n  Situ Combustion of Kerosene Under Reducing 
Conditions 

I n  t h e  kerosene combustion experiments,  s u l f a t e d  Tymochtee dolomite con- 
t a i n i n g  %7 w t  % S was regenerated by t h e  one-step regenera t ion  process .  The 
s t a r t i n g  procedure cons is ted  of hea t ing  t h e  f l u i d i z e d  bed ( t o  %800°F o r  
427OC) wi th  preheated a i r .  The f l u i d i z i n g  a ir  w a s  then replaced wi th  oxygen 
and preheated n i t rogen .  The bed temperature was increased  t o  t h e  des i r ed  
ope ra t ing  temperature by burning kerosene i n  a n  ox id i z ing  atmosphere ( t h e  
oxygen concent ra t ion  i n  t h e  off-gas was g r e a t e r  than 10%). Kerosene and oxygen 
were introduced through s e p a r a t e  i n l e t s .  The oxygen f lowra te  was decreased 
u n t i l  t h e  oxygen concent ra t ion  i n  t h e  off-gas was l e s s  than  2%. The r e s u l t i n g  
incomplete com'bustion produced t h e  r educ tan t s  (CO, CH4,  and H2) requi red  f o r  
t h e  r educ t ive  decomposition of CaS04. A t  s t eady  ope ra t ing  cond i t i ons ,  feeding  
of t h e  s u l f a t e d  a d d i t i v e  was i n i t i a t e d .  

I n  experiment R-14, s u l f a t e d  dolomite w a s  regenerated a t  an average pres-  
s u r e  of 1 .6  atm absolu te ,  a f lu id iz ing-gas  v e l o c i t y  of -5 f t / s e c ,  a bed temper- 
a t u r e  of %1900°F, and an a d d i t i v e ' f e e d  r a t e  of Q10 l b l h r ,  wi th  an  i n i t i a l  
bed of 4 .1 kg of s u l f a t e d  dolomite.  The nominal f luidized-bed he ight  was f ixed  
a t  36 i n .  wi th  an i n t e r n a l  s tandpipe .  The input  gas feed  r a t e s  and t h e  f l u e -  
gas  a n a l y s i s  f o r  R-14 a r e  presented i n  Fig. 3 and 4. The CO concent ra t ion  i n  
t h e  gas above t h e  f l u i d i z e d  bed va r i ed  from 0.3 t o  7.1%, CH4 va r i ed  from 0.6 
t o  1.3%, and SO2 va r i ed  from 1.2 t o  2.6%. During t h i s  experiment,  a major 
f r a c t i o n  of t h e  s o l i d s  f ed  t o  t h e  regenrraLor wao c l u t r i a t e d  because of t h e  
r e l a t i v e l y  high f lu id i z ing -gas  v e l o c i t y  ($5 f t l s c c ) .  The remaining regener- 
a t i o n  experiments were performed wi th  a lower f l u i d i z i n g  gas v e l o c i t y  ( 3.7 
f t l s e c )  t o  e l imina te  t h i s  problem. 

Experiment R-15A w a s  performed a t  a p re s su re  of 1.5 atm abso lu t e ,  and 
s u l f a t e d  dolomite  w a s  fed i n t e r m i t t e n t l y  a t  an average r a t e  of 6.4 l b l h r  f o r  
a per iod of 3.75 h r .  The inpu t  gas  f lowrates  and the  f lue-gas a n a l y s i s  f o r  
R-15A are presented i n  Figs.  5 and 6. Graphs ( e . g . ,  Fig. 6)  of bed temperature 
and concent ra t ions  of above bed of t-gas c u u s t i t u c n t s  are computer p l o t s  of 
d a t a  acquired a t  10-min i n t e r v a l s .  The v a r i a t i o n s  of t h e  concent ra t ions  i n  
t h e  gas above t h e  bed were 0 . 1  t o  4.4% f o r  CO, 0.2 t o  2.2% f o r  CHI+, and 0 . 1  t o  
3.3% f o r  S02. Plugging of t h e  bed overflow l i n e  caused te rmina t ion  of t h i s  
experiment. 
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I n  prepar ing  t h e  u n i t  f o r  t h i s  test ,  i t  was discovered t h a t  t h e  bed- 
~ve r f low l i n e  had developed a crack i n  t h e  s e c t i o n  of t h e  l i n e  t h a t  is  enclosed 
a t h e  gas -d i s t r i bu to r  housing. This  c rack  provided a pa th  f o r  f l u i d i z i n g  gas 

t o  flow up through t h e  36-in.-high, bed-overflow l i n e  in s t ead  of fol lowing 
i t s  normal r o u t e  through t h e  bubble-cap gas d i s t r i b u t o r s .  This  d e f e c t ,  which 
was co r r ec t ed  b e f o r e . t h e  next  experiment,  r e s u l t e d  i n  two d e l e t e r i o u s  e f f e c t s  
dur ing  experiments R-14 and R-15A: (1) t h e  degree of f l u i d i z a t i o n  of t h e  
bed was s i g n i f i c a n t l y  reduced because of t h e  decreased flow of gas through 
t h e  bubble-cap d i s t r i b u t o r s  and (2) t h e  amount of s o l i d s  en t r a ined  i n  t h e  o f f -  
gas  was markedly increased  by t h e  gas s t ream j e t t i n g  out  of t h e  36-in.-high, 
bed-overflow l i n e .  

The purpose of t h e  kerosene-burning t e s t  (KB-2) was twofold: (1)' t o  
e s t a b l i s h  ope ra t ing  procedures f o r  maintaining a uniform bed temperature of 
1040°C (Q1900°F) under reducing condi t ions  without  any regenerat ive- type 
r e a c t i o n s  occurr ing  and (2) t o  determine whether t h e  CO concent ra t ion  of t h e  
gas i n  t h e  regenera tor  could be increased  by inc reas ing  t h e  kerosene flow- 
r a t e  without  u p s e t t i n g  t h e  bed temperature.  The bed f o r  t h i s  t e s t  cons i s t ed  
of 6.3 kg of 30-mesh alumina (%2-ft s t a t i c -bed  he igh t ) .  The inpu t  flow- 
r a t e s  of oxygen, n i t rogen ,  and kerosene f o r  t h e  t e s t  a r e  shown i n  Fig. 7;  
bed temperature and concent ra t ions  of c o n s t i t u e n t s  of '  t h e  off-gas a r e  shown 
i n  Fig. 8. Steady opera t ing  condi t ions  a t  1920°F (1050°C) were achieved 
wi th  a kerosene f lowra te  of 29.5.cc/min. .  The gas v e l o c i t y  through t h e  bed 
was Q4 f t / s e c .  The off-gas above t h e  bed (dry b a s i s )  dur ing  t h i s  per iod  of 
cons tan t  cond i t i ons  contained Q1.5 02 and Q7% CO. Increas ing  t h e  kerosene 
feed r a t e  t o  32.6 cc/min decreased t h e  02 concent ra t ion  i n  t h e  dry  off-gas 
t o  0.3% and increased t h e  CO concent ra t ion  t o  11%. .:The bed temperature in-  
creased s l i g h t l y  t o  Q1940°F (lOGO°C). The r e s u l t s  of t h i s  p a r t  of t h e  t e s t  
show t h a t  a cons tan t  bed ' tempera ture  of q~1900"F can be maintained and t h a t  
t h e  concen t r a t ion  of reductan t  CO i n  t h e  off-gas can be s i g n i f i c a n t l y  increased 
without  u p s e t t i n g  t h e  bed temperature by inc reas ing  t h e  kerosene f lowra te .  

In  t h e  same experiment (KB-21, e f f o r t s  t o  d u p l i c a t e  t h e  above r e s u l t s  
a lower bed temperature ( ~ 1 8 0 0 ° F  o r  982'C) were no t  a s  succes s fu l .  Steady 
ope ra t ing  cond i t i ons  a t  970°C o r  1780°F were achieved wi th  a kerosene f lowra te  of 
22 cclmin. The gas v e l o c i t y  through t h e  bed was 3.6 f t l s e c  and t h e  d ry  o f f -  
gas  dur ing  t h i s  per iod of cons tan t  cond i t i ons  contained 1.2% 02 and 5% CO. 
Increas ing  t h e  kerosene f lowra te  t o  25 cc/min increased  t h e  CO concentnat ion 
i n  t h e  d ry  off-gas t o  6% but  d i d  not  change t h e  1..2% 02 concent ra t ion .  Ifhe 
bed temperature decreased t o  1760°F (960°C). 

In  experiment R-15B, s u l f a t e d  Tymochtee dolomite  from t h e  VAR-series 
pressur ized  combustion experiments w a s  regenerated a t  an , ave rage  p re s su re  of 
1 .5  atm abso lu t e ,  a bed temperature of dO4O0C o r  ~1900 'F ,  and a f lu id izkng-  
gas v e l o c i t y  of 3 . 2  f t / s e c .  Sul fa ted  dolomite was f ed  t o  t h e  f l u i d i z e d  bed 
a t  an average r a t e  of 8.4 1b/hr  dur ing  a 4-hr per iod.  

The inpu t  f l owra t e s  of oxygen, n i t r o g e n ,  and kerosene dur ing  t h e  4-hr 
per iod i n  which the s u l f a t e d  dolomite was fed  t o  t h e  regenera tor  a r e  shown 
i n  Fig. 9.  P l o t s  of t he  bed temperature and of t h e  concent ra t ions  of 02, S02, 
CO,  CH4 ,  C02, and NO i n  t h e  gas above t h e  f l u i d i z e d  bed f o r  t h e  du ra t ion  of 
t h e  experiment a r e  shown i n  Fig. 10.  
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Plugging, which occurred i n i t i a l l y  i n  t h e  bed-overflow l i n e  and sub- 
s equen t ly  i n  t h e  off-gas p a r t i c u l a t e  removal system, caused te rmina t ion  of 
experiment R-15B. Examination of t h e  plugging m a t e r i a l  revea led  a mixture 
of t h e  bed m a t e r i a l ,  kerosene degrada t ion  products ,  and moisture.  

One-Step Regeneration wi th  t h e  I n  S i t u  Combustion of Methane 

I n  t h e  experiments descr ibed  above (R-14, R-15A, R-15B), s teady  s t a t e  
c o n d i t i o n s  were n e v e r . r e a l l y  achieved because of r e c u r r i n g  problems. One of 
t h e  problems was plugging of equipment and l i n e s  i n  t h e  off-gas system and 
t h e  overflow p i p e  due t o  bui ldup of unburned hydrocarbons and water from t h e  
combustion of kerosene. Another problem w a s  'excursion of t h e  bed ' temperature 
t o  >1095"C (>2000°F), probably caused by poor f l u i d i z a t i o n .  To overcome most 
of t h e s e  problems, t h e  experimental  system was modified a s  i nd ica t ed  above 
(Fig. l ) ,  and methane i n s t e a d  of- kerosene was combusted under reducing condi t ions  
i n  t h e  FAC-series of experiments descr ibed  below. 

A s  i n  previous experiments ,  t o  s t a r t  t h e  u n i t ,  kerosene was combusted 
in s i t u  under ox id i z ing  cond i t i ons  t o  r a i s e  t h e  temperature of t h e  bed i n  t h e  
r egene ra to r  t o  %1600°F. Methane was then  introduced under ox id i z ing  condi t ions  
a t  two d i f f e r e n t  bed h e i g h t s  through a dual-point i n j e c t i o n  system, lowering 
t h e  h o t  spot  temperatures  a t  t h e  i n j e c t o r s  i n  comparison wi th  a s ingle-point  
i n j e c t i o n  system. The temperature of t h e  f l u i d i z e d  bed was allowed t o  i n -  
c r e a s e  t o  %1800°F, a t  which ' temperature reducing cond i t i ons  were e s t ab l i shed .  
The f i n a l  reducing cond i t i ons  and ope ra t ing  temperature of each experiment 
w e r e  approached s lowly s o  t h a t  t h e  f l u i d i z e d  bed experienced no abrupt  changes 
i n  cond i t i ons  a t  t h e  h igh  temperature.  The combustion of CH4 under reducing 
cond i t i ons  provided t h e  necessary  h e a t  and reducing gases  f o r  regenera t ion .  
Both of t h e  fo l lowing  combustion r e a c t i o n s  occur a t  d i f f e r e n t  zones i n  t h e  
f l u i d i z e d  bed: 

Oxidizing Zone : CH4 + 2. O2 - >  C02 + 2H20 

Reducing Zone: CHI, + 02 -', CO + H2 + H20  

. . 

The excess  methaue servco 3s a r ~ d l i c t a n t  in a d d i t i o n  t o  CO 3 r d  H z .  Tho s o l i d -  
gas  r e a c t i o n s  by which regeneratioxi of s u l f a t e d  dol-omite occurs  can bc 
summarized by t h e  fo l lowing  : r eac t ions  : . , 

CaS04 i CO -+ C a O  + C02 + SO2 

CaS04 + Hz +- CaO + Hz0 + SO2 

4 CaS04 + CHL, -+ 4 CaO + 2 Hz0 + ' ~ 0 ~  + 4 SU2 

Ac h w e ~  tempcralu~es (<1.040°C/<19fln0F) and wi th  a reducing atmosphere, Ca3 
i s  formed. 

A s e r i e s  of experiments was performed us ing  i n  ~ i t z i  combustion of methane 
t o  eva lua t e  t h e  e f f e c t s  of temperature,  r e s idence  time ( con t ro l l ed  by feed 
r a t e  and bed h e i g h t ) ,  he ight  of f l u j d i z e d  bed, and t o t a l  reducing gas condi t ions .  
From p a s t  thermodynamic s t u d i e s  , 2  t h e  expected e f f e c t s  a r e  t h a t  i nc reas ing  t h e  
bed temperature and reducing gas concent ra t ion  should inc rease  t h e  amount of 
regenera t ion .  Inc reas ing  t h e  res idence  t ime (by decreas ing  t h e  feed r a t e s  o r  
i nc reas ing  t h e  f luidized-bed he igh t )  should a l s o  inc rease  t h e  amount of regen- 
e r a t i o n  because t h e  r e a c t i o n  time i s  extended. 



The o r i g i n a l  s t a t i s t i c a l  design f o r  t h i s  s e r i e s  was modified a s  a r e s u l t  
of problems t h a t  occurred because of equipment l i m i t a t i o n s .  A s  an example, 
experiment FAC-2 (see Table 1 )  was attempted four  t imes;  dur ing  each a t tempt ,  
p a r t i a l  caking of t h e  s u l f a t e d  dolomite bed occurred,  lead ing  t o  te rmina t ion  
of t h e  experiment. Operating condi t ions  f o r  this.experiment:wece a bed temper- 
a t u r e  of 1095OC and a 15% reducing gas concent ra t ion  i n  t h e  e f f l u e n t .  It i s  
be l ieved  t h a t  upse t s  i n  t h e  f l u i d i z a t i o n  of t h e  a d d i t i v e  bed caused l o c a l  
temperatures  t o  r i s e  higher  than t h e  measured ope ra t ing  temperature.  It w a s  
repor ted  by Wheelock and ~ o ~ l e n ~  t h a t  t h e  s u r f a c e  of CaS04 became g l a s sy  upon 
r egene ra t ion  a t  1250°C (2300°F). I f  l o c a l i z e d  temperatures  i n  t h e  regenera tor  
momentarily exceeded t h i s  temperature,  the  a d d i t i v e  p a r t i c l e s  would begin t o  
adhere and t o  r e s t r i c t  t h e  gas flow. A regenera tor  w i th  a l a r g e r  c r o s s  s e c t i o n  
would not  be hampered a s  r e a d i l y  by small bed cakes. The planned experimental  
pr'ogram d id  not  permit f u r t h e r  modi f ica t ions  o r  a t tempts  t o  perform exper i -  
mente wi th  extreme cond i t i ons  such a s  t hose  used i n  FAC-2. Therefore,  t h e  
experimental  p lans  were modified t o  accommodate t h e  experimental  c a p a b i l i t i e s  
of t h e  e x i s t i n g  regenera tor  system, d . e . ,  condi t ions  w e r e  s e l e c t e d  t o  avoid 
t h e  fus ing  of bed s o l i d s  o r  t h e  formation of cakes,  which would h inder  f l u i d i -  
za t ion .  

Sul fa ted  Tyrnochtee dolomite conta in ing  10.2 w t  % S from combustion experi-  
ments was regenerated.  Operating d a t a  and regenera t ion  r e s u l t s  a r e  shown i n  
Table 1. 

Rep l i ca t e  Experiments. Rep l i ca t e  experiments FAC-1, FAC-1R1, and FAC-1R2 
were performed a t  1040°C and a low t o t a l  reducing gas concent ra t ion  i n  t h e  
e f f l u e n t ,  %3% (near -s to ich iometr ic  CHI, in t h e  feed g a s ) ,  w i t h  an a d d i t i v e  feed 
r a t e  of 6 l b l h r ,  and wi th  a nominal fluidized-bed he igh t  of 1.5 f t .  The 
amount of s u l f u r  regenerated a s  SO2 was 65% f o r  FAC-1, 61% f o r  FAC-1R1, and 
57% f o r  FAC-1R2 of t h a t  contained i n  t h e  s u l f a t e d  Tymochtee dolomite.  The 
SO2 concent ra t ion  i n  t h e  w e t  f l u e  gas va r i ed  from 3.0% i n  FAC-1 t o  2.3% i n  
FAC-1R2. The d i f f e r e n c e  i n  t h e s e  r e s u l t s  i s  due mainly t o  s l i g h t  d i f f e r e n c e s  
i n  t h e  f lu id i z ing -gas  v e l o c i t i e s .  Operating condi t ions  f o r  FAC-1 a r e  pre- 
sented i n  Fig. 11 and 12 and f o r  t he  remainder of t h e  FAC-experiments i n  
Appendix B. 

E f f ec t  of Fluidized-Bed Height a t  a Constant Addit ive Feed Rate.  Experiment 
FAC-5 was performed a t  1040°C (1900°F), an a d d i t i v e  feed r a t e  of 10  l b l h r  
( res idence  time of %30 min), a ilominol fluidi.zed-bed he igh t  of 2.5 f t ,  and a 
t o t a l  nominal reducing gas concent ra t ion  of 15% i n  t h e  e f f l u e n t .  A s u l f u r  
r egene ra t ion  of 54% w a s  ob ta ined ,  w i th  a SO2 concent ra t ion  of 3.5% i n  t h e  wet 
e f f l u e n t  gas. This  experiment can b e  compared w i t h  FAC-3, which was performed 
a t  t h e  same a d d i t i v e  feed r a t e  and t o t a l  reducing gas concent ra t ion  i n  t h e  
e f f l u e n t  bu t  wi th  a s h o r t e r  f luidized-bed he igh t  of 1 . 5  f t  ( res idence  t ime of 
s 1 8  min). A h igher  s u l f u r  regenera t ion  of 62% was obtained f o r  FAC-3. This  
i n d i c a t e s  t h a t  i nc reas ing  t h e  f luidized-bed he igh t  from 1 .5  f t  t o  2.5 f t  was 
de t r imen ta l  t o  s u l f u r  regenera t ion .  

- F l u i d i z a t i o n  and mixing i n  t h e  2.5-ft  bed may be  l e s s  e f f e c t i v e  than  i n  
the  1 .5 - f t  bed. A s  gas  bubbles  r i s e  i n  t h e  f l u i d i z e d  b e d , . t h e y  coa lesce  and 
grow l a r g e r .  I n  deeper beds, l a r g e r  gas  bubbles  a r e  formed and thus  a g r e a t e r  
degree of segrega t ion  between t h e  gas phase and t h e  we l l - f l u id i zed  phase t a k e s  
? l ace .  Transport  of t h e  reducing gases  from t h e  gas phase t o  t h e  we l l - f l u id i zed  



Table 1. Design Ixpe r imer - t~ l  Conditions f o r  t h e  FAC-Series and Sul fur  
Regeneration Results  Obtained 

Pressure ,  psig:  12 
k?.ditive: Sa l fa ted  Tymochtee Dolomite (10.2 % S) 

Desim Conditions 

Exp . Temp Additive Residence Bed T o t a l  F lu id iz ing  Measured ~0~~ Sul fur  
(OC) Feed Rate Time Height Reducing Gas Veleci ty i n  Eff luent  Regeneration 

(lb/hcr) (min ) ( f t )  i n  Eff luent  , (f t / sec)  (%wet) / (% dry) 
a 

% 

FAC-1 1040 6 30 1.5 3 2.2 3.0 / 4.0 6 5 

FAC-2 1095 6 3 0 1.5 15 Ex~er imext  could not  be completed 

FAC-5 1040 10 3 0 2.5 15 2.7 3.5 / 4.4 5 4 

FAC- 7 1040 10 3 0 2.5 3 2.5 2.7 / 3.3 40 

FAC-8 1010 3 3 0 1.5 3 2.3 0.65/ 0.78 14 * 

FAC-9 1040 6 3 0 1.5 3 2.5 1 .3  / 1.7 55 

FAC-9A 1040 6 3 0 1 .5  3 3.0 1.3 / 1.5  3 8 

a 
The a c t u a l  r e d u c i ~ g  gas  c o n s e ~ t r a t i o n s  were wi th in  15% of t h e  design l eve l s .  

Determined by I . R .  SD2 ana lys i s  of the  d ry  f l u e  gas. 



180 240 

Time, min 

Fig. 11. Bed Temperature and Gas Concentrations in Off-Gas, 
Experiment FAC-1 



TOTAL F L U l D l Z l  NG 
EXHAUST GAS:  2.7 tt31min 

T E M P E R A T U R E ,  OF: 1900 BED HEIGHT,  f t . :  1.5 
PRESSURE, p s i a :  27 F L U I D I Z I N G  VELOCITY,  f t l s e c :  2.2 

CONSTITUENTS f wet  l 

- CHq=1.7% , CO 0.870 . 
H 2  = 0.6% 
S02=  3 .0% 

SULFATED DOLOMITE,  NO = 5 0 p p m  

Fig. 12. Operating Conditions and Experimental Flow Diagram 
wi th  Resu l t s  f o r  FAC-1 

6 1 b l h r  (10.2 w t % S )  

REGLNERATED 
DOLOMI'TE, 

4.7 1 b l h r  

phase becomes i n c r e a s i n g l y  d i f r l c u l t .  This  could reduce t h e  regenera t ion  
r a t e s .  Also, because t h e  a d d i t i v e  i s  dropped i n t o  the  top of t h e  
f l u i d i z e d  bed (where t h e  en t rance  t o  the  overflow p ipe  i s  l o c a t e d ) ,  poor 
mixing could prevent  t h e  s u l f a t e d  a d d i t i v e  from c i r c u l a t i n g  throughout t h e  
e n t i r e  bed and r e a c t i o n  would t ake  p lace  only i n  t h e  upper (more segregated)  
p o r t i o n  of t h e  f l u i d i z e d  bed. This  would r e s u l t  i n  s h o r t e r  ac tua l  r e s i -  
dence times. 

H 2 0 =  25% 
C 0 2 =  15% 
TOTAL SULFUR REMOVED 

AS so2 2 ti5 

Ef fec t  of Fluidized-Bed Height a t  a Constant S o l i d s  Residence T i m ~ ,  FAC.7 
was designed t o  t e s t  t h e  e f f e c t  of i n c r ~ a s i n g  the Iluidized'Lbed h e i g h t  from . 
1.5 ts 2 . 5  f t  while khe s o l i d s  res idence  time was f i xed  ar %3U mfn. It is  
compared with pxperimcnL FAC-1R2, which was performed a t  t h e  same f l u i d i z i n g -  
gas v e l o c i t y  of 2.5 f t l s e c ,  a bed temperature of 1040°C, and a t o t a l  reducing 
gas concen t r a t ion  of 3% i n  t h e  e f f l u e n t  gas.  In  experiment FAC-7, a t  a 
f luidized-bed he ight  of 2 .5  f t ,  a s u l f u r  r egene ra t ion  of 40% was obtained wi th  
a SO2 concent ra t ion  of 2.7% i n  t h e  wet e f f l i i en t .  I n  FAC-1K2, a t  a f l u id i zed -  
bed he igh t  of 1.5 f t ,  a much higher  s u l f u r  regenera t ion  was obta ined  (57%). 

N* ( 1 . 3 9  tt31min1 = 5296 

O ~ ( 0 . 8 4  f t3 /min)  = 31% 

CH4 ( 0 . 4 5 f t 3 / m i n 1  4 7 %  



A s  i n  experiment FAC-5, l e s s  e f f e c t i v e  f l u i d i z a t i o n  and s o l i d s  mixing i n  t h e  
2.5 f t -h igh  bed may have caused t h e  a c t u a l  r e s idence  time of t h e  a d d i t i v e  i n  

2-7 t o  be l e s s  than t h a t  i n  FAC-1R2, r e s u l t i n g  i n  less s u l f u r  regenera t ion .  

E f fec t  of Low Regeneration Temperature (<1040°C). FAC-8 was designed t o  
test t h e  e f f e c t  on s u l f u r  regenera t ion  of a regenera t ion  temperature lower 
than  1040°C. The r e s u l t s  are compared wi th  t h e  r e s u l t s  of FAC-1R1, performed 
a t  1040°C. Roth experiments were performed wi th  an a d d i t i v e  feed  r a t e  of 6 l b / h t ,  
a f luidized-bed he ight  of 1 .5 f t ,  and a t o t a l  e f f l u e n t  reducing gas concent ra t ion  
of 3%. 

Su l fu r  regenera t ion  was 14% i n  FAC-8, i n  which t h e  regenera t ion  temperature 
was 10IO°C. The SO2 concent ra t ion  i n  t h e  wet e f f l u e n t  was 0.65%. In  comparison, 
s u l f u r  regenera t ion  was 61% f o r  FAC-1R1 and t h e  SO2 concent ra t ion  w a s  2.6%. A t  
t h e  lower temperature,  t h e  formation of CaS i s  favored i n  a reducing atmosphere. 
Chemical a n a l y s i s  of t h e  regenerated a d d i t i v e  i s  under way t o  determine t h e  
q u a n t i t a t i v e  d i f f e r e n c e  i n  s u l f i d e  formation between FAC-8 and FAC-1R1. 

E f fec t  of Fluidizing-Gas Veloci ty.  The e f f e c t  of f lu id iz ing-gas  v e l o c i t y  
on regenera t ion  w a s  evaluated by performing FAC-9A wi th  a f l u id i z ing -gas  
v e l o c i t y  of 3 f t / s e c  and comparing t h e  r e s u l t s  wi th  t h e  r e s u l t s  of FAC-1, which 
w a s  performed wi th  a f lu id i z ing -gas  v e l o c i t y  of 2.2 f t / s e c .  A s u l f u r  regen- 
e r a t i o n  of 38% was obtained i n  FAC-9A i n  comparison wi th  65% i n  FAC-1. A t  t h e  
h igher  gas  v e l o c i t y ,  s u l f u r  regenera t ion  decreased. A t  h igher  f l u id i z ing -gas  
v e l o c i t i e s ,  t he  bubble phase i n  t h e  f l u i d i z e d  bed i n c r e a s e s  and t h e  t r a n s p o r t  
of reducing gas from t h e  bubble phase t o  t h e  a d d i t i v e  becomes more d i f f i c u l t .  
I n  e f f e c t ,  t h i s  could r e s u l t  i n  a reduced e f f e c t i v e  reducing gas concent ra t ion  
and l e s s  s u l f u r  regenera t ion .  Also, a t  higher  f l u i d i z i n g  v e l o c i t i e s ,  s o l i d s  
mixing may be l e s s  e f f e c t i v e  due t o  t h e  ge.ometry of t h e  f l u i d i z e d  bed (he ight  
of bed/bed diameter  = 6) .  

E f fec t  of Residence Time on Regeneration Rate. The regenerated a d d i t i v e  .- 
from FAC-1 and FAC-1R1 was used a s  feed m a t e r i a l  i n  FAC-9, a s  i l l u s t r a t e d  i n  
Fig. 13. This  experiment (FAC-9) was performed t o  eva lua t e  t h e  e f f e c t  of 
doubling t h e  res idence  time i n  t h e  f l u i d i z e d  bed. The a c t u a l  s u l f u r  content  of 
t h i s  feed  m a t e r i a l  was $5.8 w t  %. A s u l f u r  regenera t ion  of %55% was obtained 
i n  FAC-9 wi th  1.3% SO2 i n  t h e  wet e f f l u e n t  gas. The regenera t ion  r a t e  remained 
high,  comparing favorably  wi th  t h a t  i n  FAC-1 and -1R1, bu t  t h e  SO2 concent ra t ion  
i n  t h e  e f f l u e n t  gas  decreased. The above combined regenera t ion  r e s u l t s  f o r  
FAC-9 and FAC-1 a r e  b e t t e r  than might be expected i f  t h e  res idence  time i n  a 
well-mixed f luidized-bed regenerator  were double t h a t  of e i t h e r  FAC-9 o r  FAC-1. 
In  FAC-9 ( i l l u s t r a t e d  i n  Fig. 13), f r e s h  f l u i d i z i n g  reducing gas (>3% t o t a l )  
conta in ing  no SO2 was f ed  t o  t h e  regenera tor .  (More complete regenera t ion  
d a t a  f o r  a l l  FAC experiments a r e  being obtained by chemical a n a l y s i s  of regen- 
e r a t e d  products . )  

A s  s t a t e d  above, experiment FAC-1R2 was performed a t  t h e  fol lowing experi-  
mental condi t ions :  bed temperature of 1040°C (1900°F), system p res su re  of 
12  ps ig ,  nominal f luidized-bed he igh t  of 1 .5 f t ,  a d d i t i v e  feed  r a t e  of 6 l b / h r  
( res idence  time of %30 min),  and t o t a l  reducing gas concent ra t ion  i n  t h e  
e f f l u e n t  of %3%, i.e., near -s to ich iometr ic  CH4 i n  t h e  feed mixture.  A s u l f u r  
regenera t ion  of 57% f o r  FAC-1R2 was obtained wi th  a SO2 concent ra t ion  of 2.3% 
i n  t h e  wet f l u e  gas.  In  experiment FAC-3, t h e  s u l f a t e d  a d d i t i v e  feed  r a t e  was 
'-zreased t o  10 l b / h r  ( res idence  time of 18 min),  and t h e  t o t a l  reducing gas 

 centr ration i n  t h e  e f f l u e n t  was increased  t o  14%. A s u l f u r  regenera t ion  of 
was obtained, and che SO2 concentrat inn i n  t h e  wet f l u e  gas was 4.1%. 



FAC - I 
F A C -  I R I  

FLUE GAS 4 FLUE GAS 

S o 2 2  3.0% $02" 1.3°/0 
SULFUR REGENERATION 2 6 5 %  SULFUR REGENERATION 2 5 5 %  
(- 3% Reducing Gas) (" 3°/oReducing Gas)  

TEMPERATURE,  OC: 1 0 4 0  B E D  HEIGHT,  11 : 1.5 

PRESSURE,  p s i o  : 27  F L U I D I Z I N G  VELOCITY, f t / s e c : 2 . 5  

Fig. 13. Experimental Flow Diagram f o r  FAC-9 wi th  
Kegeneration Resul t s  

ADD. (10.2 % S )  

A comparison i n d i c a t e s  t h a t  t h e  de t r imen ta l  e f f e c t  on s u l f u r  regenera t ion  of 
decreas ing  t h e  r e s idence  t ime from ~ 3 0  t o  ~ 1 8  min w a s  l e s s  e f f e c t i v e  than  t h e  
b e n e f i c i a l  e f f e c t  of i nc reas ing  t h e  t o t a l  reducing gas concent ra t ion  i n  t h e  
e f f l u e n t  from 3% t o  14%. 

' 

Ef fec t  of Higher Regeneration Temperature (1095OC). Experiment FAC-4 was 
performed a t  2000°F, an  a d d i t i v e  feed  r a t e  of 10 l b / h r ,  and wi th  a low-level 
t o t a l  reducing gas concent ra t ion  ( ~ 3 % )  i n  t h e  e f f l u e n t  gas. A s u l f u r  regen- 
e r a t i o n  of 73% w a s  obtained and a SO2 concent ra t ion  nf 7.3;L i n  t h e  dry I l u c  
gas a t  s tcndy stabu. A higher. s u l f u r  regenera t ion  has  been obtained i n  FAC-4 
than  i n  FAC-3 ( a t  1900°F), which was performed wi th  t h e  same feed r a t e  
( res idence  time of 18 min) and wi th  a h igh  concent ra t ion  of reducing gas i n  
t h e  e f f l u e n t .  The h ighe r  temperature (2000°F) of FAC-4 increased  t h e  regen- 
e r a t i o n  of s u l f a t e d  dolomite  more than  lowering t h e  reducing gas conceaLratiori 
d e c r e a ~ c d  i t ,  i n  comparison t o  FAC-3. 

ADD. ( ~ 5 . 8 %  S )  
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Mate r i a l  and Enerpy Balances f o r  t h e  One-Step Regeneration Scheme 

An o b j e c t i v e  of p a r t  of t h e  experimental  program a t  ANL i s  t o  develop and 
demonstrate t he  t e c h n i c a l  f e a s i b i l i t y  of one-step regenera t ion  a t  atmospheric 
pressure .  In  some experiments being performed i n  t h e  e x i s t i n g  3-in.-dia, 
f luidized-bed regenera t ion  u n i t ,  t h e  i n  s i t u  p a r t i a l  combustion of methane is  
employed t o  provide the  necessary  hea t  and reducing gases  f o r  regenera t ion .  
Future  experimentat ion i n  a 4-in.-dia,  f luidized-bed r e a c t o r  w i l l  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  of us ing  t h e  i n  s i t u  p a r t i a l  combustion of c o a l  t o  provide t h e  
hea t  and reducing gases  f o r  regenera t ion .  

Technical  Considerat ions 

The concent ra t ion  of SO2 i n  t h e  off-gas from t h e  regenera tor  needs t o  be 
s u f f i c i e n t l y  high (%lo%) f o r  economic f u r t h e r  processing and recovery of t h e  
s u l f u r .  The use  of i n  s i t u  combustion t o  provide both  t h e  hea t  and reducing 
gases  necessary  f o r  ' regenerat ion tends  t o  d i l u t e  t h e  SO2 l e v e l  i n  t h e  off-gas 
i f  t he  s u l f a t e d  a d d i t i v e  is i n s u f f i c i e n t l y  preheated.  

Serious d e c r e p i t a t i o n  problems have been encountered dur ing  regenera t ion  
of s u l f a t e d  add i t i ve .  It has  been proposed, t h e r e f o r e ,  t h a t  only t h e  s u r f a c e  
of t h e  a d d i t i v e  p a r t i c l e s  be  u t i l i z e d ,  where t h e  k i n e t i c s  a r e  favorable  (not  
d i f f u s i o n  l i m i t e d ) ;  s h o r t  r e s idence  t imes i n  t h e  process ing  u n i t s  (combustor 
and r egene ra to r )  would then -be  s u f f i c i e n t .  This  a l s o  bea r s  d i r e c t l y  on t h e  
need f o r  s u f f i c i e n t  prehea t  of t h e  h igh  throughput of s o l i d s  i n  t h e  regenera tor  
t o  prevent  excess ive  d i l u t i o n  of t h e  off-gas by an a d d i t i o n a l  hea t  load on 
t h e  i n  s i t u  combustion. 

Ex i s t i ng  C a p a b i l i t i e s .  Ma te r i a l  and energy ba lances  have been made around 
t h e  ANL 3-in.-dia f luidized-bed regenera t ion  u n i t  t o  a s s e s s  t h e  e x i s t i n g  
ope ra t ing  c a p a b i l i t i e s  a t  a high s o l i d s  throughput ,  i.e., s h o r t  r e a c t o r  r e s idence  
times. The c a l c u l a t i o n s  a r e  of a pre l iminary  n a t u r e  and a r e  intended a s  a 
guide f o r  s e t t i n g  up an experimental  program and f o r  making equipment modifi- 
c a t i o n s  t o  meet t h e  t e c h n i c a l  cons ide ra t ions  of t he  proposed process .  
Equil ibr ium l i m i t a t i o n s  were no t  considered i n  t h i s  pre l iminary  e f f o r t  a s  such 
l i m i t a t i o n s  a r e  no t  be l ieved  t o  a f f e c t  s e r i o u s l y  t h e  o v e r a l l  balances.  
K ine t i c  l i m i t a t i o n s  a r e  much more l i k e l y  t o  be a l i m i t i n g  f a c t o r  i n  t h e  pro- 
cess .  The process  f lowsheet  f o r  m a t e r i a l  and energy balances i s  shown i n  
Fig. 14. 

The r e a c t a n t s  e n t e r  t h e  regenera tor  a t  ambient temperature and 2 atm abs.  
p ressure .  F u l l y  ca lc ined  and p a r t i a l l y  s u l f a t e d  l imestone (20% u t i l i z a t i o n )  
was used a s  t h e  b a s i s  f o r , t h e  ca l cu la t ions .  To compensate f o r  t h e  l a c k  of 
prehea t  of t h e  r e a c t a n t s  and t h e  r e l a t i v e l y  l a r g e  h e a t  l o s s  from a smal l  u n i t ,  
an oxygen-nitrogen mix would be fed t o  t h e  r egene ra to r  t o  i nc rease  t h e  amount 
of f u e l  which could be burned a t  a given f lowra te .  

Three cases  w e r e  considered.  Case 1 involved ope ra t ing  t h e  regenera tur  
a t  a gas  v e l o c i t y  of 4 f t f s e c  us ing  a mixture of 50% oxygen and 50% n i t rogen .  
For Case 2 t h e  mixture was 40% oxygen and 60% ni t rogen .  Case 3 involved 
regenera t ion  at 2.25 f t f s e c  and a 75% oxygen and 25% n i t rogen  gas m i x .  A 
hea t  l o s s  of 13,500 Btu/hr was est imated f o r  a l l  t h r e e  base  cases .  The 
- e s u l t i n g  m a t e r i a l  and energy balances a r e  presented i n  ~ a b l e s . 2  and 3 ,  
:espec t i v e l y  . 



Fig: 14 .  Process  Flow Sheet Used i n  Making Material ,  and Energy 
Balances Around Ex i s t i ng  AITL 3-ini-dia, Fluidized-Bed 
Regenerator 

A l l  t h r e e  ca ses  i n d i c a t e  a s o l i d s  res idence  time o t  from 9-15 minutes,  
assuming f luidized-bed weight of 1\16 l b  (~13 f t  f l u i d j  red-bed he igh t ) .  Un- 
f avo rab le  k i n e t i c s  would n e c e s s i t a t e  i nc reas ing  t h e  s o l i d s  res idence  time. 

--* Q = HEAT LOSS 

CaO REGENERATED PARTIALLY 
SULFATED 

Data i n  Table 2 show a d e f i n i t e  advanLage of h igher  gas v e l o c i t i e s  i n  
t h a t  h igher  n i t r o g e n  l e v e l s  can bc  used to reduce t h e  percentage of H20 i n  
t h e  off-gas,  which has  caused ope ra t iona l  problems i n  previous regexlcration 
experiments.  

L IMESTONE 
LIMESTONE FOR 

(77°F)  RECYCLE TO COMBUSTOR 
UTILIZATION=20°/o 
(-8.9 w l  "/6 S) 

1 

2 0 0 0  OF 

Information i n  Table 3 c l e a r l y  emphasizes t h e  pena l ty  imposed by no t  pre- 
hea t ing  t h e  reacranLs. Approxj.mtely 150 t o  60% of t h e  hea t  i npu t  i s  used t o  
raise t h e  r e a c t a n t s  (p lus  i n e r t s )  t o  temperature,  a d  another  35 to 35X 
compensates f o r  h e a t  l o s s e s .  Only 15 t o  20% of t h e  hea t  suppl ied  by Xn situ 
f u e l  combustion i s  used f o r  t h e  reduct ion  r eac t ion .  Prehea t ing  of t h e  
r e a c t a n t s  would permit  t h e  use  of a d d i t i o n a l  n i t rogen  t o  f u r t h e r  reduce t h e  
ope ra t iona l  problems of water i n   he off-gas wi th  no l o s s  i n  t h e  percentage 
of SO2 obtained.  



Table 2.  Ma te r i a l  Balances f o r  Three Pos tu la ted  Cases of 
Regenerator Operating Conditions 

Operating Temp: 2 0 0 0 ° ~  Limestone: 8.9 w t  % s u l f u r  
Operating Pressure:  2 atm abs 

Case 1 Case 2 Case 3 

Operati2g Conditions: 

Veloc i ty ,  f t / s e c  
0 .N mole r a t i o  

2 " 2  

Mate r i a l  Balance: 

I n ,  l b / h r  

CaS04 
C a0 

T o t a l  So l id s  

C*4 
02 
N2 

T o t a l  Gas 

Out, l b / h r  

CaO 

N2 
CO 

so2 
H20 

T o t a l  Cut 

- - - - - - -- - - - - - 

a G a s  coinposition i n  mole % 



Table 3 .  Energy Balances f o r  Three Pos tu la ted  Cases of 
Regenerator Operating Conditions 

Operating Temp: 2000°F Limestone conta in ing  8.9 w t  % 
Operating Przssure:  2 atm abs  s u l f u r  

Case 1 Case 2 Case 3 

Heat Source, Btu/hr  

CH Conbus t i o n  4 

H s a t  S i n k s ,  Btu/hr 

Heat CaS04 t o  2000°F 

Heat 2aO t o  2000°F 

Heat Gases t o  2000°F 

Reduction Reaction 

Heat Loss 

a 
C o n t r i b ~ t i o n  t o  t o t a l  t e a t  load i n  percent .  



PREPARATION, SULFATION, AND REGENERATION OF CALCIUM OXIDE-IMPREGNATED 
SUPPORTED ADDITIVES 

Naturally occurring limestone and dolomite are the only materials that 
have been energetically evaluated for removing sulfur dioxide from flue gas, 
primarily due to their low cost. However, during regeneration of sulfated 
dolomite at other sites, decrepitation of the particles has occurred. A struc- 
ture that would be sufficiently strong to eliminate decrepitation would.be 
desirable. 

A research program has been initiated to determine methods of supporting 
calcium oxide in a highly dispersed state in a matrix of a high-strength, inert 
material. Calcium oxide is probably more reactive in a dispersed state than is 
massive CaO, and the inert support material would supply the strength needed 
to eliminate the decrepitation problem. In this program, the capability of . 

supported calcium oxide to react with sulfur dioxide and of the resulting 
CaS04 to be regenerated is being studied, using calcium oxide impregnated in 
ci -alumina support (pellets) . 

One-step regeneration experiments (which require a temperature above 950°C), 
as well as sulfation experiments, were completed on a newly constructed high- 
temperature TGA system described below. In other experiments, pellets were 
fluidized in air to determine the effect on their integrity. Two types of 
support materials have been selected for testing: Alumina (A1203) compounds \ 

similar to those used in conventional catalytic processes are being studied now; 
silicates will be studied later. Both calcium- and potassium-impregnated 
alumina pellets have been prepared. Methods of impregnation are described below. 

Materials 

Porous. alumina supports have surface areas that range from .5 to 250 m21g 
and a void space (volume of pores x 100/volume of pellet) that is approximately 
50 percent of the support volume. The supports currently being used in our 
studies have a surface area of 5-10 m2Ig. Supports that have a small surface 
area per gram usually contain larger pores than support materials having a 
large surface area. The supports (obtained from Girdler Chemical Co.) were 
cylindrical pellets 118 in. in dia by 118 in. long. This and other sizes of 
pellets are readily available commercially in large quantity. 

Reagents used in preparing impregnated pellets were of a chemically pure 
grade. 

Pre~aration of Su~~orted Additives 

Calcium Oxide-Impregnated Additive. Four methods of placing calcium oxide 
in thc porcE of 118-.in. cylindrical alumina pellets have been studied. The 
only process that .evenly distributed calcium oxide through the pores of the pellet 
involved first contacting the alumina in an aqueous solution of calcium nitrate. 
The solution was refluxed for approximately eight hours to ensure chat the 
calcium nitrate solution was evenly distributed in the pores. The solution was 
then cooled, and the pellets were removed and placed in a drying oven, where 
they were heated slowly to 800°C. During heating, the water was vaporized, the 



calcium n i t r a t e  decomposed, and calcium aluminates  (5Al2O3-3Ca0) formed by t h e  
r e a c t i o n  of CaO wi th  A1203. Two samples were prepared f o r  s u l f a t i o n  and 
r egene ra t i on  t e s t s .  A s o l u t i o n  of 50 g of Ca(N03)2'4H20 i n  25 g of H20 y ie lded  
a suppor t  con ta in ing  17% CaO; a s o l u t i o n  of 50 g of '  Ca(N03)2-4H20 i n  100 g of 
water  y ie lded  a suppor t  conta in ing  6.6% CaO. 

X-ray d i f f r a c t i o n  r e s u l t s  showed t h a t  n o t  a l l  of t h e  CaO had r eac t ed  t o  
form calcium a lumina tes .  The r a t i o  of calcium i n  t h e  oxide t o  t h e  calcium 
i n  t h e  aluminate  h a s  no t  been determined. . It i s  be l ieved  t h a t  t h e  r a t i o  depends 
on t h e  t ime and temperature  of h e a t - t r e a t i n g  t h e  p e l l e t s  du r ing  t h e  impregnation 
and c a l c i n i n g  process .  Calcium i s  thought t o  r e a c t  w i th  t h e  alumina when t h e  
calcium n i t r a t e  i s  i n  t h e  l i q u i d  s t a t e  and calcium i o n s  e x i s t .  To ga in  g r e a t e r  
i n s i g h t  i n t o  t h e  r e a c t i o n  mechanism, s o l i d  calcium oxide powder and alumina 
powder were mixed and heated a t  800°C f o r  4 h r .  X-ray d i f f r a c t i o n  a n a l y s i s  of 
t h e  r e s u l t a n t  powder showed t h a t  on ly  a very  minor amount of calcium aluminates  
formed, w i th  t h e  major p o r t i o n  of t h e  powder remaining a s  calcium oxide and 
aluminum oxide. This  imp l i e s  t h a t  t h e  so l id - so l id  r e a c t i o n  i s  slow and tha t  
the  a lummates  may form by another  mechanism. . 

Thermodynamic cons ide ra t i ons  i n d i c a t e  t h a t  calcium a lumina tes  w i l l  r e a c t  
wi th  s u l f u r  d iox ide .  Therefore ,  t h i s  calcium bonding may be accep tab l e ,  de- 
pending on t h e  k i n e t i c s  of t h e  r e a c t i o n  of SO2 wi th  calcium aluminates .  In  
f a c t ,  t h e  bonding of calcium wi th  alumina could be u s e f u l  f o r  s t a b i l i z i n g  t h e  
CaO on t h e  i n t e r n a l  s u r f a c e s  of t h e  a l l~mina .  

I n  a second p repa ra t i on  method, alumina suppor t s  were placed i n  molten 
ca lc ium n i t r a t e  (m.p., 561°C) f o r  4 h r .  The calcium n i t r a t e  flowed i n t o  t h e  
po re s ,  where i t  s lowly decomposed t o  n i t r o g e n  oxides  and t o  calcium oxide t h a t  
r eac t ed  wi th  alumina t o  form calcium aluminates .  The p e l l e t s ,  which contained 
27 w t  % CaO, were s u l f a t e d  a t  a temperature  of 750°C w i t h  an i n l e t  gas  of 
0.39% SO2 i n  N2.  Approximately 35% of t h e  o r i g i n a l  t o t a l  void space i n  t h e  
suppor t  was occupied by CaO.  A f t e r  4 hr, only  2% of t h e  calcium oxide had 
r e a c t e d  t o  form calcium s u l f a t e .  It is be l ieved  t h a t  t h e  low percentage nf 
s u l f a t i o n  r e s u l t e d  because of blockage of t h e  pores .  Therefore ,  t h i s  methnd 
of p repa r ing  supported a d d i t i v e s  has  been r e j e c t e d .  

A t h i r d  p r e p a r a t i o n  technique i s  based on t h e  p r e c i p i t a t i o n  of calcium 
ca rbona te  i n  t h e  pores  by t h e  r e a c t i o n  of sodium carbonate  w i th  calcium ch lo r ide  
i n  a n  aqueous s o l u t i o n .  P e l l e t s  of alumina were placed i n  a s a t u r a t e d  aqueous 
sodium carbonate  s o l u t i o n  f o r  12 h r .  This  allowed t h e  aqllenlis sadium carbonate 
s o l u t i o n  t o  e n t e r  t h e  po re s  of t h e  p e l l e t s .  The s o l u t i o n  was then cooled t o  
p r e c i p i t a t e  t h e  sodium carbonate  from t h e  s o l u t i o n .  The p e l l e t s  were removed 
and hea ted  t o  remove water  and were then placed i n  a s a t u r a t e d  aqeuous s o l u t i o n  
of ca lc ium ch lo r ide .  A s  t h e  sodium carbonate  r een t e r ed  the  s o l u t i o n  and r eac t ed  
w i t h  CaC12, t h e  calcium carbonate  p r e c i p i t a t e d  because of i t s  l.ow s o l u b i l i t y  
i n  water. The p e l l e t s  were removed, washed, and d r i e d .  Only minimum success  
was a t t a i n e d ;  t h e  calcium carbonate  was found t o  be  unevenly d i s t r i b u t e d .  

The f o u r t h  p r e p a r a t i o n  technique  s t u d i e d  i s  based on t h e  r e a c t i o n  of 
s u l f u r i c  a c i d  w i t h  calcium carbonate  t o  form calcium s u l f a t e ,  which would then 
be  reduced t o  CaO.  Alumina p e l l e t s  were placed i n  a s o l u t i o n  of concent ra ted  
s u l f u r i c  ac id  and calcium carbonate  and were heated f o r  fou r  hours .  Af t e r  cool ing ,  
t h e  p e l l e t s  were removed and heated t o  800°C t o  remove s u l f u r i c  ac id .  The X-ray 
d i f f r a c t i o n  r e s u l t s  showed t h a t ,  a l though calcium s u l f a t e  was p re sen t  i n  t h e  



vres, it was not evenly distributed throughout the pellet. Approximately 
hree-fourths of the pellets contained calcium sulfate, but no calcium 
..as found at the center. Possibly, a longer reaction time might allow the 
calcium sulfate to permeate the pellet. This method was not evaluated further. 

Potassium Oxide-Impregnated Additive. The use of alkali metal oxides for 
the removal of. SO2 from a combustion gas stream is being considered. The 
alkali metal oxides have the greatest affinity for sulfur but may be difficult 
to regenerate economically. Potassium oxide has been placed in a-alumina 
pellets by refluxing, for 4 hr, a solution of 50 g KN03-100 g H20 into which 
a-alumina pellets had been placed; the pellets were then removed and were heat- 
treated at 1000°C for 12 hr. X-ray diffraction results indicated that all of 
the potassium was in the form of an aluminate. The concentration of the con- 
tained potassium oxide was approximately 3%. These pellets will be sulfated 
later on the TGA. 

Thermal Gravimetric Analysis (TGA) System 

The new TGA system is depicted in Fig. 15. 

The reactant gas mixture, which is prepared by controlling the flow of 
each constituent or mixture by means of a diaphragm-type regulator and cali- 
brated rotameters, flows upward through the heated reaction tube, past the 
sample, and exits through a condenser and a series of scrubbers. Total flow 
rate can be controlled in the range from 200 to 4000 cclmin with an accuracy 
for the total flow and for each constituent of about +2%. The sample (contained 
in a wire mesh platinum basket) is suspended from onearm of a recording balance. 
The balance, which provides continuous weight data over the range from 0.2 to 
1.0 g with an accuracy of +0.1 mg, is protected from corrosive gases by a 
purge flow of nitrogen. TF~ temperature in the reaction zone of the Marshall 
furnace is controlled to an accuracy of +5"C up to about 1500°C and is recorded, 
along with the sample weight, on, a recorzer . 
Sulfation Experiments 

1 

In preliminary sulfation experiments, it was found that in pellets con- 
taining 27% CaO, only 2% of the calcium oxide was sulfated, probably berause 
of pore blockage. The pellets were sulfated at 750°C with a gas mixture con- 
taining 0.39% SO2. 

Pellets containing % 6 . 6 %  CaO were sulfated at 750°C with a gas mixcue 
containing 1% SO2 in N2. Weight measurements obtained on the pellets before 
and after sulfation indicated that all of the calcium oxide had reacted to form 
CaS04. Scanning electron microscope (SEM) experiments were performed on the 
sulfated pellets, and an even sulfur distribution was found throughout the 
pellets. Consequently, pellets using this concentration of CaO were used in 
subsequent tests. 

Sulfation Operability Experiments. Calcium oxide--impregnated pellets were 
sulfated (1) to test the operating performance of the high-temperature TGA 
unit, (2) -to determine the- reprod;cibility of sulfation experiments, (3) to 
compare the use of premixed and blended gases, and (4) to determine if the 

eact ion was SO?.-limited. The starting material in each sulfation experiment 
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Fig. 15. Schematic Diagram of the Modified TGA Apparatus 



was a-alumina cylindrical pellets, 1/8 in. by 1/8 in., containing an average 
f 6.64% CaO and weighing 35 to 40 mg apiece. The CaO concentration of the 
ellets ranged from 6 to 7%. 

Sulfation runs 16 to 18 were performed using a premixed gas from a cylin- 
der containing 3% SO2, 5% 02, 40% C02, and 52% N2. In experiment 19, gases 
were blended using rotameters to give 3% SO2, 5% 02, and 92% N . The results 
of these four experiments are shown in Fig. 16 and 17, where tie percent con- 
version of CaO to CaS04 is plotted as a function of time. Because of the 
inhomogeneity of the a-alumina pellets, different amounts of CaO are contained 
in different pellets and the exact quantity of SO2 needed for 100% sulfation 
is unknown. Hence the data are plotted on the basis of two alternative assump- 
tions. Figure 16 data assume that the pellets contained an average of 6.64% 
CaO; Fig. 17 data assume that all of the CaO was sulfated during each sulfation 
experiment. Samples of the sulfated pellets have been submitted for calcium 
and sulfur analyses to learn the percentage of calcium utilized. This should 
yield information as to whether Fig. 16 or Fig. 17 better represents the data. 

In experiments ,l6 and 18, the reproducibility of results was demonstrated. 
In experiment 17, 12 pellets instead of 6 were used and the data were compared 
with the data for experiments 16 and 18 to show that the reaction was not SO2- 
limited. Experiment 19 was made to show that blending of SO2 and O2 by use of 
the TGA system rotameters would give the same results as does the premixed gas. 
In experiment 19, C02 was absent. However, in all experiments, CaC03 w0111d not 
form at these conditions; therefore, the presence of C02 should not have affected 
the reaction rate. 

X-ray diffraction results here confirmed that the CaO in the pellets 
reacted with SO2 to form CaSQ4, as given below: 

SEM results have shown an even distribution of calcium and sulfur throughout 
the pellets, which indicates that the Ca/S ratio was constant within a pellet. 
This implies that the same percent calcium utilization was being achieved and 
that Fig. 17 is possibly more representative of the data. 

Figure 18 shows the SEM sulfur and calcium peaks at four different locations 
on a pellet from experiment 17. The top curve (No. 1) is for a scan at the 
center of the pellet; the bottom curve (No. 4) is for a scan near the surface 
of the pellet. Figure 19 shows the polished cross section of the same sulfated 
pellet from experiment 17 (for which scans are shown in Fig. 18). Figures 19b 
and 19c illustrate the calcium and sulfur distributions throughout the same 
pellet, respectively. The white dots in Fig. 1% represent only calcium, while 
in Fig. 19c the white dots represent only sulfur. The one-to-one correspondence 
of calcium to sulfur in Fig. 19b and 19c can be observed easily. 

Effect of SO2 Concentration on Sulfation Rate. Data on the effect of the 
SO2 gas concentration on the rate of the sulfation reaction at 900°C at SO2 
concentrations ranging from 0.3% to 3% are shown in Fig. 20. Experiments will 
also be run at SO2 concentrations below 0.3. These experiments were done 
using pellets from the same batch as in the previous series, with an average 
",a0 concentration of 6.6%. The rate of reaction increased with increasing 
'02 concentration. Modeling efforts will begin soon to quantify the data. 



I  l o t  .< - A 

EXPERIMENT 

60 16 -*- - 3P/, S02,5% 02,40% Cop IN N2 WITH 6 PELLETS 

17- SAME AS EXPERIMENT 16 BUT USED 12 
PELLETS 

40pr 18 4 SAME AS EXPERIMENT 16 

3 4  
19- 3% S02,  5% 02 IN N2 ( B L E N D E D  MIXTURE)  

TIME, mi n 

Fig .  16.  Su l f a t ion  of 6.691 Ca0-A1203 a t  8 5 0 ' ~  w i t h  3% SO2 
in Feed Gas  



EXPERIMENT 

16 0 3% S 0 2 , 5 % 0 2 , 4 0 %  C02 I N  N2 WITH 6 PELLETS 

17 0 SAME AS EXPERIMENT 16, BUT USED 12 PELLETS 

'18 A SAME AS EXPERIMENT 16 

19 V 3 %  S02 ,  5 %  0 2  IN N 2  (B lended m i x t u r e )  

0 2 0  4 0  6 0  8 0  100 120 140 160 180  2 0 0  220 2 4 0  2 6 0  2 8 0  

TIME, min 

Fig.  17.  S u l f a t i o n  of 6 . 6 %  Ca0-A1203, a t  850°C w i t h  3% 
SO2 5% 02 i n  N i n  t h e  Feed Gas; 100% S u l f a t i o n  
i s  Assumed. 





a.  Polished Cross Section of a Sul- b. Distribution of Calcium i n  
fated 6.6% CaO-olAlumina Pe l le t  Sulfated 6.6% CaO-uAlumina 
from Experiment 1 7 .  The numbered Pe l le t .  Mag. 40X. 
dots are the locations where SEM 
analyses were taken. Mag. 40X. 

Fig. 19. Sulfated 6.6X CaO-a-Alumina 
Pe l le t  (Experiment 17) 

. Distribution of Sulfur in Sulfated 
6.6% CaO-aAlumina Pe l le t .  Mag. 4OX. 



TIME, min 

Fig. 20. Sulfation of 6.6% CaO-a-Alumina at  900°C 



It should be noted that the reaction was more than 60% completed after about 
1 min, but that it took approximately 4 hr to reach 100% sulfation. This 

- caph, like the Fig. 17 graph, assumes that 100% sulfation occurred. If it 
is assumed instead that 6.6% CaO was in each sample, the extent of reaction 
(on the basis of weight gains) would be 85, 78, 75, and 90% for the reactions 
using 0.3, 0.5, 1.0, and 3% S02, respectively. The sulfated pellets have been 
submitted for wet chemical analysis so that the extent of reaction can be 
clarified. 

One-Step Regeneration Experiments 

The CaS04-a-alumina pellets used in the regeneration experiments were 
taken from a batch of 225 pellets that had been sulfated at 900°C, using 3% 
S02, for 22 hr. 

Regeneration Operability Experiments. Four experiments were performed 
using 6% CO at 1100°C and varying the number of pellets and the gas flow rate 
(i.e., the CO/CaO ratio) to determine if the regeneration reaction was CO- 
limited. Figure 21 presents these results, which are based on the assump- 
tion of complete reduction of CaS04 to CaO. 

In the experiment with the lowest CO/CaO ratio, eleven pellets and a gas 
flow rate of 400 cc/min were used; in the experiment with the highest CO/CaO 
ratio, two pellets and 800 cc/min were used. Possibly, the reaction of eleven 
pellets with a 400 cc/min flow rate was CO-limited. However, in the other 
three experiments the CO/CaO ratio was sufficiently high and the reaction was 
not CO-limited. In fact, the reaction rates with two and five pellets at 
800 cclmin were somewhat lower than the rate using five pellets at 400 cc/min. 
This difference is within experimental error for this rate of reaction. 

Effect of CO Concentration on Regeneration of Sulfated Pellets. To deter- 
mine the effect of CO concentration on regeneration, the CaSO,,-a-alumina pellets 

-r 

were reduced at llOO°C, using.various CO concentrations in N2. The results 
are given in Fig. 22, which shows the percentage conversion of CaSO,,, back to 
CaO as a function of time. In plotting the data, the assumption was made that 
at the end of the experiment, the CaS04 was completely reduced to CaO. This 
seems reasonable on the basis of the theoretical and experimental weight losses 
since if it is assumed that the CaO in the pellets was completely sulfated to 
CaSOt,, the percent conversions of CaSO,, back to CaO during.reduction would be 
102, 102, 101, and 108% for experiments using 6, 3, 1, and 0.5% CO, respectively. 
The reaction was almost first order in CO concentration. The rate of regenera- 
tion was fast compared with that of sulfation, only 4-5 min being required 
to reduce the pellets with 6% CO. 

X-ray diffraction results on the product indicate that only Ca0-2A1203 
and Ca0-Al2O3 were present. Quantitative analysis and SEM results will be 
used to verify that CaS04 is reduced to CaO and that CaS is absent. In all 
experiments, five pellets and a gas flow rate of 800 cc/min were used, and 
thus the reaction rate should not be CO-limited. To verify this, the experi- 
ment using 3% CO was repeated using only two pellets at 800 cclmin, and the 
same rate of reaction was obtained as in the experiment with five pellets. 



5 Pellets, 4 0 0  cc/min 
v 2 Pellets, 800cc/min 
A 5 Pel lets, 8 0 0  cc/min 
0 l l Pellets, 4 0 0  cc/min 

TIME, sec 

Fig. 21. Reduction of Sulfated Pellets with 6% CO at llOO°C 

TIME, min 

Fig. 22. Reduction of Sulfated Pellets with CO at llOO°C 



F l u i d i z a t i o n  of P e l l e t s  

P r e l i m i n a r y  f l u i d i z a t i o n  exper iments  w i t h  a i r  were performed t o  de te rmine  
t h e  i n t e g r i t y  of t h e  p e l l e t s .  When a-alumina p e l l e t s  c o n t a i n i n g  no CaO were 
f l u i d i z e d ,  t h e y  showed no d e c r e p i t a t i o n .  Other  p e l l e t s  c o n t a i n i n g  6% CaO were 
f l u i d i z e d  f o r  approx imate ly  7 h r  a t  900°C and were  t h e n  submi t t ed  f o r  w e t  
chemical  a n a l y s i s  f o r  ca lc ium and f o r  SEM a n a l y s i s .  SEM r e s u l t s  showed uniform 
d i s t r i b u t i o n  of ca lc ium th roughout  t h e  p e l l e t s  a f t e r  f l u i d i z a t i o n ,  w i t h  no 
o b s e r v a b l e  l o s s  of ca lc ium a t  t h e  s u r f a c e .  



* 
SULFUR EMISSION CONTROL CHEMISTRY 

Study of t h e  fundamental a s p e c t s  of t he  chemical r e a c t i o n s  involved i n  
t h e  use of l imes tones  o r  o t h e r  reagents  t o  c o n t r o l  s u l f u r  emissions from 
f luidized-bed combustors provides  information t h a t  can be used t o  opt imize.  
t h e  performance of t h e  environmental con t ro l - r e l a t ed  po r t ions  of t hese  
power-producing systems. This s e c t i o n  desc r ibes  a c t i v i t i e s  c a r r i e d  out  t o  
ga in  i n s i g h t  i n t o  b a s i c  chemical and s t r u c t u r a l  p r o p e r t i e s  of reagent  
m a t e r i a l s  t h a t  may a f f e c t  t h e i r  r e a c t i v i t y ,  r e g e n e r a b i l i t y ,  and phys ica l  
p r o p e r t i e s .  

The sorbent  reagent  t h a t  has  rece ived  p r i n c i p a l  emphasis i n  t h i s  
program is dolomite i n  t he  ha l f -ca lc ined  form, which is  prepared a s  i nd i -  
ca t ed  by Eq. 1: 

The ha l f -ca lc ined  dolomite r e a c t s  with $(I2 as i n d i c a t e d  by Eq. 2 

For obvious economic and environmental reasons ,  i t  is d e s i r a b l e  t o  regenera te  
t h e  r e a c t i v e  sorbent  m a t e r i a l  from t h e  product.  Two such regenera t ion  schemes 
t h a t  a r e  of g r e a t e s t  i n t e r e s t  a t  t h i s  t ime a r e  i nd ica t ed  by Eq. 3 ,  4,  and 5. 

Eq. 3 and 4 r ep re sen t  a two-step regenera t ion  scheme t h a t  can be performed 
a t  lower temperatures  than t h e  one-step, higher  temperature process  repre-  
sen ted  by Eq.  5. However, o t h e r  regenera t ion  schemes may be f e a s i b l e .  For 
example, p re l iminary  r e s u l t s  a r e  presented on another  scheme, represented  by 
Eq. 6: 

An important  goa l  i n  any r egene ra t ion  scheme is  t o  o b t a i n  an off-gas t h a t  
con ta ins  H2S (o r  SO2) a t  a s u f f i c i e n t l y  h igh  concent ra t ion  t o  permit economic 
s u l f u r  recovery i n  a Claus p l a n t .  

React ions,  such a s  those  descr ibed by Eq. 1 through 6 ,  se rve  t o  de f ine  t h e  
scope of s u l f u r  emission c o n t r o l  chemistry r e l evan t  t o  t h i s  work. The goa l  
of t h e  program i s  t o  develop an understanding of t h i s  chemistry.  S p e c i f i c a l l y ,  
chemical r e a c t i o n  r a t e s ,  e x t e n t s  of r e a c t i o n s ,  s t r u c t u r a l  changes t h a t  t ake  
p l a c e  i n  t h e  s o l i d  r eagen t s  dur ing  these  reac t ions ,and  t h e  e f f e c t  t h a t  t hese  
f a c t o r s  have on r e l e v a n t  chemistry a r e  t h e  types of information sought. 

* 
The work repor ted  i n  t h i s  s e c t i o n  i s  supported i n  p a r t  by the  U.S. Energy 
Research and Development Administrat ion Divis ion of Phys ica l  Research. 



It is also considered desirable to develop a mechanistic.mode1 that is 
consistent with experimental results and can be used to predict the 
behavior of dolomite and other reagents under various reaction conditions. 
Finally, it is believed that synthetic reagents will provide a valuable means 
of testing reaction theories and may also serve as alternative sorbent ma- 
terials. 

Emphasis has been placed on the examination of those factors that will 
ultimately have a bearing on the rates of reaction and on limitations of 
yield. A review of the extensive literature on the effects of stone type, 
particle and pore sizes, reacting gas pressures and temperatures, and 
chemical reaction rates indicates that a more detailed knowledge of the 
structural and morphological characteristics of the sorbent is required. 
To that end, a basic study has been initiated which it is hoped will 
lead to a clearer picture of the various structural and morphological 
changes associated with sulfation and regeneration. Such an approach should 
improve our understanding of the reaction mechanisms and supply detailed ' 
information for refined mathematical modeling. 

Experimental 

The primary experimental tool for our work is the thermogravimetric 
apparatus (TGA) used for the kinetic studies. This equipment allows us to 
introduce reaction gases and to monitor weight changes at known temperatures. 
However, we recognize that multiple chemical processes and changing morph- 
ology are going on within our sorbent; accordingly optical microscopy, 
probe techniques, and X-ray diffraction methods are used in conjunction with 
the TGA experiments. 

TGA Experimental Techniques. The thermogravimetric,unit used for most 
of the experiments reported herein has been described previously .4 In that 
system, the reactant gas mixture is prepared by controlling the- flow of 
each constituent by means of a diaphragm-type regulator and calibrated rota- 
meters. Total flow was controlled in the range from 300 to 400 cm3/min. 
The water content of the.reactant gas was controlled by a thermostated 
humidifier, with sulfur dioxfde added .to the stream after humidification. 
The sample, contained in a platinum basket, was suspended from one arm of 
an Ainsworth Model RVA balance, which provides continuous weight data over 
the range from 0.2 to 1.0 g with an accuracy of k0.1 mg; it is protected 
from corrosive gases by a purge flow of helium. Temperature in the reaction 
zone up to about 950°C, controlled by a Marshatl furnace with an accuracy 
of +5"C, is recorded along with sample weight on a recorder. The apparatus 
was fabricated from quartz and type 304 stainless steel. 

Improvements in the TGA Apparatus. Considerable emphasis has been 
placed on improving the accuracy and reproducibility of TGA experiments. 
Figure 23 is a schematic diagram of the apparatus which includes-the modifi- 
cations.being introd.uced to accomplish thi.s goal. Prepared mixtures. 
containing the low concentrations of reactant gases replace the approach 
of blending the reactant gas stream from the pure constituents by the use of 
rotameters. In addition, an improved procedure for the introd~ction of 
H20 vapor into reactive gas streams is being adopted. Instead oT water 
'.ntroduction by the thermostated humidifier technique, water is pumped. 
.nta the system at a constant rate, then evaporated and tinally mixcd 
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Fig. 23. Schematic Diagram of the Modified Apparatus for Kinetic Studies 



with the remaining components of the reactive gas mixture before being 
carried to the reaction tube. These changes in the apparatus should lead 
to improvement in the accuracy and reproducibility of the TGA data and 
will be completed in the near future. 

Methods for Structural and Morphological Analysis. Techniques employed 
in these investigations to obtain structural information center on the use - 
of aliquots of reagent stones removed at various stages of the reaction 
of interest. Room-temperature X-ray powder diffraction patterns of a 
random selection of stones from such an aliquot provide information Qn the 
chemical phases present at that stage of reaction, as well as details of 
crystallite size, preferred orientation, disordering, etc. Optical micro- 
scopic investigation of random stones from an aliquot provides information 
on chemical phases present, crystal sizes, distribution of phases within a 
stone, and general morphological features. Electron mieroprobe studies 
are made on random stones from aliquots to determine the presence of Ca, 
Mg, and S as a function of position within a cross section of the stone. 
The various techniques serve to complement each other and provide an 
excellent overall picture of the structural changes that take place during 
the course of reactions under study. 

Mathematical Modelinp of Kinetic Data 

'This section presents the results of efforts to develop a mathematical 
model that will describe the kinetic data available. Since the sulfation 
reaction, Eq. 2, has been studied the most extensively, these modeling 
efforts have been directed toward this reaction. A description of assump- 
tions, development of the model, and testing of the model follows. The 
results presented suggest that limited success has been achieved in these 
initial efforts on the modeling aspect of the overall program. 

A particle of half-calcined dolomite is known to be quite porous and 
to comprise a mixture of small crystallites of CaCU3 and MgO. It is assumed 
in developing this model that macropore diffusion in the particle can be 
neglected, i.e., that the concentration of gaseous reactants at the surface 
of the CaC03 crystallites is the same as that in the reactant-gas stream. 
Further, it is assumed that the CaC03 crystallites are platelets (see 
Fig, 24) and that the reacting gases diffuse through a product layer of 
CaS04 to a moving reaction interface. The diffusion rate is assumed to be 
high compared with the movement of the reacting interface so that steady- 
state diffusion conditions exist within the product layer, with SO2 dif- 
fusion being the rate-limiting process. The intrinsic reaction rate, rl, 
for sulfation (Eq. 2) is given by 

where it is assumed that the reaction is first order with respect to the 
sulfur dioxide concentration .4 



By using Eq. 7, and the steady-state assumption mentioned above, and by 
imposing suitable boundary conditions, we can represent the concentration 
of sulfur dioxide at the reaction interface, cgOp, as follows: 

where De is the effective diffusion coefficient, cEO2,is the sulfur dioxide 
concentration in the reactant-gas stream, and Y. and P. are characreristlc 
dimensions in the platelet (see Fig. 24). If it is now assumed that the 
effective diffusion coefficient for SO2 diffusing through the product layer 
o£ calcium sXlfate is linearly dependentton the extent of rhe reacrlon,. 
i.e., D, = 6 D; with <* E !2*/$, Eq. 8 can be rewritten as 

Fig. 24. Schematic of a CaC03 Crystallite, Assumed 
to be of Rectangular Platelet Geometry, 
Found in Half-Calcined Dolomite Stone. 



The m a t e r i a l  balance f o r  t h e  r e a c t i o n  can be w r i t t e n  a s  

where Ccaco3 i s  t h e  calcium carbonate  concent ra t ion  i n  t he  c r y s t a l l i t e .  
S u b s t i t u t i n g  Eq. 9 i n t o  Eq. 10 and rear ranging  terms g ives  

which can now be i n t e g r a t e d  t o  g ive  

where Y - 1 - c * ,  t is  t h e  t i p e ,  and phys i ca l  cons t an t s  a s soc i a t ed  wi th  
c h a r a c t e r i s t i c  t imes f o r  t h e  r e a c t i o n  and d i f f u s i o n  have been c o l l e c t e d  s o  
t h a t  

The success  of t h e  model can be  t e s t e d  by a s c e r t a i n i n g  whether l i n e a r  
p l o t s  of - l n ( l  - Y)/Y versus  t / Y  a r e  obtained' f o r - t h e  experimental  da t a .  
This  has  been done f o r  t h e  s u l f a t i o n  r e a c t i o n  d a t a  prev ious ly  repor tedY4 
and Figs.  25 and 26 show t h a t  t h e  model does indeed f i t  t h e  d a t a .  I n  
a d d i t i o n ,  f i g .  27 shows t h a t  t h e  model a l s o  provides  a  reasonable f i t  t o r  
pre l iminary  d a t a  obtained f o r  t h e  carbonat ion r e a c t i o n  (Eq. 4 ) ,  which i s  
d iscussed  more f u l l y  below. Equation 14 sugges ts  a  method whereby t h e  
o rde r  of t h e  r e a c t i o n  wi th  r e spec t  t o  SO2 concent ra t ion  may be  calcuAated 
v i a  t h e  madel; t h a t  i s ,  the  s lope  of a  p l o t  of I n  ( 1 1 ~ ~ )  ve r sus  I n  Cso2 is 
equal  t o  t h e  o rde r  of t h e  r e a c t i o n  with. r e spec t  t o  SO2 concent ra t ion :  

F igure  28 shows t h e  r e s u l t s  of such a  c a l c u l a t i o n .  For t h e  s u l f a t i o n  
r e a c t i o n  d a t a  wi th  H20 present  i n  t h e  s imulated f l u e  gas ,  t h e  s lope  is 
0.99; f o r  t h e  s u l f a t i o n  r e a c t i o n  d a t a  without  H20 vapor,  t h e  s l o p e  is  
0.85. The previous ly  repor ted  values1 f o r  t h i s  parameter,  which were ob- 
t a ined  from an a n a l y s i s  based on t h e  i n i t i a l  r eac t ion - ra t e  model, a r e  1.08 
f o r  t h e  s u l f a t i o n  r e a c t i o n  wi th  H20 vapor p re sen t  and 0.77 f o r  t h e  s u l f a t i o n  



Fig. -25. Plots of (- 11[1 .- Y]) / Y  vs t / ~  Employing Kinetic. data for Sulfation 
Reaction wit.2 H20 Vapor Present in Reactio~ Gas Stream. Reaction 
Conditions: Tem?erature: .750°C; C02: 15%; g2: 5Z; S02: listed; ' 

H20: 2.9%; N,: - balance 



1.9 I REACTION CON DlTlONS 
TEMPERATURE 750°C 

Cop: 15% 
02: 5 %  

S02: LISTED 
H20: 0 %  

Ne: BALANCE 

~ i ~ .  26. - I n ( l  - ))I) vs t/) Plots, Employing Kinetic Data 
for Sulfation Reaction without Hz0 Vapor Present 
in Reactive Gas Stream 



Fig. 27. Plot of - l n ( l -Y) /Y  vs. t / ~ ,  Employing : m e t i c  
Data Obtained for Carbonation Reaotion 



REACTION CONDITIONS 
TEMPERATURE: 750°C 

C02: 15% 
02: 5% 

HpO: A-2.9% 
H20: 0-0% 

Np: BALANCE 

Fig.  28. l n ( l / r D )  vs. l n [ ~ i ~ ~ ] ,  Employing K i n e t i c  Data 

For S u l f a t i o n  React ion 



reaction data with no Hz0 vapor present in the simulated flue gas. The 
agreement of the results obtained with the two models is surprisingly 
good, especially in light of the fact that the mathematical model calcu- 
lation of this parameter is based on kinetic data over the entire reaction 
time period. 

Values of the model parameters of interest, TD and TR, can be obtained 
from the slopes and intercepts of plots of Eq. 12. Table 4 summarizes the 
results of such calculation, obtained by analyzing the kinetic data for the 
sulfation reaction. From this table it is obvious that neither the TD nor 
TR parameter is a constant from experiment to experiment, but varies with 
the SO2 and H20 concentrations. Equations 13 and 14 suggest that these 
model parameters should be'a function of S02.concentration only, since Co2 
is the same for each experiment reported in Table 4. The last two 
columns in Table 4 contain the values obtained when the values for TD and 
TR are multiplied by the c : ~ ~  values; according to Eq. 13 and 14, the - 
values in the last two columns shr?uld ba aonotant from txpt~iueuL LO experl- 
ment. However, an nrdpr of magnitude spread is Iuuud 111 che values, 
suggesting that the simple SO? concentratinn d~pendence  implicd by Eq. 13 
and 14 does not exist. The re~ults shown in Fig. 28 suggest a log-log 
SO2 concentration dependence of the model parameters. 

Due to the fa~mulation of the model,, it is not possibleoto compute 
values of kl and De separately, but instead only the ratio De/Rkl may be 
obtained from values of the intercept of plots of Eq. 12, i.e., 

where the quantity (Co )m is the same.for each experiment. The value 
for Co is given in ~agle 4. Computed rR/rD ratios are also given in this 
tableY2where it is seen that, i.f more than one significant iigure is con- 
sidered, the T ~ / T ~  values are not constant from experiment to experiment. 

In the development of the model, the effect of H20 c o n c e n t r ~ t j ~ l n  on 
' 

Lllr reaccion rate o'bserved experimentally4 was ignored by assuming 

* 
rate = kl[CSo I 

- 2  

where c&-, is the SO7 concentration at the. reaction interface. 
- 2 However, ~t should be possible to separate the effect of H20 concentration 

on the reaction rate by the following analysis. In Eq. 7, it is implied ' ' .  
that the CH 0 effect is included in the rate constant kl, z;o., 

2 

where ks is the "true" intrinsic rate constant, C1i2o is the gas-phase con- 
centration of H20, and n is the order of the reaction with respect to 
water concentration. Equation 17 suggests that for reactions with H20 
vapor present in the simulated flue gas, Eq. 13 should be modified as 
follows : 



Table 4. Sumary  of t he  Values Obtained f o r  t h e  Model Parameters,  T and T 
D R 



which suggests - 

Table 5 summarizes the results of the calculations of such an analysis 
for the kinetic data in Table 4. The results show that the (CH20)n values 
are not constant from experiment to experiment. However, the values of n, 
found in the last column, are in fairly good agreement with the experimentally 
determined value of n, which is zero.4 

The parameters included in a model should possess certain qualities. 
Because the parameters are ratios of physical cQnstants of the system ~ i n d ~ r  
investigation, the values of these psrawters should be a c n n s t a n t  and should 
not vary from experiment to experiment in an unexplainable fashion. Moreover, 
such parameters should provide informatisn that can he interpret~d physically. 
From the above analysis, it is difficult to draw conclusions that support the 
merit of the model. The results do not completely discredit the model, but 
strongly suggest that it is not complete as presently formulated. The 
situation of not clearly supporting or discrediting the model may change when 
more kinetic data become available for analysis and when further structural 
data are obtained. 

Table 5, Summary of Data on Effect of Water 
Concentration on Reaction Rate 



It must be emphasized that the limited success of this model does not 
Tean that it is an accurate description of the physical processes actually 
.aking place in these reactions. It is, in fact, very difficult to 
;ationalize, on the basis. of some physical phenomena,.the dependence of 
the effective diffusion coefficient on the degree of rea'ction. Nevertheless, 
the model does provide a mathematical description for the reaction under a 
variety of conditions and can serve as a point of departure for the development 
of a more satisfactory model by suggesting further experiments. The extent 
to which this process has already begun is pointed out in later sections 
where kinetic results not explained by this early model are presented. In 
addition, structural results are presented which indicate that the assumptions 
of the model are not correct. These structural results suggest a more 
realistic model. 

Sulfation Reaction of Half-Calcined Dolomite 

Initial TGA Experiments. The initial results obtained for the sul- 
fation reaction .(Eq. 2) were presented in' an earlier- report,4 but are sum- 
marized again here for completeness. They indicate that the reaction is 
first order with respect to SO2 concentration when H20 vapor is present in the 
reactive-gas stream, and that the rate varies with the three-fourths power 
of SO2 concentration when Hz0 vapor is not present. Thus, it appears that 
the rate-determining step is different, depending on whether or not water 
is present in the reactive gas. With water present, the reaction is 0.22 
order with respect to oxygen concentration in the reactive-gas stream. An 
apparent activation energy of 7.3 kcal/mol was found; such a value does not 
point conclusively to a mechanism in which a chemical reaction is rate 
controlling, but is somewhat greater than one might expect if the reaction 
were diffusion controlled. 

A number of other studies have now been performed on the sulfation re- 
action, Eq. 2, employing type 1337 dolomite. These. experfments are described 
below and have 5een performed (1) to test the simple mathematical model 
described above, and (2) to initiate a study of the structural changes in 
the solid reagent that are associated with this reaction. 

TGA Kinetic Experiments to Test Mathematical Model. The experimental 
procedure employed is the same as that used in the earlier studyY4 that is, 
with the TGA apparatiis hefore it was modified to the form shown in Fig. 23. 
The studies completed include the following: (a) experiments at low SO2 
concentrations in the reactant gas mixture (0.39% and 0.65% SO2) to determine 
whether the CaC03 available in half-calcined dolomite stones can be completely 
converted to CaS04 at low SO2 concentrations, (b) experiments in which the 
SO2 concentration in the reactant-gas mixture was stepped up from an initially 
low value (0.39% or 0.65%) to a high value of (3.1%) at a later stage of the 
sulfation reaction, and (c) an experiment to test the effect on the reaction 
rate that might be caused by crushing the stone after it had been partially 
sulfated. The res11l.r.s of these investigations are shown in Fig. 29. For 
comparison, results obtained earlier4 for 3.1% SC2 are also included. 

From curves c and d in Fig. 29, it is evident that, at the low SO2 con- 
centrations of 0.39% and 0.65%, the conversion of CaC03 in the dolomite 
stone to CaS04 stops after a finite reaction time and that conversion is less 
than complete. The data obtained in the earlier work, shown as curve a, 



LEGEND 
0-0.39% S02;THEN 3..I0/o S02; THEN STON ES CRUSH ED, FOLLOWED 

I 
BY 3.1% S02; AT 7.50°C. 

I a-0.65% Sop; THEN 3.1%; SO2 AT 750°C 

0-3.1% SO2 ( f o r  comparison 1; AT 750°C 
v-0.39% S02; THEN 5.1% S02; AT 750°C 

TI ME, minutes 

Fig. 29. P l o t s  o f  X Conversion us Time f o r  t h e  S u l f c t l o n  React ion 
o f  Hal f -Calc ined 1337 Dolomite Under t he  Reaction Condi t ions 
Described in., t h e  Legend 



indicate that with 3.1% SO2 in the reacting-gas mixture, essentially com- 
plete conversion can be obtained. These preliminary results suggest that 
the extent of conversion of Cay03 to CaS04 might be a .function of the SO2 
concentration in the reactant-gas mixture. It should be noted that in the 
kinetic model described above, the assumption is made that complete con- 
version of CaC03 in the half-calcined dolomite stones will always occur. 

It could be suggested that the incomplete conversion of the CaC03 
in the half-calcined dolomite stones at low SO2 concentrations might 
possi'bly involve some process whereby a structural change in the CaS04 
product layer occurs that, in effect, blocks diffusion of the SO2 through 
the CaS04 product layer. This possible simple explanation led to the 
step experiments (curves c and d). If by some process, SO2 diffusion is 
indeed blocked, then one would expect that once the reaction has stopped 
at some fractional conversion value, it would not proceed even if the SO2 
concentration is increased. Curves c and d in Fig. 29 show that reaction 
does indeed start again upon increasing the SO2 concentration. However, 
the reaction rate after the SO2 concentration was increased to 3.1% was 
much lower than that observed when fresh half-calcined dolomite stones 
were sulfated with a 3.1% SO2 gas mixture from the beginning to the end of 
the reaction (see curve a). The mathematical model in its present simple 
form is incapable of explaining these experimental results. 

From curve b, it is evident that after the half-calcined, partially sul- 
fated stones were crushed, the reaction rate'was higher.than before crushing. 
This effect is probably due to exposure of new CaC03 surfaces as a result of 
crushing. 

Structural and Morphological St&i-es of Sulfation. Crystal-chemical 
considerations based -on X-ray diffraction and optical microscopy studies 
have given new insight into the structural and morphological details 
associated with sulfation and regeneration. The following discussion is re- 
lated to observations made on stones that have undergone the sulfation 
react ion. 

Figure 30 shows the course of a sulfation reaction experiment with time 
under the following conditions. A sample at point A is the half-calcined 
(at 800°C) starting material. Sample point B represents the sample con- 
dition after reacting with 0.39% SO2 for 70 minutes at 750°C. Sample point 
C represents the state of the material at 750'~ but with do SO2 in rhe 
reactive gas stream. At sample point D, the SO2 concentratfon of 0.39% 
has been restored and maintained for an additional 90 minutes. The SO2 
was omitted for the 168-minute interval between sampling points B and C in 
order to note any structural or morphological changes (changes in composition 
or crystallite size) that might occur as a result of sintering during this 
interval. Aliquots of stones were removed at points A, B, C, and D for X-ray, 
microscopic, and electron microprobe studies. 

X-ray Diffraction Studies. The diffraction pattern of the Initial 
1337 dolomite shows it to be very crystalline, with a small amount of fine 
material. (The crystals are readily observed under low magnification with 
an optical microscope.) The stones are fairly soft, but nevertheless, the 
dolomite crystals within the stone are fused together in a random (crystal- 
lographic) orientation to produce an adherence. 



REACTION CONDITIONS 
TEMPERATURE 750°C 

SO2 - 0 .39% 

- Fig. 30. Course of S u l f a t i o n  Reaction. 

A l l  X-ray d i f f r a c t i o n  observa t ions  have been made at rnnm temperature.  
The removal of a  TGA sample produces a r ap id  qllenrh, and i t  is assumed 
t h a t  t h e  quenched sample r e p r e s e n t s  t h e  cond i t i on  nf t . h ~  mnt~rial a t  e leva tad  
temperatures .  X-ray measurements a t  e l eva t ed  temperatures  a r e  planned i n  
o rde r  t o  check t h e  v a l i d i t y  of t h i s  assumption. 

I n  sample A,  t h e  X-ray d i f f r a c t i o n  p a t t e r n  shows MgO and CaC03, both ex- 
h i b i t i n g  very  smal l  c r y s t a l l i t e s .  b u t  with t h e  CaCO? prnbably d isordered .  The 
MgO c r y s t a l l l t e s  a r e  of t h e  order  of 1000 '1 o r  smal le r .  The l a c k  of r e s o l u t i o n  
of t h e  CuKa doublet  f o r  CaC03 i n d i c a t e s  c r y s t a l l i t e  s i z e s  of 300-1000 A, but  
t h e  r a p i d  drop-off i n  i n t e n s i t y  wi th  ang le  s t rong ly  sugges ts  some d i s o r d e r  o r  
thermal  e f f e c t .  There is  a tendency f o r  order ing  on t h e  104 p lanes  ( n a t u r a l  
c leavage  f a c e s )  of CaC03. The o rde r ing  is so  prnnounced t h a t  c l u s t c r ~  of 
l a r g e  "crys ta l s"  a r e  produced. Under some ha l f -ca lc in ing  cond i t i ons ,  the  
CaC03 c r y s t a l s  may show more o r  l e s s  tendency f o r  p re fe r r ed  o r i e n t a t i o n  a s  
i n d i c a t e d  below i n  t h e  s e c t i o n  on ha l f - ca l c ina t ion .  Nevertheless ,  t h e  char- 
a c t e r i s t i c s  descr ibed  above may be q u i t e  genera l ,  f o r  they  ag ree  f a i r l y  w e l l  
w i t h  s t u d i e s  made by Wilsdorf and H a 1 1 1 ~ ' ~  on t r anspa ren t  s i n g l e  c r y s t a l o  of 
dolomite.  



I n  sample B,  MgO is  p re sen t ,  wi th  CaS04 appearing wi th  t h e  CaC03. 
MgO is  s t i l l  present  i n  sample C. The volume of CaS04 has decreased 
s u b s t a n t i a l l y  over t h e  amount observed i n  sample B. This  i s  a  r e s u l t  
of t h e  nonuniformity of behavior  of i nd iv idua l  s tones .  

I n  sample D ,  t h e  r e s u l t s  a r e  e s s e n t i a l l y  unchanged from those  of 
sample C. 

The CaS04 seems t o  be i n  t h e  same cond i t i on  (small  c p y s t a l l i t e  s i z e  
o r  d i s o r d e r ,  o r  both) a s  t h e  CaC03 from which i t  was derived.  I n  a d d i t i o n ,  
t h e  p re fe r r ed  0 , r i en t a t ion  ofi t h e  CaC03 (and t h e  s i z e s  of t h e  a s soc i a t ed  
pseudo c r y s t a l s )  decreases  a s  s u l f a t i o n  progresses .  Following s u l f a t i o n , l : t h e  
s tones  become harder ;  under low-power magni f ica t ion ,  they  seem t o  e x h i b i t  
t h e  same c h a r a c t e r i s t i c  coa r se  pore s t r u c t u r e  observed i n  t h e  dolomite 
s t age .  

Microscornand SEM Studies .  Opt ica l  examination of t h e  untreated.  
dolomite shows a  c r y s t a l  s i z e  range between 30 and 300 microns. Upon h a l f -  
c a l c i n i n g ,  i t  is  found t h a t  t h e  s i n g l e  c r y s t a l s  of dolomite a r e  rep laced  
by g r a i n s  -- t h a t  is ,  a c r y s t a l  seems t o  convert  t o  a  g r a i n  of about t h e  
same shape, wi th  t h e  g r a i n s  s t i l l  held toge the r  t o  produce a  coarse  pore 
s t r u c t u r e  s i m i l a r  t o  t h a t  found i n  t h e  o r i g i n a l  dolomite.  

MgO cannot be de t ec t ed  wi th  c e r t a i n t y .  It would be expected,  according 
t o  t h e  X-ray r e s u l t s ,  t h a t  aggregates  of MgO could be seen but  t h a t  s i n g l e  
c r y s t a l s  of MgO would be below t h e  l i m i t  of v i s i b i l i t y .  C a l c i t e  c r y s t a l s  
a r e  observed, however, t h a t  have,a s i z e  range of 1-15 microns and an average 
s i z e  of about 3  microns (30,000 A ) .  E x t i r ~ c t i o n  i n  polar ized  l i g h t  of t h e  
c a l c i t e  c r y s t a l s  i s  always undulatory,  i n d i c a t i n g  s t r a i n  o r  d i so rde r .  
In view of t h e  smal l  s i z e s  of t h e s e  c r y s t a l s ,  i t  i s  a  ques t ion  whether 
s t r e s s e s  would be pcesent .  It i s  q u i t e  p o s s i b l e  t h a t  t h e  o r i g i n  of t hese  
c r y s t a l s  l i e s  i n  t h e  tendency of small  c r y s t a l l i t e s  t o  a l i g n  i n  p re fe r r ed  
o r i e n t a t i o n  t o  s imula te  a  l a r g e r  " s ing le  crystal' ' ,  a s  i nd ica t ed  i n  t h e  X-ray 
d i f f r a c t i o n  p a t t e r n s .  The undulatory n a t u r e  of t h e  e x t i n c t i o n  would then  
a r i s e  from incomplete and inexac t  alignment along c r y s t a l l o g r a p h i c  d i r e c t i o n s .  

Oil-immersed c a l c i t e  g r a i n s  viewed i n  t r ansmi t t ed  l i g h t  show narrow 
r i v u l e t s  o r  s t r i n g e r s  about 1 micron i n  width which e x h i b i t  high r e l i e f  when 
t h e  c a l c i t e  g r a i n  i s  i n  a  p o s i t i o n  of zero  r e l i e f .  It i s  suspected t h a t  
t h e s e  s t r i n g e r s  a r e  MgO,.but t h e i r  smal l  s i z e  precludes a  r e f r a c t i v e  index 
determinat ion.  Addi t iona l  s t u d i e s  should l ead  t o  an understanding of t h e  
n a t u r e  of t h e  MgO d i s t r i b u t i o n ,  bu t  f o r  t h e  t ime be ing ,  we cons ider  t h e  
s t r i n g e r s  d i s t r i b u t e d  i n  t h e  c a l c i t e  " c rys t a l s "  t o  b e  MgO. 

Following s u l f a t i o n ,  microscopic examination shows t h a t  t h e s e  c a l c i t e  
c r y s t a l s  a r e  reduced i n  s i z e ,  i n  accordance wi th  t h e  X-ray observa t ions .  
However, a  most i n t e r e s t i n g  morphological. change i s  found o p t i c a l l y :  t h e  
c a l c i t e  c y r s t a l s  - do not  .- s u l f a t e  uniformly. I n  Fig.  31a, t h e  drawing de- 
p i c t s  an i r r e g u l a r l y x a p e d  c a l c i t e  c r y s t a l  t h a t  e x h i b i t s  t h e  nonuniform 
e x t i n c t i o n .  Upon s u l f a t i o n ,  a  c r y s t a l  w i l l  be  found t o  e x h i b i t  bo th  CaS04 
and CaC03 c r y s t a l l i t e s  adhering toge the r  a.s shown i n  Fig. 31b. This  condi t ion  



Fig.  31  (a) Appearance of S t r i n g e r s  i n  a Calcite Crys t a l  
Exhibiting Nol~uniform Ext inc t ion .  

Fig.  3 1  (b) D i s t r i b u t i o n  of Aggregated CaC03 and CaS04 
C r y s t a l s  a f t e r  P a r t i a l  S u l f a t i o n  



<s found even on t h e  periphery of s tone  t h a t  is about 50-60% sulfa ted .  

Figure 32 shows a 75X magnification of t h e  edge of a s tone  removed from 
point  D, Fig. 30. The individual  g ra ins  are apparent. The band along t h e  
periphery, i n  which t h e  g ra ins  a r e  pronounced, c o n s t i t u t e s  t h e  region of 
primary su l fa t ion .  SEM s tud ies  confirm t h e  observation t h a t  t h e  per ipher ies  
of s tones  are being su l fa ted  f i r s t .  Figures 33 and 34 show t y p i c a l  SEM 
r e s u l t s .  These were obtained on a s tone  taken from point  C i n  Fig. 30, 
corresponding t o  about 45% su l fa t ion .  Figure 33a shows a Ca scan across  t h e  
e n t i r e  s tone;  Fig. 33b, a S scan across  t h e  e n t i r e  s tone;  and Fig. 33c out- 
l i n e s  f i v e  a reas  on t h e  s tone  t h a t  were analyzed i n  d e t a i l  f o r  Ca, Mg, and S. 
Figure 34 gives t h e  r e s u l t s  of t h e  ana lys i s  of these  f i v e  areas.  It is 
apparent t h a t  even though C a  and Mg a r e  uniformly d i s t r i b u t e d  across  t h e  
stone,  S, f o r  the  most p a r t ,  i s  d i s t r i b u t e d  only on i t s  periphery. With 
t h i s  information, w e  can set up a t e n t a t i v e  model f o r  t h e  s u l f a t i o n  pro- 
cess. 

Development of S t r u c t u r a l  Model. I n  Fig. 35a, t h e  dolomite i s  repre- 
sented a s  composed of macroscopic c r y s t a l s  of CaMg(C03)*. The i r r e g u l a r  
shapes represent  individual  c r y s t a l s ,  and t h e  arrows i n d i c a t e  t h a t  t h e  
crys ta l lographic  d i r e c t i o n s  of t h e  c r y s t a l s  are random. The t o t a l  aggregate 
of t h e  c r y s t a l s  c o n s t i t u t e  t h e  dolomite stone.  Voids between t h e  c r y s t a l s ,  
l abe l l ed  a ,  contain some f i n e l y  divided dolomite c r y s t a l s ,  s o  small a s  t o  
be a powder. It is  assumed t h a t  t h e  s i n g l e  c r y s t a l s  of dolomite are held 
together by some intergrowth of t h e  c r y s t a l s ,  o r  perhaps by some tendency of 
the  powder t n  grow i n t o  t h e  l a r g e r  c r y s t a l s .  Al ternat ively ,  a hydrate could 
be responsible.  After  half-calcining,  t h e  s i n g l e  c r y s t a l s  become gra ins ,  as 
indicated i n  Fig. 35b. It is q u i t e  poss ib le  t h a t  t h e  i n i t i a l  voids a a r e  
maintained a t  t h i s  s tage ,  f o r  t h e  gra ins  are s t i l l  held together t o  maintain 
a good adherence. Each of these  g ra ins  is  now composed of t h e  CaC03 + MgO 
aggregate. We have remarked t h a t  X-ray s t u d i e s  i n d i c a t e  t h a t  the  calcite 
c r y s t a l l i t e s  aggregate by preferred  o r i e n t a t i o n  i n t o  l a r g e  pseudo c r y s t a l s .  
A s  Haul and ~ i l s d o r f  r6 have observed, a s i n g l e  c r y s t a l  of dolomite w i l l  
serve  a s  a base aga ins t  which::the CaC03 w i l l  develop and o r i e n t .  Hence, as 
long a s  s i n g l e  c r y s t a l s  of dolomite are present  as shown i n  Fig. 35a, w e  
would expect each dolomite c r y s t a l  t o  serve  a s  a base f o r  developing t h e  
or iented  c a l c i t e  c r y s t a l l i t e s  i n t o  aggregates. This i s  consis tent  with t h e  
c r y s t a l  s t r u c t u r e s  of both dolomite and c a l c i t e ,  as w i l l  be described below. 
A s i n g l e  gra in  of half-calcined dolomite is  shown in  Fig. 35c, and t h i s  
f i g u r e  represents  a speculated view of t h e  make-up of t h e  grain.  

I n  Fig. 35c, individual  c r y s t a l l i t e s  of CaC03 are shown t o  tend t o  a l i g n  
along a crys ta l lographic  d i rec t ion .  This i s  a simple view, s ince  t h e  symmetry 
CaC03 allows t h r e e  equivalent  d i rec t ions .  The black shading i n  t h e  individ- 
u a l  CaCU3 c r y s t a l l i t e  represents  MgO, and t h e  black shadings between t h e  
aggregated c r y s t a l l i t e s  a r e  a l s o  intended t o  represent  MgO, but  a s  i s o l a t e d  
material. Regions marked b are new voids,  now within the  gra in  (and between 
c r y s t a l s  of CaC03), a s  d i s t i n c t  from voids a which a r e  formed between t h e  
grains.  Figure 35d shows a view of a "s ingle  c rys ta l "  of CaC03 as cons i s t ing  
of an aggregate of c r y s t a l l i t e s  tending t o  order. A s  described below, t h e  
s i n g l e  c r y s t a l l i t e  of CaC03 could show s tacking disorder ,  containing extended 
shee t s  of entrapped MgO (the s t r i n g e r s ) .  The entrapped MgO as before is 



Fig. 32. Stone Removed from Poin t  D, Fig. 30. Ind iv idua l  
grains o f  stone apparent. The band, along the 
per iphery o f  stone, where grains are most pro- 
nounced, i s  the region o f  pr imary s u l f a t i o n  



r l y .  33. SEM Resul ts  on a =tone Take11 from P o i n t  C i n  F ig .  30. F ig .  33a 
shows a Ca X-ray scan across t h e  e n t i r e  stone, F ig .  33b a S X-ray 
scan across t h e  e n t i r e  stone, and F ig .  33c o u t l i n e s  f i v e  areas on 
the stone analyzed i n  d e t a i l  f o r  t h e  presence o f  Ca, Mg, and S 
(see Fig.  34) 



Fig. 34. SEM Resul t s  o f  Analysis f o r  Presence o f  Ca, Mg, and S 
i n  the Five Areas o f  t he  Stone Described i n l i q d 3 ~ ~  
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Fig. 35. Schematic Representation of the Structural Characteristics of 
Dolomite During Sulfation. a) Dolomite before half-calcination, 
b) dolomite after half-calcination, c) aggregation characteristics, 
d) non-uniform orientation of crystallite normal to the c-axis, 
e) non-uniform orientation in the a-a plane of hexagu~~al axis. 
(see text for details) 



i n d i c a t e d  i n  Fig. 35d by the  heavy shading. It i s  now necessary  t o  de f ine  
new voids--the spaces  t h a t  occur between unaligned c r y s t a l l i t e s  of CaC03. 
These a r e  l a b e l l e d  c and could c o n s t i t u t e  reg ions  of d e f e c t s  and va r ious  
vacancies--points  where one might expect  h igh  r e a c t i v i t y  t o  S02. The 
s t r i n g e r s  of MgO could a c t  a s  b a r r i e r s  t o  t h e  d i f f u s i o n  of S02, thereby 
l e a d i n g  t o  nonuniform s u l f a t i o n  of a c a l c i t e  c r y s t a l .  

It i s  i n s t r u c t i v e  t o  examine t h e  s t r u c t u r e  of dolomite and t o  consider  
a mechanism of breakdown dur ing  t h e  ha l f - ca l c ina t ion  process .  This  l e a d s  
t o  a p l a u s i b l e  i n t e r p r e t a t i o n  of t h e  o r i g i n  of t h e  s t r i n g e r s  and t o  va r ious  
methods f o r  breaking  down t h e  MgO formation. . 

, C a l c i t e ,  CaC03, possesses  rhombohedral symmetry. The rhombohedral 
ang le  i s  46"6', a s  d i s t i n c t  from t h e  cleavage rhomb ang le  of 101°55'. 
However, i t  i s  convenient t o  d e s c r i b e  t h e  s t r u c t u r e  i n  terms of hexagonal 
symmetry. Dolomite, CaMg(C03)2, is  a l s o  rhombohedral, bu t  can,  i n  a s i m i l a r  

.manner, be r e f e r r e d  t o  hexagonal symmetry. The hexagonal c e l l  dimensions 
a r e  ( inc luding  MgC03): 

Although the  s t r u c t u r e s  of c a l c i t e  and dolomite a r e  s i m i l a r ,  b a s i c  d i f -  
f e r e n c e s  i n  symmetry s e r v e  t o  i n d i c a t e  t h a t  t he  two m a t e r i a l s  a r e  t o  be 
considered a s  d i s t i n c t  compounds. The space group of c a l c i t e  i s  D : ~  - 
R ~ C  wh i l e  t h a t  of dolomite i s  ~5~ - ~ 3 .  The a l t e r n a t i o n  of Ca and Mg atoms 
a long  t h e  th ree fo ld  axes lowers t h e  symmetry. I n  t h e  fo l lowing ,  only t h e  
s t r u c t u r e  of dolomite  is  considered.  A v i s u a l  r e p r e s e n t a t i o n  of t he  s t r u c -  
t u r e  of c a l c i t e  can be obtained by r ep lac ing  Mg wi th  Ca atoms. 

Dolomite CaMg(C03 )2 Z = 3 

1 2 2  2 1 1  Coordinates: 000, 2 5 3 ,  3 3 5 + 

I n  Fig. 36, t h e  ~ a *  p o s i t i o n s  l ead  t o  extended s h e e t s  of ~ a *  ions  
normal t o  the  c-axis.  Each ~ a *  i s  bonded t o  one of t h e  oxygen atoms of a 

2 t r i a n g u l a r  a r r a y  of oxygen atoms d i s t r i b u t e d  about t h e  po in t  3 1.43. These 



Fig .  36. Schematic Representat ion o f  t h e  Cross S e c t i o n  o f  
a Dolomi te  C r y s t a l  taken normal t o  t h e  c -ax i s  showing 
Ca++ a t  t h e  000 p o s i t i o n s  (see t e x t )  

F ig .  37. Schematic Representat ion o f  t h e  Cross Sec t ion  
o f  a Dolomi te  C r y s t a l  Taken Normal t o  t h e  c  a x i s  
showing M ~ + +  a t  t h e  ! 2 2.67 p o s i t i o n  (see t e x t )  

3 3 



- - 
t r i a n g u l a r  a r r a y s  a r e  t h e  oxygen atoms of t h e  C03 . i o n .  (The carbon p o s i t i o n s  
a r e  omit ted f o r  c l a r i t y . )  Another zxygen a r r a y  is  d i s t r i b u t e d  about t h e  po in t  
A ' 2  1.43. A l l  a r r a y s  a t  z = +1.43 A a r e  extended s h e e t s  of oxygen atoms normal 
!03the c-axis.  Each ~ a *  ion  is ,  t h e r e f o r e ,  bonded t o  6 oxygen atoms. 

A s  shown i n  Fig. 37, Mg* i o n s  appear a t  p o s i t i o n s  4 3 2.67. C lea r ly ,  
each Mg* i o n  i s  bonded a l s o  t o  oxygen atoms a t  a  he igh t  of z = 1.43 A. However, 
more CO3' groups a r i s e  a t  a  he igh t  of 3.91 A ,  and a r e  d i s t r i b u t e d  about t h e  
p o i n t s  0 ,  0 ,  3.91. Consequently, each Mg* i on  i s  a l s o  bonded t o  6 oxygens. 
A s  be fo re ,  t h e  oxygens a t  z = 3.91 A form extended sh.eets normal t o  t h e  c-axis .  
Th i s  bui ldup of s h e e t s  of atoms, w i th  M ~ *  and ~ a *  ions  sha r ing  t h e  same 
neighboring oxygen atoms, cont inues  t h e  e n t i r e  l eng th  of t h e  c-axis ( c  = 16.00 i) 
w i t h i n  the  u n i t  c e l l .  A view normal t o  t h e  c-axis i s  sho,wn i n  Fig.  38. 

cog 
M ~ + +  
co; 
~ a + +  

co; 
M ~ + +  

Fig. 38. D i s t r i b u t i o n  of Ions Normal t 0 . c - ax i s  Hexagonal 

- 
The s h o r t e r  d i s t a n c e  between MgX - C O ~ -  p lanes  a r i s e b  from t h e  smal le r  r a d i u s  
of t h e  magnesium ion.  The above l a y e r i n g ,  of course,  extends throughout 
t h e  e n t i r e  (macroscopic) c r y s t a l  of dolomite.  

s i n c e  each ~ a *  and Pig* ion  sha re s  a  common oxygen atom, then ,  i n  h a l f -  
. c a l c i n i n g ,  each ~ 0 3 =  ion  must break dam t o  form 0= ions .  A n  a l t e r n a t i v e  way 

t o  view t h i s  i s  t o  remember t h a t  t h e  oxygen atoms a r e  symmetry equ iva l en t ;  
t h a t  i s ,  they  a r e  der ived  from an 18-fold s e t .  F igure  3 9 ' i s  a  view of a  
p o s s i b l e  mechanism f o r  ha l f - ca l c ina t ion  based upon t h e  above s t r u c t u r e .  

- - - 
I n  Fig. 39, each C o g  i o n  i s  depic ted  a s  breaking down t o  0- ions .  A 

M ~ *  i on  combines wi th  O= t o  form MgO, and s i n c e  ~ g *  i ons  a r e  nea r  each 
o t h e r  (corresponding t o  reasonable  metal-metal d i s t a n c e s ) ,  MgO n u c l e i  can 
form r e a d i l y .  On t h e  o t h e r  hand, CaC03 should form e a s i l y  s i n c e  i t  i s  s t a b l e  
under the ha l f - ca l c in ing  cond i t i ons  and t h e  ~ a *  p o s i t i o n s  a r e  c l o s e  t o  t hose  
i n  t h e  r e l a t e d  dolomite con f igu ra t ion .  Di f fus ion  of Mg* ions  o r  MgO from 
neighboring s h e e t s  can occur ,  bu t  i n  t h i s  c a s e ,  t h e  formation of c a l c i t e  
s h e e t s  can a c t  a s  b a r r i e r s  t o  t h e  d i f f u s i o n .  Hence, t h e r e  may be  a  l i m i t e d  



1 A ~ g + +  
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Fig. 39. Formation of Phases 

buildup of MgO crystallites along the c-axis, but extended sheets (stringers) 
could occur in two dimensions normal to c. An idealized situation is shown 
in Fig. 40. However, dolomite is expected to exhibit a mosaic structure, a 
feature in common with many crystals. This leads to various faults consisting 
of defects and dislocations. These regions can become pathways for diffusion 
of MgO to build up to macroscopic thickness. Limits of growth imposed by 
the alternation of MgO and CaC03 would, therefore, account for the small 
crystallites observed for these phases. However, there is a difference in the 
subsequent steps associated with half-calcining. MgO is cubic with a 
structure not compatible with that of either dolomite or calcite. On the 
other hand, calcite not only is compatible, but exhibits 3 equivalent direc- 
tions. As ickdicatcd above, thc 104 reflection of ca1 .c i . t~ .  was found to be 
1 I spotty". This plane corresponds to the 3 natural. cleavage faces of CaCO and 
the spottiness arises from the tendency of the crystallites to align normal 
to the 104 'direction. If we consider that the dolomite crystals have some 
mosaic character and that, in addition, new defects are introduced during . 

the calcination, it might be expected that the re-formed crystals of CaC03 
will show configurations as indicated in Fig. 35d in which sections of crystals 
are displaced along the c-axis. In addition to the various defects, dolomite 
may contain impurity ions that can replace Ca and Mg atoms at the cation 
structure sites. At elevatcd temperature, the the.rmal motion may become so 
anisotropic that certain metal-oxygen bonds may break preferentially during 
half-calcination. This will not change substantially the features of the model 
presented here. 



Fig. 40. Layering of Phases 

Thus, s t ack ing  d i s o r d e r  wi th in  a c r y s t a l l i t e  and s t ack ing  d i s o r d e r  between 
t h e  c r y s t a l l i t e s  can be cons idered ,  t h e  l a t t e r  a r i s i n g  from t h e i r  a t tempt  t o  
a l i g n .  Another d i s o r d e r  a r i s e s ,  however, by v i r t u e  of t h e  symmetry. Thts  
i s  shown i n  Fig. 35e. I n  t h i s  case ,  misalignment can a r i s e  i n  a  d i r e c t i o n  
normal t o  c. I n  t h i s  f i g u r e ,  t h e  extended shee t i  of MgO a r e  i n  t h e  p lane  of 
t h e  f igu re .  

The model sugges t s  t h a t  MgO (and CaC03 a s  we l l )  could. form extended and 
n e a r l y  2-dimensional shee t s .  The aggregated s h e e t s  could w e l l  c o n s t i t u t e  t h e  
s t r i n g e r s  observed o p t i c a l l y .  The tendency f o r  t h e  c a l c i t e  s h e e t s  t o  form 
o r i e n t e d  " c r y s t a l s , "  bu t  lead ing  t o  misalignment could a l s o  account far t h e  
undulatory n a t u r e  of t h e  e x t i n c t i o n  under polar ized  l i g h t .  The model, i n  . 
a d d i t i o n ,  sugges t s  t h a t  a  v a r i e t y  of pores  could e x i s t .  Of p a r t i c u l a r  i n t e r e s t  
t o  u s  f s  t he  pore con f igu ra t ion  shown i n  Fig.  35d and 35e. We have defined 
t h e  reg ions  c  a s  pores .  S t r i c t l y  speaking, t hese  a r e  reg ions  of incomplete 
bonding -- u n s a t i s f i e d  bonding -- because of s t r u c t u r e  d i s c o n t i n u i t y  ac ros s  
a  boundary and may be  t h e  o r i g i n  of van de r  Waals o r  o the r  bonding t o  cause 
o r i e n t a t i o n  along s p e c i f i e d  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  The pores  c  could 
w e l l  be r eg ions  of h igh  r e a c t i v i t y  t o  SO2. 

The model developed above has  been e s t a b l i s h e d  on t h e  b a s i s  of l imi t ed  
X-ray d i f f r a c t i o n  and microscopic s t u d i e s  and consequent ly has many l i m i t a t i o n s .  
The pore blockage and b a r r i e r  d i f f u s i o n  schemes a r e  overs impl i f ied .  Changing 
molecular volumes produce dynamic changes i n  channel ing and pore makeup. The 



formation of CaS04 apparently does not follow a simple process. Reports on 
rared studies of sulfation7 show the buildup of complex su2BaCe.s on the 
faces of CaO. These layers of sulfates could well be responsible for 

some limitations of continued sulf.ation. One must also consider the nature 
of processes responsible for stone hardness and adherence. Possibly, the 
formation of stable intermed2ate compounds, developed by an epitaxial 
mechanisn~, may lead to adherence, and the epitaxial layers could also parti- 
cipate as diffusion barriers. Finally, as will be shown, the degree of 
preferred orientation of the calcite will vary with calcining conditions. Thus, 
Fig. 35c, 35d, and 35e may not be truly representative of the grain makeup. 
The model should, therefore, be looked upcm as a guide, subject to modifi- 
cation as more information is .obtained. . 
Half-Calcination Reaction 

In experiments carried out to help establish a structural model, it was 
noted that the CaS04 seemed to exhibit a crystallite size and disorder such as 
that present in the CaC03 -- certainly, the small crystallite size. Substan- 
tial hardening of the stone occurs following sulfation without too much change 
in shape. It was suspected, therefore, that some of the larger pore con- 
figurations are maintained during sulfation. However, other pore or channel 
arrangements must change continuously, since the molecular volumes of CaO, CaC03, 
and CaS04 differ, leading to different space-filling requirements as reactions 
progress. It seems evident, therefore, that after cycling of the additive 
through sulfation and regeneration reactions and returning to a starting material, 
the regenerated starting material could exhibit quite a modified micropore 
configuration over that present in the original half-calcined additive. A 
question thus arises whether a starting material with good sulfation charac- 
teristics can return to a starting material with the same quality behavior -- 
that is, can a good morphology be retained? 

Preliminary results on the carbonation reaction presented .beiow suggest 
that the regeneratlon process does not go to completion. This raises the 
question of whether the morphology of half-calcined dolomite can have an effect 
on the extent of regeneration reactions. To resolve some of these problems, 
several experiments have been designed to study the modification of starting 
dolomite in order to obtain morphological information on the half-calcined 1337 
dolomite that can be correlated later with rates of the chemical reactions of 
L L s  The experimental variables for the ha1 f-calcination re.action , Eq. 1, 
are temperature and C02 partial pressure. 

To initiate a systematic study of the calcination reaction and the morph- 
ology of the resulting half-calcined material, the following series of experi- 
ments was performed: Type 1337 dolomite was half-calcined at one atmosphere 
pressure in an environment of 100% C02 at 640°C, 660°C, 680°C, 700°C, 720°C, 
and 740°C. I11 addition, an experiment was performed in which 1337 dolomite 
was half-calcined in an environment of 40% C02 at 640°C. The kinetic results 
vbLaiuecl are shown in Fig. 41 and 42, where percent conversion is plotted 
against time. Sonie error may exist in these plots because of the manner in 
which percent conversion was calculated. Since many of the experiments did 
not go to completion, it was not possible to determine what weight loss cor- 
.. .. 



0 60 I ZU 180 240 300 360 420 480 

TIME, minutes 
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F i g .  42. Plots of % Conversion vs Time for Half-Calcination of 1337 Do- 
lomite at 640°C as a Function % Cop Environment 



responded to exactly 100% conversion. A common value was chosen for these 
calculations corresponding to an average value obtained from many previous 
half-calcination experiments. 

The half-calcination technique employed in this program in the past has 
been to heat the dolomite in an environment of 40% C02 at 800°C at a rate of 
about 25OCImin. Under these experimental conditions, the half-calcination 
reaction is completed in 20 to 25 min. From Fig. 41, it can be seen that 
the reacton rate is much lower in the environment of 100% C02, even at the 
highest temperature, 740°C. It is also apparent that the rate for 100% C02 
increases rapidly with temperature, particularly at temperatures above 660°C. 
From Fig. 42, it is apparent that the reaction rate increases with decreasing 
C02 partial pressure at 640°C. 

A summary of the X-ray diffraction analysis of stones from these half- 
calcination experiments is given in Table 6. 

For the experiments carried out in 100% C02, the following tn~rphol.ogica1 
trends are significant: The CaC03 pseudo-crystal size varies from very large 
at low temperature to small at high temperatures, or nltcrnatively, the exteut  
of CaC03 crystallite preferred orientation varies with temperature, with the 
degree of orientation decreasing as temperature increases. It is noted that 
the indication of fairly large pseudo-crystals gram the X-ray data may in fact 
be due to very small crystallites, perhaps lO0OA or so in size, that are 
highly oriented to form pseudo-crystals. The rapid dropoff in the intensities 
of the diffraction lines observed indicates some disorder. A microscopic 
investigation will yield more information on this. 

In 100% C02, the MgO crystallite size remains small regardless of the 
temperature. However, there is some indication that the overall intensities 
of the MgO lines in the half-calcined dolomite may vary from experiment to 
experiment. Visual examination of the lines suggests that, in some cases, 
particularly at large scattering angles, the lines may show some sharpening. 
Ti the increase in peak intensity observed is a consequence of crystal growth, 
this can be determined from line width measurements, This qualitative ob- 
servation will be pursued.by further investigation, 

A comparison of the extreme cases between 100% C02 at 640°C and 40% C02 
at 800°C indicates a large difference in morphology. 100% C02 at 640°C 
results in the largest pseudo-crystals (very oriented) of CaC03, whereas 40% 
C02 at 800UC results in small. 'pseudo-crystals of CaC03 (slight preferred 
orientation). The effect of C02 partial PressiJrP at 640°C is much l o ~ c  
dramatic in that half-calcination with 40% Cop rather than 100% CO2, leading 
to smaller pseudo-crystals of Ca603 -- al.thaii~h the pseudo-aryctolo arc still 
relatively oriented. 

These results do show that the morphology of half-calcined dolomite can 
be controlled to some extent by choosing the conditions under which the reaction 
is carried out. Comparison of kinetic data and resultant morphology of half- 
calcined stones makes it obvious that when the reaction is performed under 
conditions for which the reaction rate is low, the morphology indicates larger 
pseudo-crystals of CaC03. It ~ m a i n s  to be determined whether or not the MgO 
structure is being affected in a similar fashion. 



Table 6. Summary of X-Ray Diffraction Analysis of 1337 Dolomite Stones from 
Half-Calcination Reaction Experiments 

Sample History CaMg(C03)2 MgO CaC03 Quartz 
crvstallite crvstallite crystallite 
. sizea quantity size quaneity - sizeb quantity 

-= - 

100% CO2 at 640°C 
for approx. 7 hr large ma j or small very minor larger, minor 

very 

I ._ oriented 

100% CO2 at 660°C 
for approx. 7 hr large small minor + large, minor + very minor 

oriented 

100% CO2 at 680°C 4 
for approx. 6 hr large decrease small medium large, medium medium 

less 

I oriented 

100% CO2 at 700°C 
for approx. 2 114 hr large small medium medium, medium 

slight 
orientation 

d. 
100% C02 at 700°C 
for approx. 7 hr large minor small major small, major very minor 

I slight . 
orientation 

100% C02 at 720°C 4 
for 2 113 hr ----- none small major small, major 

slight 
orientation 

100% CO2 at 740°C 
for 112 hr ---- none small ma j o f  small, major 

slight 
orientation 

40% C02 at 800°C 
for approx. 25 min. none '\.1000A major small, ma j or trace 

slight 
orientation 

40% C02 at 640°C 
for approx. 7 hr large major small minor large , minor 

oriented 

a Ic should be uoted that the origin of thc apparently larger dolomite crystals may be the result 
of initial decomposition of the finely divided CaMg(C03)2 so that the larger crystals stand out 
in the diffraction pattern. 

Lack of resolution of the a,a2 doublet serves to indicate that the crystallite size is of the 
order of 1000A in all expariments. However, they undergo preferred orientation so as to simulate 
single crystals. At the beginning of this series, the orientation is pronounced enough to 
produce fairly well defined pseudocrystals. However, as the temperature increases, the pseudo- 
c~ysLals brcuurd simllcr, with the oriont3tiofi hernming mnre random. 



S u l f a t i o n  During Half-Calcinat ion 

I n  t h e  previous  s e c t i o n ,  t h e  s t u d i e s  of ha l f - ca l c ina t ion  were intended 
t o  i s o l a t e  those  p r o p e r t i e s  of CaC03 (and poss ib ly  MgO) r e l a t e d  t o  c r y s t a l l i t e  
s i z e  and degree of p re fe r r ed  o r i e n t a t i o n  which might have a  bear ing  on t h e  
k i n e t i c s  of r e a c t i o n s .  

The fol lowing experiments a l s o  were suggested by t h e  s t r u c t u r a l  model. 
In  t h i s  model, i t  i s  proposed t h a t  MgO s t r i n g e r s  i n  t h e  c a l c i t e  c r y s t a l l i t e s  
formed from a dolomite  c r y s t a l  could a c t  a s  b a r r i e r s  t o  SO2 d i f f u s i o n  i n t o  
CaC03. Such an occurrence could exp la in  the  nonuniform s u l f a t i o n  of CaC03 
c r y s t a l l i t e s .  The purpose of t h e  experiments descr ibed  h e r e  was t o  determine 
i f  f r e e  M ~ *  i ons  o r  MgO molecules n o t  y e t  f u l l y  aggregated i n t o  t h e  charac- 
t e r i s t i c  three-dimensional s t r u c t u r e  would r e a c t  wi th  SO2 and 02 dur ing  t h e  
r e a c t i o n  t i m e  of t h e  ha l f - ca l c ina t ion  process .  To eva lua t e  t h i s ,  experiments 
were performed a s  fo l lows:  The flow of t h e  s u l f a t i o n  r e a c t i o n  gas mixture 
over  t h e  1337 dolomite  s t o n e s  was s t a r t e d  a t  a temperatiirp hclow t h a t  a t  
which t h e  ha l f - ca l c ina t ion  r e a c t i o n  would normally hegtn and then t h e  temper- 
a t u r e  was r a i s e d  t o  t h a t  at which ha l f - ca l c ina t ion  under 40% C02 p a r t i a l  
p r e s s u r e  would proceed. In  t h i s  experiment,  s u l f a t i o n  and ha l f - ca l c ina t ion  
r e a c t i o n s  were thus  proceeding s imultaneously ( c l o s e l y  s imu la t ing  condi t ions  
i n  a  f luidized-bed combustion process) .  

X-ray d i f f r a c t i o n  a n a l y s i s  of t he  r e s u l t i n g  r e a c t i o n  product showed the  
presence of a  new phase n o t  prev ious ly  repor ted  i n  t h e  s u l f a t i o n  of sorbent  
a d d i t i v e s  -- Mg3Ca(S04)4. This  compound was f i r s t  i d e n t i f i e d  by Rowe e t  a2. 
Af te r  t he  X-ray s t u d i e s  i n  t h e  above su l f a t ion -ha l f - ca l c ina t ion  experiment,  
t h e  compound was a l s o  i d e n t i f i e d  by o p t i c a l  microscopic s tudy  of t he  r eac t ed  
s tone .  Its d i s t r i b u t i o n  i n  t h e  s tone  was e s t a b l i s h e d ,  and microscopic amounts 
were removed f o r  a d d i t i o n a l  X-ray i n v e s t i g a t i o n ,  l ead ing  t o  v e r i f i c a t i o n  of the 
i d e n t i t y  of t h e  phase. The amount of t h e  compound formed v a r i e d  from experi-  
ment t o  experiment,  b u t  i n  a t  l e a s t  one case  a  s u b s t a n t i a l  amount was formed. 
In  a d d i t i o n ,  i n  a  r e c e n t  experiment i n  which a  s y n t h e t i c  dolomite  of composition 
[CaC03*MgC03], was ha l f -ca lc ined  and then  s u l f a t e d ,  examination showed a very 
s u b s t a n t i a l  amount of Mg3Ca(S04)4. The experiment us ing  s y n t h e t i c  dolomite 
sugges t s  t h a t  t h e  b ina ry  compound can b e  formed under v a r i o u s  r e a c t i o n  condi t ions .  
Therefore ,  i t  i s  concluded t h a t  t h e  chemistry a s soc i a t ed  wi th  t h e  formation of 
t h i s  compound may b e  a new and s i g n i f i c a n t  v a r i a b l e  i n  t he  c y c l i c  use  of 
dolomite  i n  s u l f u r  emission c o n t r o l  chemistry.  The formation of Mg3Ca(S04)4 
could i n d i c a t e  a breakdown of t h e  MgO s h e e t s  o r  s t r i n g e r s .  This  m e r i t s  
f u r t h e r  s tudy ,  b u t ,  f o r  t h e  p r e s e n t ,  d i f f i c u l t y  i s  encountered i.n making a  
q u a n t i t a t i v e  estimate of t h e  amount of t h e  compound present .  However, i n fo r -  
mation from o p t i c a l  microscopy i s  a v a i l a b l e  on t h e  l o c a t i o n  of t h e  compound 
w i t h i n  the  p a r t i c l e s .  F igures  43 and 44 show r e p r e s e n t a t i v e  p i c t u r e s  of 
p a r t i c l e s  conta in ing  t h e  compound. The occurrence of t h e  b ina ry  s u l f a t e ,  
Mg3Ca(S04)4, i s  found t o  be  confined t o  those  s u r f a c e s  w i t h i n  t h e  p a r t i c l e s  
t h a t  a r e  exposed t o  t h e  gas  dur ing  t h e  r e a c t i o n  (darkened a r e a s ) ,  and i t  occurs  
as t h i n  r i m s  on t h e  p e r i p h e r i e s  and on t h e  w a l l s  of i n t e r i o r  c a v i t i e s .  I n  
a d d i t i o n ,  CaS04 and MgO have always been p re sen t  as a s s o c i a t e d  phases on X-ray 
samples taken from t h e s e  r i m s .  The occurrence of t h i s  phase i s  of i n t e r e s t  
f o r  two reasons:  ( a )  s u l f a t i o n  dur ing  c a l c i n a t i o n  i s  t h e  more r e a l i s t i c  
behavior  of dolomite  i n  a  f l u i d i z e d  bed, and (b) we no te  t h a t  t h e  minera l  h u n t i t e ,  
Mg3Ca(C03)4, occurs  i n  na tu re .  One might specu la t e  t h a t  t h e  h u n t i t e  might 
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have been formed as a transient species and that this phase reacts with SO2. 

It is hoped that Mg3Ca(S04)t+ and Mg3Ca(C03)4 can be prepared in sufficient 
quantity to study their properties, particularly to note whether the carbonate 
reacts with SO2 directly to the sulfate double salt. If this occurs, a pre- 
treatment of the dolomite that would lead to the production of substantial 
amounts of Mg3Ca(C03)4 might be considered. 

Sulfate-Sulfide Regeneration Method 

The feasibility of the solid-solid reaction 

3CaS04 + CaS -t 4Ca0 + 4S02 
is documented. , In fact, the reaction has been used as a method 
of producing S02. In addition, this reaction has been the subject of study 
from time to time as a p~ssible scheme for regenerating dolomite or lime- 
stone. l1 However , Llle literatura sh~ws nn i l ~ r a f  1 ed examinatf OII of the 
process - perhaps due. to Ll~r fact that it entails a solid-solid reaction iti 
which the reaction itself would be dependent on pore size and the associated 
separation of the reacting phases. 

The initial interest in this reaction was based on the observation that 
a sulfated synthetic dolomite showed no visible pore structure, thereby 
suggesting that the reacting solid species would be in intimate contact. In 
addition, microscopic observations indicated that the sulfation reaction in 
1337 dolomite is occurring in small grains, separated by the larger pores. 
Based on this information, it was speculated that the large pores found in 
dolomite may not necessarily play such an important role in the various dif- 
fusion processes. To examine this speculation, a series of preliminary TGA/ 
X-ray diffraction experiments have been performed employing 1337 dolomite. 

The procedure used in these experiments was as follows: A sample of the 
1337 dolomite was sulfated completely following half-calcination. This was 
followed by reduction wlth H2 a L  900°c to reduce the. sullate form of the 
stones to the sulfide with a 3:l molar ratio as  req~iired by the subsequent 
regeneration reaction given by Eq. 6 

 his step was followed by heatlt~g L11r atonca, wh'ch rnntained both CaS m d  CaS04, 
under pure He at one atmosphere to about 950°C. Stones were removed at various 
stages of reaction 6 for X-ray diffraction analysis. 

A number of problems were encountered in these preliminary experiments. In 
initial attempts, i he dolomite particles were not completely sulfated because 
of instrumental problems. This resulted in a substantial amount of residual 
CaO in the stones before the solid-solid reaction took place. In addition, 
in the regeneration reaction, many or all of the phases (MgO, CaO, CaC03, CaS04, 
CaS, etc.) are present in the X-ray diffraction patterns of the dolomite, 
leading to difficulty in interpreting the data patterns. In the past, a visual 
examination of the X-ray diffraction patterns has permitted semiquantitative 
estimates of growth or decrease of chemical species during a reaction. However, 



.n dealing with t h i s  regeneration reaction,  it became necessary t o  develop a 
zethod f o r  quant i ta t ive  measurements of various phases present i n  the  X-ray 

d i f f rac t ion  patterns.  A description of the  X-ray technique developed f o r  
t h i s  purpose w i l l  appear elsewhere.12 

In  other work, two reactions which produce su l fu r  from sulfa ted dolomite 
w e r e  studied in  boat reactor experiments. These included one i n  which elemental 
su l fur  is a product: 

3 CaS + CaS04 + 4 CaO f 2S2 

a s  w e l l  a s  tha t  i n  which su l fur  dioxide is a product: 

CaS + 3CaS04 +- 4Ca0 + 4S02 (22) 

In  the  Sulfur ic  Acid-Cement ~ r o c e s s , ~  both reactions proceed a t  about 
the  same r a t e  i n  the  temperature range of 900 t o  1000°C (1650-1832OF); a t  higher 
temperatures, reaction 22 is strongly favored. The react ions  a r e  carr ied out 
i n  a neu t ra l  atmosphere. 

In  preliminary experiments, chemically pure CaS powder was mixed with 
e i t he r  pure CaS04 o r  sulfa ted dolomite from t h e  combustor. The reactions were 
carr ied out i n  porcelain boats i n  a quartz tube reactor.  A flowing nitrogen 
cover gas passed through a water-cooled condenser t o  co l lec t  condensables. 

In  an experiment using appropriate stoichiometric r a t i o s  of reagent 
chemicals indicated by react ion 21 and a temperature of 900°C (%1650°F), 
elemental su l fur  was col lected i n  the  condenser. The amount produced (r0.01 g) 
did not approach the  theore t ica l ly  possible yie ld ,  even a f t e r  four hours. 
In  t h i s  experiment, t he  su l fur  began col lect ing i n  the  condenser a t  %600°C 
(%lllO°F) . Another experiment was performed at 700°C (~1300°F), but l i t t l e  
addi t ional  su l fur  y ie ld  resulted.  X-ray d i f f r ac t i on  analysis of the  boat 
contents a f t e r  t h e  experiments indicated t ha t  the  react ionhad proceeded t o  
a l e s se r  degree a t  700°C than at 900°C. 

In  a study of Sop-producing react ion 22, t he  reactant  temperature w a s  
increased gradually from 375 t o  950°C (*700 t o  1750°F). Higher temperatures 
were not used because the  maximum furnace temperature w a s  950°C. The greates t  
proJucLiun was found a t  the  highest temperature. 

In  the  f i n a l  experiments, CaS w a s  reacted a t  950°C with e i t he r  reagent 
grade CaS04 or  with ground, sulfa ted dolomite pa r t i c l e s  from a combustion 
experiment. The off-gas was analyzed f o r  su l fur  dioxide content ( a l l  SO2 
was col lected) ,  and t h e  composition of the  resu l t ing  so l id s  of one experiment 
was  determined. The tab le  below lists the  reactants ,  the  conditions, the  
amounts of SO2 released, and the  products observed. 



Exper. 
No. 

Mole 
Ratio 

Reactants CaS04 : CaS 

CaS04 ; CaS 

CAS-9 Sulfated 
Dolomite; CaS 

SO2, Total 
Produced, % of 

m o l  Theoretical Products 

28.6 Not determined 

73.8 CaO ; CaS04 

It was concluded tha t  reaction 22 is more favorable k ine t ica l ly  than is 
react ion 21, under the  conditions explored. In  view of the  re lease of su l fur  
and the  simplicity of operation, fur ther  experimentation is warranted. 

Preliminary s tudies  have indicated tha t  CaO can be produced by the overal l  
react ion represented by Eq. 6. A s  an example of these r e su l t s ,  one experi- 
ment w i l l  be described i n  some de t a i l .  In t h i s  experiment ( ident i f ied a s  
£ 5 6 5 ) .  a half-calcined and sulfated dolomite sample was p a r ~ l t l l l y   educed t o  
produce CaS. The stones were then heated under helium a r  9 4 5 O ~  Iur variouo 
times and al iquots  w e r e  i solated f o r  the  X-ray study. In  Table 7,  percentage 
volumes observed i n  these a l iquots  a r e  shown i n  the fourth colu~lu~. Tl~ese 
values a r e  reduced t o  give weights, M, based on the formula Cal 14Mg0.86(C03)2. 
A l l  weights fox CaC03 and CaS04 a re  reduced i r i  the s ix th  colum' to  give a CaO 
equivalent. 

The r e s u l t s  presented i n  Table 7 cannot a s  ye t  be explained i n  de t a i l .  Thus, 
f o r  H-65-A, subs tan t ia l  amounts of CaO and CaC03 a re  observed - not only was 
100% su l fa t ion  not achieved, but no CaC03 should have been present. In H-65-B, 
the e f f e c t  of the  high temperature, i n  the absence of C02, was t o  convert the 
CaC03 t o  CaO. The 29.1 g of CaO found i n  H-65-B corresponds well  t o  the  28.8 
equivalent grams of CaO found i n  H-65-A. The TGA weight l o s s  arose from the 
CaS production. In  H-65-C, no major changewas observed, although a weight loss  
was observed i n  the TGA. For H-65-D, an addit ional weight loss  was observed, 
but the  X-ray d i f f rac t ion  pat tern again shows no major change. It should be 
pointed out a t  t h i s  stage tha t  an assumption is being made tha t  the  amount of 
MgO i n  the  sample remains fixed with time. How t rue  t h i s  is remains t o  be 
determined far, a s  reported above, detectable amounts of a double s a l t  
Mg3Ca(S04)4 may be formed when sulfa t ion is carr ied on during half-calcination. 
H-65-B w a s  conducted under conditions where such a phase could develop; hence, 
consideration should be placed primarily on the buildup of the CaO. In  run 
8-65-E, a very subs tan t ia l  increase i n  the CaO content was observed, even 
though CaS was a l so  detected. An anomaly a r i s e s  i n  H-65-F, fo r  although the 
CaO content remained essen t ia l ly  the  same a s  tha t  of H-65-E, very l i t t l e  CaS 
was detected. It is believed tha t  much of the  i r regular  behavior stems from 
the nonuniform response of individual stones t o  the  sulfa t ion and regeneration 
steps.  Future experiments w i l l  use la rger  samples t o  ensure more repreueatativa 
ana ly t ica l  resu l t s .  

In Fig. 45, t h e  percentage of t he  maximum a t ta inable  CaO content (based on 
a CaO max of 63.93 g) with time is shown. Despite anomalies, there  is no doubt 
t h a t  t he  amount of CaO now present is about 70% of maximum. Unfortunately, the  
s t a r t i n g  content of CaO w a s  42%. The extent t o  which CaO can be formed when the 
i n i t i a l  CaO content i s  zero (i.e., 100% sulfat ion)  remains t o  be determined. 
However, the r e s u l t s  of other experiments t o  date  have been equally encouraging 
i n  indicat ing tha t  t h e  solid-solid regeneration reaction does indeed proceed. 



Table 7. Application of X-Ray Technique to Products of Solid-Solid 
Regeneration Reaction 

Sample Sample History Calcium Volume, Weight, CaO , Comments 
Species X g Mequivalent 

- - -  - 

H-65-A Half-Calcined CaO 
sulfated to CaC03 
constant weight, CaS04 
CO;! removed to 
calcine remaining 
CaCO3 

H-65-B H-65-A 
partially 
reduced 

a0 
a H-65-C H-65-B 

heated under 
He for 15 min. 

H-65-D H-65-B 
heated under 
He for approx. 
36 min.  

H-65-E H-65-B 
heated under 
He for approx. 
61 min. 

CaO 
CaS04 

CaO 
CaS04 

CaO 
CaS04 

CaO 
CaS04 

29.1 
21.1 (CaS observed) 

30.69 30.69 
39.55 16.30 (CaS observed) 

26.85 26.85 
48.08 19.82 (CaS observed) 

47.31 47.31 
32.57 13.43 (CaS observed) 

H-65-F H-65-B CaO 64.5 41.2 41.2 
heated under CaS04 24.5 38.0 15.7 (little CaS present) 
He for approx. 
89 min. 



Fig. 45. Percent  of Maximum At ta inable  CaO vs Reaction Time 

100 

0 
0 

80 
0 

W 
2 
m 

60- - 
2 
m 
0 

= 
=> 40- x - 
X 
Q 
z 

ae 20- 

O i  

- 

- 

- 

- 

- 

- 

1 I I 1 1 I I I I 

0 20 40 60 80 I 
TIME, minutes 



Stone Adherence 

The or ig ina l  dolomite stones a r e  so f t  and eas i ly  fragmented. They a r e  
composed of an aggregate of small crys ta l s  ranging in s i z e  from 30 t o  300 
microns (1337 dolomite). The X-ray d i f f rac t ion  pat terns  indicate,  however, 
tha t  f ine ly  divided dolomite is a l so  present. The adherence of the  stone 
may be a t t r ibuted t o  an intergrowth of the  c rys ta l s  or  perhaps t o  some bonding 
involving a hydrate. 

A s  reported above i n  the  section on the sulfa t ion reaction,  the half-  
calcined stones develop grains  of about the  same s i z e  a s  the  c rys ta l s  from 
which they were derived, but the  stones s t i l l  show adherence. Two sources of 
bonding may be considered a t  t h i s  stage. 

F i r s t l y ,  the  c a l c i t e  c r y s t a l l i t e s  maintain a preferred orientation r e l a t i v e  
t o  the  origina1,dolomite crystal5 r6 so tha t  the general shape of the or ig ina l  
c rys t a l  pers i s t s .  Observations of the persistence i n  grain s i z e  were based 
on a microscopic study of a l imited number of stones. It is established, 
however, tha t  the  c r y s t a l l i t e s  can be substant ia l ly  randomized by proper choice 
of the  calcining conditions. Nevertheless, some preferred orientation i s  
always observed. Hence, i f  t h i s  persistence i n  or ientat ion is  assumed, i t  can 
be surmised t h a t  individual c lus te rs  (grains) adhere t o  other grains by way 
of van derwaals  o r  other forces. 

Second, the  presence of alpha-quartz may permit the  formation of s t ab l e  
s i l i c a t e s  that  could ac t  a s  a cement. There is some m e r i t  i n  t h i s  consider- 
a t ion,  since i n  dolomite stones with high alpha-quartz content, the s i l i c a  
can react  a t  high temperatures t o  form a calcium magnesium s i l i ca t e .  This has 
been observed i n  X-ray studies.  

Following sulfa t ion,  or  even on regeneration and sulfa t ion,  adherence is 
still  maintained and there  is a noticeable hardening of the  stones. The hardening 
is very pronounced i n  one of the  synthetic dolomites. The in tegr i ty  of the 
stones is  maintained i n  s p i t e  of the  very la rge  molecular volume changes taking 
place during the  various reactions. Bonding may a r i s e  from the following 
causes : 

i. A CaS04-CaS eu tec t ic  may form. This has been suggested i n  t he  
l i t e r a tu re .  

ii. A s t ab l e  CaS04 hydrate may form and pe r s i s t  between the grains 

iii. A Mg-Ca complex may develop a t  the  interfaces  of the  grains. 

iv.  A n  expi taxial  bond may form. M. J. Law e t  aZa7 have carried out an 
infrared study of the  sorption of SO2 on CaO. This work has led t o  the  iden t i+  
f i ca t ion  of ( s ~ o ~ ) - ~  species resul t ing from polymerization. Although the i r  
temperature conditions do not correspond t o  present TGA operating requirements, 
the  study does suggest tha t  an ep i tax ia l  re la t ionship may ex i s t ,  leading t o  
bonding. 



I n  a number of cases,  a s  shown i n  Fig. 46, the  microscopic s t u d i e s  have 
revealed the  presence of narrow bands around t h e  gra ins  containing t h e  re- 
ac tan t s .  The bands genera l ly  are only a few microns i n  width and do not  lend 
themselves t o  study. However, i f  a reasonably l a r g e  band does appear, an 
at tempt w i l l  be made t o  remove t h e  mater ia l  f o r  examination. 



Ribbon is Isotropic 
1 

Fig.  46. Thin Sec t ion  EulargeluellL (305x) of 1337 Stone i n  Keduced 
State, Exhf.biting Un iden t i f i ed  I s o t o p i c  Bands Surrounding 
Grains  



BENCH-SCALE, PRESSURIZED, FLUIDIZED-BED 
COMBUST ION EXPERIMENTS 

Experiments were performed i n  the ANL, 6-in.-dia, pressurized fluidized- 
bed combustor t o  demonstrate the  f e a s i b i l i t y  and potent ia l  of fluidized-bed 
combustion a t  elevated pressures (up to  10 atm). 

The spec i f ic  objectives of the experiments were: t o  evaluate the  e f f ec t  
of a higher bed temperature, 1750 '~/955~C instead of 1 6 5 0 ° ~ / 9 0 0 0 ~ ,  on sulfur  
re tent ion and NO f l u e  gas levels ,  to compare the sulfur  re tent ion capabi l i t i es  
of l b e s t o n e  and dolomite, and to  evaluate the e f f ec t  of excess combustion air 
on su l fur  re ten t ion  by the addit ive and on NO f l u e  gas levels .  Combustion 
e f f ic ienc ies  and carbon balances fo r  many of these experiments a r e  reported. 

Materials 

Coal, The combustion experiments were made with a high-volat i le  - 
b;ltuminous Pit tsburg seam coal from the Consolidation Coal Company 
Arkwright mine. The coal was fed t o  the  combustor a s  received. It contained 
2.82 w t  % S and 7.68 w t  % as11 and had a heating value of 13,700 ~ t u / l b  and 
an average p a r t i c l e  s i ze  of 323 wme Chemical and physical charac te r i s t ics  
of the  Arkmight coal a r e  presented i n  Table A-2, Appendix A. 

Additive. A Tymochtee dolomite (-5U w t  X C a W g  arid c40 w r  X MgCOg) 
obtained from C. E. Duff and Sons, Huntsville, Ohio, was used i n  the  C- and 
EA- experiments. Pr ior  to  i ts  use i n  the combustor, the dolomite was a i r -  
dr ied and screened to  -14 f l O O  mesh for  the  C-experiments and to  -14 +30 
mesh for  the EA-experiments. 

Limestone No. 1359 (%96% CaC03 and -1% MgCO3) obtained from M. J. Grove 
Co., Stephen City, Va., was used i n  the  LC-expeViments. It was air-dried 
and screened to  -14 4-100 mesh. Tn one experiment i n  which the limestone 
was  calcined t o  study the e f f ec t  of precalcination, the s i z e  range of the  
calcined limestone was -14 +45 mesh. Data on the chemical and physical 
charac te r i s t ics  of the Tymochtee dolomite and limes&one No. 1359 are presented 
i n  Tables A-3 and A-4, Appendix A. 

Bench-Scale Equipment 

The experimental equipment and instrumentation consist  of a 6-in.-dia, 
fluidized-bed combustor tha t  can be operated a t  pressures up t o  10 atm, a 
compressor t o  provide fluidizing-combustion a i r ,  a preheater fo r  the f luidlzing- 
combustion a i r ,  peripheral-sealed ro ta ry  feeders fo r  metering so l ids  in to  an 
air stream entering the combustor, two cyclone separators and two f i l t e r s  i n  
series fo r  so l ids  removal from the  f l u e  gas, associated heating and cooling 
arrangements and controls, and temperature- and pressure-sensing and display 
devices. A sfmplified schematic flowsheet of the  combustion equipment is 
presented in  Fig, 47. 



TO GAS ANALYSIS 
SYSTE M 

F ILTER STAINLESS VALVE 
STEEL 
F I L T E R  

AIR 
COMBUSTOR 

Fig. 47 . S h p l i f  J.ed Equipment Flowsheet of Bench-Scale F l u i d i z e d - ~ e d  
Combustor and Associated Equipment. 

Details of t h e  f luidized-bed combustor are i l l u s t r a t e d  i n  Fig. 48. 
The r e a c t i o n  v e s s e l  cons2s ts  of a 6-in,-dia, Schedule 40 p i p e  (Type 316 SS), 
approximately 11 f t  long. The r e a c t o r  is  c e n t r a l l y  contained i n s i d e  a 
9- f t  s e c t i o n  of  12-in.-dia Schedule 10  p ipe  (Type 304 SS).  A bellows 
expansion j o i n t  is incorporated i n t o  t h e  o u t e r  s h e l l  t o  accommodate d i f f e r -  
e n t i a l  thermal expansion between t h e  p ipes .  A bubble-type gas d i s t r i b u t o r  
is  f langed  t o  t h e  bottom of t h e  inne r  vessel. F lu id i z ing -a i r  i n l e t s ,  
thexmocouples f o r  monitor ing bed temperatures ,  s o l i d s  feed  l i n e s ,  and s o l i d s  
removal l i n e s  a r e  accommodated by t h e  gas  d i s t r i b u t o r .  The c o a l  and a d d i t i v e  
feed  l i n e s  extend 2. i n .  above t h e  top  s u r f a c e  of t h e  d i s t r i b u t o r  p l a t e  
and are angled 20' from t h e  v e r t i c a l .  A cons tan t  bed he ight  is maintained 
i n  t h e  combustor by u s e  of  e i t h e r  a 36-in.- o r  48-in.-high s tandpipe.  The 
6-in.-dia p ipe  is a l t e r n a t e l y  wrapped wi th  res i s tance- type  hea t ing  elements 
and cool ing  c o i l s  on to  which a l a y e r  of heat-conducting copper and then  a n  
ove r l ay  of ox ida t ion - re s i s t an t  s t a i n l e s s  s t e e l  have been appl ied .  Addi t iona l  
cool ing  capac i ty  is  provided by f i v e  i n t e r n a l ,  hairpin-shaped c o i l s  t h a t  
extend down from t h e  f langed top  of t h e  combustor t o  w i th in  1 2  in .  o f . t h e  
top  s u r f a c e  of t h e  gas  d i s t r i b u t o r .  The coolant  is  water  en t r a ined  i n  air. 

Fluidizing-combustion a ir  is suppl ied  by a 75-hp, screw-type compressor 
capable of d e l i v e r i n g  100 cfm a t  150 ps ig .  The air  can  be heated t o  approx- 
imate ly  1000QF (540°C) i n  a 6-in.-dia, 1 0 - i t - t a l l  p rehea ter  conta in ing  
e i g h t  2700-watt, clamshell-type hea t e r s .  
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Coal and e i t h e r  dolomite  o r  l imes tone  a d d i t i v e  are pneumatically f e d  
from hoppers t o  t h e  combustor, u s ing  two 10-in.-dia r o t a r y  va lve  feeders .  
The f e e d e r s  and hoppers a r e  mounted on platform-type s c a l e s .  

The f l u e  gas is  sampled cont inuously and is  analyzed f o r  t h e  components 
of primary importance. Continuous de termina t ions  of n i t r o g e n  oxide,  
s u l f u r  dioxide,  methane, and carbon monoxide a r e  made, us ing  i n f r a r e d  
ana lyzers .  Oxygen is  a l s o  monitored cont inuously,  using a paramagnetic 
ana lyzer .  I n t e r m i t t e n t  carbon d ioxide  ana lyses  o f . t h e  f l u e  gas  a r e  made 
by gas  chromatography. P r i o r  t o  and dur ing  each experiment, t h e  response 
of each a n a l y t i c a l  instrument  is checked us ing  s tandard  gas  mixtures  of 
f lue-gas components i n  n i t r agen .  Batch samples of t h e  f l u e  gas  can be  
taken and analyzed f o r  components of  secondary importance. 

The combustion system i s  equipped w i t h  a Hewlett-Packard 2010C d a t a  
q c q u i s i t i o n  system t o  monitor and record temperature,  p re s su re ,  gas  flow, 
and f lue-gas concent ra t ion  d a t a  f o r  subsequent d a t a  handl ing and ana lys i s .  

Experimental Procedure 

The experimental  procedure,  a l though s u b j e c t  t o  minor v a r i a t i o n s ,  w a s  
b a s i c a l l y  a s  fol lows:  a preweighed amount (%I5 kg) of e i t h e r  p a r t i a l l y  
s u l f a t e d  a d d i t i v e  from a previous experiment o r  f r e s h  unsul fa ted  a d d i t i v e  was 
charged t o  t h e  r e a c t o r  t o  provide an i n i t i a l  bed of ma te r i a l .  The s t a r t i n g  
bed temperature was then r a i s e d  t o  about 800°F (430°C) by pass ing  f l u i d i z i n g  
a i r ,  preheated t o  between 800-900°F (430-480°C), through t h e  combustor and 
s imultaneously employing t h e  r e s i s t a n c e  h e a t e r s  on t h e  combustor wal l .  Once 
t h e  bed temperature reached 430°C, t h e  system was brought t o  t h e  des i r ed  oper- 
a t i n g  pressure  and c o a l  en t r a ined  i n  a t r a n s p o r t  a i r  s t ream was i n j e c t e d  i n t o  
t h e  bed. To prevent  t h e  p o s s i b i l i t y  of carbon accumulation i n  t h e  f l u i d i z e d  
bed dur ing  s t a r t u p ,  c o a l  was i n i t i a l l y  i n j e c t e d  i n  smal l ,  i n t e r m i t t e n t  amounts 
u n t i l  i g n i t i o n  and sus t a ined  combustion were confirmed by a r a p i d l y  inc reas ing  
temperature and a changing flue-gas composition. Continuous i n j e c t i o n  of c o a l  
was then  i n i t i a t e d  and t h e  bed temperature was r a i s e d  t o  a s e l e c t e d  combustion 
temperature.  The bed temperature was maintained by t h e  use  of e x t e r n a l  and 
i n t e r n a l  cool ing  c o i l s .  

I n j e c t i o n  of t h e  su l fur -accept ing  a d d i t i v e  was begun when t h e  bed 
reached ope ra t ing  temperature.  The a i r ,  coa l ,  and a d d i t i v e  feed  rates 
were ad jus t ed  t o  g ive  a s p e c i f i e d  mole r a t i o  of calcium i n  t h e  a d d i t i v e  
t o  s u l f u r  i n  t h e  coa l ,  a s p e c i f i e d  s u p e r f i c i a l  gas  v e l o c i t y ,  and a 
s p e c i f i e d  l e v e l  of oxygen i n  t h e  f l u e  gas l eav ing  t h e  combustor. Sul fa ted  
a d d i t i v e  was r q o v e d  from.. t h e  combustor by means of  a s tandpipe  t o  main- 
t a i n  a cons tan t  f luidized-bed l e v e l .  

Experimental Resul t s  and Discussion 

E f f e c t  of Bed Temperature of 9 5 5 ' ~  on Sul fur  Reten t ion  and NO Flue- 
Gas Level. Combustion experiments designed t o  measure t h e  e f f e c t  of a 
higher  combustor temperature (955'c/1750°~) on  t h e  s u l f u r  r e t e n t i o n  
c a p a b i l i t y  of dolomite and l imes tone  and on the  NO l e v e l  i n  t h e  f l u e  gas 



were performed. BET s u r f a c e  a r e a  measurements were made f o r  -25 +35 mesh 
Tymochtee dolomite  and l imes tone  No. 1359. Dolomite i n  t h e  a i r -d r i ed ,  ha l f -  
c a l c i n e d  (CaC03-MgO), and f u l l y  ca l c ined  (CaOaMgO) s t a t e s  had su r f ace  a r e a s  
of 2.14, 4.05, and 8.23 m2/g,  r e s p e c t i v e l y .  Limestbne i n  t h e  a i r -d r i ed  
and f u l l y  c a l c i n e d  (CaO) s t a t e s  had su r f ace  a r e a s  of 0.35 and 3.56 m2Ig. 
A t  955'C and a t  t h e  COP p a r t i a l  p r e s s u r e  p re sen t  i n  t h e  bed, t h e  CaC03 
i n  t h e  a d d i t i v e  c a l c i n e s  (see Table 8 f o r  carbonate  con ten t s  of spent  
a d d i t i v e s ) ,  l a r g e r  i n t e r n a l  openings i n  t h e  a d d i t i v e  r e s u l t ,  and a n  inc rease  
i n  s u l f u r  r e t e n t i o n  c a p a b i l i t y  is  poss ib l e .  I n  t hese  experiments,  Arkwright 
c o a l  w a s  combusted. Tymochtee dolomite i n  t h e  C-experiments and l imestone 
No. 1359 i n  t h e  LC-experiments were used t o  r e t a i n  t h e  S02. The r e s u l t s  
f o r  t h e s e  experiments a r e  given i n  Table 8. A l l  experiments were done a t  
a p re s su re  of  e i g h t  atmospheres, a gas  v e l o c i t y  of 3.5 f t / s e c ,  and wi th  
Q3% 0 2  i n  t h e  f l u e  gas.  I n  experiment C-2, a s u l f u r  r e t e n t i o n  of 96% w a s  
ob ta ined  w i t h  a SO2 concent ra t ion  of  80 pprn i n  t h e  d r y  f l u e  gas.  The 
ope ra t ing  temperature and.dry f l u e  gas a n a l y s i s  a r e  given i n  Fig. 49. 
Using t h e  numerical  c o r r e l a t i o n  of t h e  VAR-series (Ref. 14,  p. 33) of 
experiments which were performed a t  temperatures  of 7 9 0 - 9 0 0 ~ ~ / 1 4 5 0 - 1 6 5 0 ~ ~  
and i n  which only h a l f - c a l c i n a t i o n  of t h e  Tymochtee dolomite i s  thought t o  
have occurred,  a s u l f u r  r e t e n t i o n  of 89% wi th  a SO2 concent ra t ion  of 240 
pprn i n  t h e  f l u e  gas  was predic ted .  

Experiment C-3A was performed a t  a Ca/S mole r a t i o  near  u n i t y  and a 
temperature of 955°C t o  f u r t h e r  i n v e s t i g a t e  t h e  temperature e f f e c t .  Because 
t h e  i n i t i a l  bed o f  t h i s  experiment w a s  t h e  f i n a l  bed of  experiment C-2, i t  
was found t h a t  t h r e e  hours  w a s  s u f f i c i e n t  t ime t o  reach  s teady  s t a t e  (i.e., 
c o n s t a n t  SO2 concen t r a t ion  i n  t h e  f l u e  gas)  a t  which time experiment C-3A 
was terminated.  The experimental  r e s u l t s  f o r  C-3A a r e  given i n  Table 8. 
The SO2 concen t r a t ion  i n  t h e  d ry  f l u e  gas was 300 ppm, which corresponds 
t o  a t o t a l  s u l f u r  r e t e n t i o n  of  87%. The predic ted  SO2 e f f l u e n t  concen t r a t ion  
based on t h e  numerical c o r r e l a t i o n  of  t h e  VAR-experiments w a s  420 ppm, 
which corresponds t o  a s u l f u r  r e t e n t i o n  of only 82%. A t  t h e s e  Ca/S mole 
r a t i o s  and a temperature of 955*C, t h e  f u l l y  ca l c ined  dolomite a d d i t i v e  
has  a g r e a t e r  SO2 r e t e n t i o n  c a p a b i l i t y  than  t h e  pro jec ted  va lue  based on 
t h e  ha l f -ca lc ined  Tymochtee dolomite  experiments.  

Experiment C-3B ( s e e  Table 8) was performed under cond i t i ons  s i m i l a r  
t o  t h o s e  used i n  experiment C-3A w i t h  t h e  except ion of  bed temperature,  900°c. 
A t  t h i s  temperature and wi th  ~ 1 5 %  C02 i n  t h e  d r y  f l u e  gas,  t h e  CaC03 i n  
t h e  dolomite  a d d i t i v e  does no t  f u l l y  ca l c ine .  A s  expected, t h e  measured 
SO2 concen t r a t ion  i n  t h e  d ry  f l u e  gas of  375 pprn ( s u l f u r  r e t e n t i o n  of  82%) 
f o r  experiment C-3B was very  c l o s e  t o  t h e  p red ic t ed  va lue  of 355 ppm, which 
i s  based on t h e  VAR experiments f o r  ha l f -ca lc ined  dolomite. A t  900°C and 
~ 1 5 %  C02 i n  t h e  d r y  f l u e  gas,  t h e  CaC03 should not  c a l c i n e  ex tens ive ly .  The 
carbonate  con ten t s  of t h e  s u l f a t e d  dolomite  from C-2 and C-3 ( a  9 0 0 ' ~  
experiment) a r e  given i n  Table 8. 

The e f f e c t  of c a l c i n a t i o n  on s u l f u r  r e t e n t i o n  i n  a f luidized-bed coa l  
combustor was a l s o  t e s t e d  wi th  l imestone No. 1359 a d d i t i v e .  I n  experiment 
LC-1, l imes tone  No. 1359 and Arkwright c o a l  were simultaneously f ed  t o  
t h e  combustor a t  r a t e s  t h a t  corresponded t o  a Ca/S mole r a t i o  of 1 .8.  
The bed temperature w a s  9 5 5 ' ~ .  Because t h i s  l imes tone  feed  r a t e  (dt l b / h r )  



Table 8. Operating CondLtions and Flue-Gas Analysis for Coal Combustion Experiments to Test the ZfCer-t 
02 Temperatcre on Sulfur Xetention by Limestone No. 1-159 and Tynochtez Dolomito. 

Equipment: 6-in. -dia, pressurized fiuidized-bed conb~~stor 
Gas Velocity, ftlsec: 3.5 
Pressare, psig: 1.05 

~xperimentall~redicted~ in Flue-Gas Analysis 
Pxn Ca/S Bed . Sulfated SC2 Flue-Gas Sulfur 
Tine, Mole Temp, Additive, Concentration, Retention, KO, 9~ 

Experiment Additive hr Ratio OC X PPm % P?m Z - 
C-2 dolonite 13 1.5 955 0.2 801249 96/69 135 3.0 

C-3A dolomite 3 1.3 955 -- 3001420 87/82 130 2. S 

C-3B dolonite 7 1.2 900 -- 3751355 82/83 13G 3.0 

C-3C dolomite 2.3 0.8 903 4.4 5151b 751' 13.0 3.0 

LC-1 , linestone 11 i. S 955 0.7 6751' 72.;lC 84 2.9 

900lc LC-2A limestone 3.5 1.4 955 0.7 631' 110 2.6 

LC-3A lincsto~~e 7 1.5 900 14 9201' 621' 95 2.9 

LC-5 limestone 9.5 i.?. 930 20 1000/~ 561' 93 3.2 

a 
Predicted values based on empirical correlatj.on of SO2 flue-gas levels observed for combustion experiments 
vLth half-calcined dolomite. 

This is beyoad t h e  raoge of the empirical correlntlon f ro?  the YAY-series. 
C Ncl correlation has yet 'been obtained for limestone ex~erimetlts . 
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Fig. 49. Bed Temperature and Gas Concentrations in Flue Gas, 
Experiment C-2 



was below t h e  minimum feed- ra te  capac i ty  of  t h e  a d d i t i v e  feeder ,  t he  
a d d i t i v e  was f ed  semicontinuously t o  t h e  combustor. The du ra t ion  
of t h i s  experiment was 11 hr .  A t  quasi-steady s t a t e ,  t he  average SO2 concen- 
t r a t i o n  i n  t h e  dry  f l u e  gas was 675 ppm and t h e  average NO concent ra t ion  was 
84 ppm. The t o t a l  s u l f u r  r e t e n t i o n  was 72%.  These r e s u l t s  a r e  given i n  Table 8.  
The opera t ing  temperature and t h e  dry f l u e  gas a n a l y s i s  f o r  t h e  du ra t ion  of LC-1 
a r e  p l o t t e d  i.n F i g .  50. 

Another s h o r t e r  experiment,  LC-2A, was completed w i t h  l imes tone  No. 1359 
a t  955'C. Because t h e  i n i t i a l  bed i n  t h i s  experiment was t h e  f i n a l  bed of 
LC-1, t h e  experimental  t ime requi red  t o  reach  s t eady  s t a t e  was s h o r t e r .  
Experiment LC-2A was performed wi th  a c a r s  mole r a t i o  of ~ 1 . 4 ,  and t h e  o t h e r  
experimental  condi t ions  were equal  t o  those  of  experiment LC-1. The low 
mass feed rate of t h e  l imestone aga in  made t h e  feed  r a t e  d i f f i c u l t  t o  
con t ro l .  The quasi-steady s t a t e  average SO2 concent ra t ion  i n  t h e  d ry  f l u e  
gas was 900 ppm, which corresponds t o  a s u l f u r  r e t e n t i o n  of 63%. 

Experiment LC-3A was performed a t  a Ca/S mole r a t i o  of 1 .5  and a 
nominal combustor temperature of 900°C. The coa l  w a s  burned i n  a f l u i d -  
ized  bed of  uncalcined l imestone No. 1359. The s t eady  s t a t e  du ra t ion  of 
t h i s  experiment w a s  seven hours.  The ope ra t ing  temperature and f lue-gas 
a n a l y s i s  d a t a  a r e  p l o t t e d  i n  Fig.  51. I n  experiment LC-3A, a t o t a l  s u l f u r  
r e t e n t i o n  of 62% was obta ined  and t h e  SO2 concen t r a t ion  i n  t h e  d ry  f l u e  
gas was 920 ppm. This  may be  compared wi th  t h e  r e s u l t s  of experiment 
LC-2A (performed a t  a combustor temperature of  955OC and a Ca/S mole 
r a t i o  of 1 .4)  i n  which t h e  t o t a l  s u l f u r  r e t e n t i o n  was 63% and t h e  SO2 
concen t r a t ion  i n  t h e  d r y  f l u e  gas was 900 ppm. The r e s u l t s  a t  900°C and 
955OC are no t  no t i ceab ly  d i f f e r e n t .  The e f f e c t  of  h igher  temperature and/or  
c a l c i n a t i o n  of  t h e  CaC03 has l e s s  e f f e c t  on  t h e  e x t e n t  of s u l f a t i o n  i n  t h e  
l imestone a d d i t i v e  than  on t h e  s u l f a t i o n  of  t h e  dolomite.  The carbonate  
concent ra t ions  of t he  s u l f a t e d  l imes tone  a d d i t i v e s  from t h e  above LC- 
experiments a r e  given i n  Table 8. 

An a d d i t i o n a l  experiment (LC-5) us ing  preca lc ined  l imes tone feed  w a s  
performed a t  a bed temperature of 900°C and a Ca/S mole r a t i o  of 1.4. 
Limestone No. 1359 f o r  t h i s  experiment w a s  p reca lc ined  a t  atmospheric 
p re s su re  and 8 1 5 ' ~  i n  t h e  6-in.-dia combustor dur ing  t h e  combustion of 
kerosene, a low-sulfur f u e l .  Table 9 p re sen t s  t h e  s i e v e  a n a l y s i s  and t h e  
carbonate  con ten t s  f o r  t h e  ca lc ined  l imestone t h a t  was used f o r  experiment 
LC-5 and f o r  t h e  uncalcined l imes tone  t h a t  was used f o r  t h e  remaining LC- 
e x p e r h e n t s .  The average a d d i t i v e  feed p a r t i c l e  diameter f o r  t h e  preca lc ined  
l imestone was 850 microns, a s  compared wi th  700 microns f o r  t h e  uncalcined 
feed  l imestone.  Operating d a t a  f o r  t h i s  experiment are shown i n  Fig.  52. 
A t o t 4 1  s u l f u r  r e t e n t t o n  of  56% was obta ined ,  and t h e  SO;, ' concent ra t ion  
observed i n  t h e  d r y  f l u e  gas was 1000 ppm. A comparison of t h e  r e s u l t s  f o r  
experiments LC-5 and LC-3A shows a smal l  de t r imen ta l  e f f e c t  on s u l f u r  r e t en -  
t i o n  i n  t h e  preca lc ined  experiment (LC-5). The d i f f e r e n c e  i n  s u l f u r  r e t e n t i o n  
can b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  l a r g e r  a d d i t i v e  p a r t i c l e s  were used i n  
LC-5. Larger a d d i t i v e  p a r t i c l e s  do not  s u l f a t e  as w e l l  as smaller ones. 

The NO concen t r a t ion  i n  t h e  f l u e  gas remained almost cons tan t  (%I00 ppm) 
f o r  a l l  LC-experiments. 
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Table 9. Composition and Pa r t i c l e -S ize  Range of Calcined and 
Uncalcined Limestone No. 1359 i n  Experiment LC-5 

Composition 

Uncalcined Calcined 

85% CaO 
8.9% CaC03 
0.6% MgO 

Par t i c l e -S ize  Range, 
U.S. Sieve S ize  Uncalcined, w t  % Calcined, w t  % 

Mean P a r t i c l e  Diameter, pm 700 . 

The l imestone feed  r a t e  range f o r  t h e  above LC-experiments w a s  2 t o  
4.5 l b / h r .  These r a t e s  a r e  l e s s  than  t h e  minimum continuous feed  r a t e  of 
t h e  a d d i t i v e  feeder ;  hence, a d d i t i v e  was f e d  semicontinuously t o  t h e  combustor. 

Comparison of t h e  Sul fur  Retent ion Capab i l i t y  .of Limestone and Dolomite. 
A s e r i e s  of experiments t o  compare t h e  s u l f u r  r e t e n t i o n  c a p a b i l i t y  of lime- 
s t o n e  wi th  t h a t  of dolomite was completed. The r e s u l t s  of some of t hese  
experiments a r e  presented above. 

Experiment LC-2B was designed s p e c i f i c a l l y  t o  compare t h e  s u l f u r  
r e t e n t i o n  c a p a b i l i t y  of l imestone No. 1359 wi th  t h a t  of an e a r l i e r  experiment 
(C-2) with  Tymochtee dolomite  on an equal  mass-feed b a s i s .  The experimental  
cond i t i ons  were t h e  same f o r  both .experiments and included a combus t o r  
temperature of 9 5 5 ' ~  and a mass feed  r a t e  of 7.7 l b l h r .  The ope ra t ing  
temperature and f lue-gas a n a l y s i s  d a t a  f o r  LC-2B are p l o t t e d  i n  Fig.  53. 

- 

A t o t a l  s u l f u r  r e t e n t i o n  of 77% was obta ined  w i t h  t h e  l imes tone  a d d i t i v e  
i n  LC-2B, as compared wi th  a s u l f u r  r e t e n t i o n  of 96% obta ined  w i t h  t h e  
dolomite  a d d i t i v e  i n  experiment C-2. These r e s u l t s  a r e  given i n  Table 10 ,  
a l n n g  with  thosa  p r w i o u a l y  g iven  f o r  e x p e r h e i l l  C-2. 

Experiments LC-1, LC-2A, LC-3A, LC-5, and LC-2B were performed t o  com- 
pa re  t h e  s u l f u r  r e t e n t i o n  c a p a b i l i t y  of l imestone No. 1359 t o  Tymochtee 
dolomite  on a molar-feed b a s i s .  None of t h e s e  experiments were performed 
wi th  a h igh  mass-feed r a t e  
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Table 10. Operating Conditions and Flue-Gas Analysis for Experiments LC-2B and 
C-2 (Which Compare the Sulfur Retention Capabilities of Limestone and 
Dolomite) n d  Experiment LC-6. 

Combustor: ANL, 6-in;-dia 
Bed Temp, OC: 955 
Pressure, psig: 105 

Gas Velocity, ft/sec: 3.5 
Additive size range, mesh: -14 +lo0 

Exp . Additive Additive Run Ca/S Sulfur 
. Mass Feed , Time , Mole Retention, 

Flue-Gas Analysis 
SO2 t NO, 02 

Eate, hr Ratio % PPm PPm % 
lb /hr 

LC-2B Limes tone 7.7 12 2.7 7 7 
No. 1359 

C-2 Tymochtee 7.7 13 1.5 9 6 
Dolomite 

LC-6 Limes tone 11.3 8 4.0 85 
No. 1359 



Experiment LC-6 wi th  l imestone No. 1359 and Arkwright c o a l  w a s  performed 
a t  a h i g h  mass a d d i t i v e  feed  r a t e  (11.3 l b l h r )  t o  t e s t  t h e  l i m i t i n g  s u l f u r  
r e t e n t i o n  c a p a b i l i t y  of l imes tone  a t  low a d d i t i v e  u t i l i z a t i o n  condi t ions .  
This  f eed  r a t e  corresponds to  a CaIS mole r a t i o  of 4.  The experiment was 
performed a t  9 5 5 ' ~ .  A t o t a l  s u l f u r  r e t e n t i o n  of 85% was obtained (Table 10 ) ;  
t h e  SO2 concen t r a t ion  and NO concen t r a t ion  i n  t h e  d r y  f l u e  gas  were 355 
and 150 ppm, r e s p e c t i v e l y .  The f l u e  gas  a n a l y s i s  f o r  t h e  d u r a t i o n  of  t h e  
experiment i s  p l o t t e d  5n Fig.  54. 

The t o t a l  s u l f u r  r e t e n t i o n  obta ined  from a l l  t h e  experiments w i th  
l imes tone  and dolomite  a d d i t i v e s  which were ~ e r f o r m e d  i n  t h e  C-series 
and t h e  LC-series have been p l o t t e d  i n  Fig. 55 on a molar-feed (Ca/S mole 
r a t i o )  b a s i s  and i n  Fig.  56, on  a  mass-feed ( l b  a d d i t i v e l l b  s u l f u r )  b a s i s .  
A t  9 5 5 ' ~ ,  t h e  s u l f u r  r e t e n t i o n  c a p a b i l i t y  of  Tymochtee dolomite  was super ior  
t o  that of l imes tone  No. 1359 on both a molar-feed and a  mass-feed b a s i s .  
A t  h igher  mass-feed r a t e s ,  t he  d i f f e r e n c e  between t h e  s u l f u r  r e t e n t i o n  
c a p a b i l i t i e s  of dolomite  and l imes tone  w a s  f u r t h e r  accentua ted  (Fig.  56). 
The d i f f e r e n c e  i n  r e t e n t i o n  is  probably due t o  t h e  formation of a  more 
impervious s u l f a t e  l a y e r o n  t h e  l imestone a d d i t i v e .  

A t  955'C t h e  NO concen t r a t ion  i n  t h e  dry f l u e  gas ranged from 130 t o  
135 ppm f o r  t h e  C-ser ies  experiments (us ing  dolomite) and from 84 t o  150 
ppm f o r  t h e  LC-series (us ing  l imes tone ) .  The a d d i t i v e  type does not  seem 
t o  a f f e c t  NO emission from a f l u i d i z e d  coa l  combustor a t  t h e  experimental 
cond i t i ons  used. 

E f fec t  of Excess Combustion A i r  on Sul fur  Reten t ion  and Flue-Gas NO 
Level .  I n  f luidized-bed combustion s t u d i e s  conducted by W e s t i n g h o u ~ e , ~ ~ ~ r e s -  
s u r i z e d  combustor systems coupled w i t h  t h e  u s e  of combined power c y c l e s  
(steam and gas  t u rb ines )  were-found t o  i nc rease  t h e  o v e r a l l - p l a n t  e f f i c i e n c y  
( r a t i o  of e l e c t r i c  power t o  c o a l  energy) above t h a t  of convent ional  power 
p l a n t s  and atmospheric f luidized-bed systems. A v a r i e t y  of ope ra t ing  schemes 
(vary ing  the  r a t i o  of power generated by gas  t u rb ines  t o  tha t  generated by 
steam tu rb ines )  has  been proposed. It i s  h ighly  poss ib l e  t h a t  amounts of 
a i r  g r e a t e r  than  those  normally used f o r  combustion ( ~ 1 7 %  excess  a i r )  w i l l  
be  r equ i r ed  i n  t hese  systems. 

To t e s t  t h e  e f f e c t  on SO2 r e t e n t i o n  and flue-gas NO l e v e l  of va r ious  
excess-a i r  combustion cond i t i ons ,  t h e  EA-series of experiments w a s  performed. 
These experiments were designed t o  t e s t  t h e  e f f e c t  of Ca/S mole feed  r a t i o  
on s u l f u r  r e t e n t i o n  a t  d i f f e r e n t  excess  a i r  combustion condi t ions .  Most 
of  t h e  ope ra t ing  c o n d i t i o n s  remained cons t an t  f o r  a l l  EA-experiments and 
a r e  g iven  i n  Table 11. Experiments were a l l  performed a t  900°c, a  pressure  
of 8  atm absolu te ,  and a  nominal gas  v e l o c i t y  of 4.5 f t l s e c .  Arkwright c o a l  
was combusted, and Tymochtee dolomite  a d d i t i v e  (-14 +30 mesh) was used. The 
percent  excess  a i r  was va r i ed  between experiments by varying t h e  feed r a t e  
of c o a l  with a cons tan t  gas  feed  r a t e .  The nomfnal he igh t  of t he  f l u i d i z e d  
bed f o r  t h e s e  experiments was 3 i t .  

Experiment EA-4 w a s  designed t o  f i n d  t h e  h ighes t  excess-air  cond i t i ons  
t h a t  could be maintained i n  t h e  6-in.-dia p re s su r i zed  combustor a t  a  f i x e d  
f lu id i z ing -gas  v e l o c i t y .  A t  h igh  excess-air  condi t ions ,  t h e  energy r e l eased  
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Table  11. 3 p e r a t i n g  Condi t ions  and Flce-G2s Ana lys i s  f o r  Coal Combus t ior .  Experiments 
3es igned t o  T e s t  t h e  E f f e c t  of  Excess-Air Combus t i o n  Cond i t i ons .  

3ed Temp, "C: 900 Coal:  Arkwright 
? r e s s u r a ,  p s i g :  105 Addi t ive :  Tymch tee  Dolomite (-14 +30 mesh) 
Nominal Gas Ve loc i ty ,  f t / s e c :  4 .5  

Run Excess  A i r  Feed Coal Feed Ca/S Su l fu r  Flue-Gas Ana lys i s  Exp . 
T Lne , A i r ,  Rate ,  Rate ,  Mole Re ten t ion ,  so2,  S02, 02, N O ,  
hr % cfma l b / h r  R a t i o  a l i / 1 0 6  Btu ppm % PPm 

EA-1 14  17  9 8 42.8 1 .4  83 0.70 392 3 .1  160 

EA-3 1 2  44 9 6 34.3 1.1 7 6 0.98 448 6 .O b 

FA-2 1 2  44 9 8 32.5 1 .4  71  1.2 512 6.4 211 

EA-8 6.5 4 4 9 8 34.8 1 .9  86  0.58 265 6 .1  182 

FA-5 6 4 4 9 5 33.3 2.9 93 0.28 128 6.0 215 

EA-4 1 5  7 5 98 23.1 1 . 3  5 7 1.78 570 8 .6  245 

EA- 9 1 0  75 9 8 27 -7 1 . 5  8 6 0.57 206 8 .9  180 

EA-6 8 7 5 98 27 .8  2.1 93  0.26 112 9.3 266 

EA-7 6 75 9 6 30 .3  2.9 9 2 0.32 120 8.5 190 

a c f m  a t  70CF and 1 atm 

NO a n a l y z e r  not  working p r ~ p e r l y  



by c o a l  combustion per  cub ic  f o o t  of f l u i d i z e d  bed is  l e s s  than it. would 
b e  a t  low excess-a i r  cond i t i ons  (3% O2 i n  t h e  d r y  f l u e  g a s ) .  Heat removal 
from the  combustor by t h e  cool ing  water was minimized t o  determine t h e  h ighes t  ' 

pe rmis s ib l e  excess-a i r  cond i t i ons  i n  t h i s  experiment. Only s u f f i c i e n t  coolant  
t o  maintain a  sa fe-opera t ing  w a l l  temperature of l e s s  than 1200°F (650°C) 
(design temperature)  was c i r c u l a t e d  a t  t h e  combustor w a l l .  For t h e  opera t ing  
cond i t i ons  g iven  i n  Table 11, t h e  h ighes t  poss ib l e  percent  excess  a i r  i n  t he  
6-in.-dia p re s su r i zed  combustor w a s  found t o  be 75%. Experiment EA-4 w a s  
performed a t  t h i s  cond i t i on .  (Combustors w i th  r e f r a c t o r y  l i n e r s  can  be 
opera ted  a t  h ighe r  excess-air  l e v e l s  because h e a t  l o s s e s  are smal le r . )  The 
f lue-gas a n a l y s i s  and t h e  nominal fluidized-bed temperature f o r  t h e  du ra t ion  
of  experiment EA-4 a r e  presented g r a p h i c a l l y  i n  Fig.  57.  

The r e s u l t s  f o r  a l l  EA-experiments a r e  given i n  Table 11. I n  experiment 
EA-4, wi th  75% excess  a i r ,  a  t o t a l  s u l f u r  r e t e n t i o n  of 57% was obtained;  
t h e  s u l f u r  d ioxide  concen t r a t ion  i n  t h e  d ry  f l u e  gas  was 570 ppm and t h e  
oxygen concen t r a t ion  w a s  8.6%. I n  experiment EA-2, wi th  44% excess  a i r ,  
t'he t o t a l  s u l f u r  r e t e n t i o n  increased  t o  71%, but the s u l f u r  d ioxide  concen- 
t r a t i o n  i n  t h e  d r y  f l u e  gas  d i d  not  change markedly; t h e  SO2 concen t r a t ion  
i n  t h e  dry f l u e  gas  was 512 ppm and t h e  oxygen concenrra t ion  was 6.4X. 
Experiment FA-1 was performed a t  the  normal excess-a i r  cond i t i ons  of 17% 
(3% 02 i n  t h e  dry  f l u e  g a s ) .  The t o t a l  s u l f u r  r e t e n t i o n  w a s  83%, and t h e  
s u l f u r  d iox ide  concen t r a t ion  i n  t h e  d ry  f l u e  gas was 392 ppm. The predic ted  
t o t a l  s u l f u r  r e t e n t i o n  from t h e  empir ica l  c o r r e l a t i o n  of p a s t  experiments 
(VAR-aeries) is  85% f o r  EA-1. I n  t h e  cu r r en t  FA-series of experiments, t h e  
nominal s i z e  d i s t r i b u t i o n  of t h e  dolomite  was -14 +30 i n  comparison t o  a 
nominal s i z e  d i s t r i b u t i o n  of -14 +lo0 mesh i n  t h e  VAR-series of  experiment^?^ 
The s l i g h t l y  lower s u l f u r  r e t e n t i o n  found i n  EA-1 prcbably r e s u l t e d  from 
t h e  use  of  c o a r s e r  dolomite p a r t i c l e s .  The e x t e n t  of s u l f a t i o n  is  g r e a t e r  
f o r  smaller dolomite  p a r t i c l e s .  

Experiments EA-3, EA-5, and EA-8 were performed t o  test t h e  e f f e c t  of 
Ca/S mole r a t i o  on s u l f u r  r e t e n t i o n  a t  a f i x e d  excess  combustion a i r  va lue  
of  44%. Calcium t o  s u l f u r  mole r a t i o s  of 1.1 and 2.9 were used f o r  experi-  
ments U-3 and EA-5, r e s p e c t i v e l y .  The experimental co r id lL lu~~s  aud Llle 
r e s u l t s  f o r  t h e s e  experiments are given i n  Table 11. A s u l f u r  r e t e n t i o n  of 
76% was obta ined  i n  experiment EA-3. This  r e t e n t i o n  is  unexpectedly 
s l i g h t l y  h igher  than  t h a t  ob ta ined  f o r  EA-2, which w a s  performed a t  a Ca/S 
mole r a t i o  of 1 .4.  The SO2 content  of  t h e  exhaust gas  from EA-3 w a s  0.98 
lb / lOc  Btu, c l o s e  t o  t h e  EPA s tandard  of 1 . 2  lb /106  Bru. I n  axperilueut 
EA-5, t h e  t o t a l  s u l f u r  r e t e n t i o n  was 93% and t h e  SO2 content  of t h e  d ry  
f l u e  gas w a s  0.28 lb /106  Btu. The ope ra t ing  temperature and f l u e  gas 
a n a l y s i s  d a t a  f o r  EA-3 and EA-5 a r e  p l o t t e d  i n  Fig. 58 and 59 ,  r e spec t ive ly .  
Experiment EA-8 w a s  performed wi th  a Ca/S mole rat16 6f 1.9; a coca1 s u l l u ~  
r e t e n t i o n  of  86% w a s  obcalned. The ope ra t ing  t u p e r a t u r e  and f l u e  gao 
a n a l y s i s  f o r  EA-8 a r e  p l o t t e d  i n  Fig. 60 .  

Experiments EA-9, -6, and -7 were performed wi th  C ~ / S  mole feed  r a t i o s  
of 1.5,  2.1, and 2.9,  r e spec t ive ly ,  and a n  excess  combustion a i r  cond i t i on  
of 75%. Su l fu r  r e t e n t i o n s  were 86% f o r  EA-9, 93% f u r  EA-6, and 92% f o r  
EA-7. The bed temperatures  and f l u e  gas compositions dur ing  these  t h r e e  
experiments a r e  p l o t t e d  i n  Fig.  61, 62, and 63. 
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Fig.  57 .  Bed T e m ~ e r a t u r e  and Gas Concentrat ions i n  Flue Gas, 
Experiment EX-4. 
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Fig. 58. Bed Temperature and Gas Concentrations in Flue Gas, 
Experiment EA-3 
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Fig.59. Bed Temperature and Gas Concentrations in Flue Gas, 
Experiment EA-5 
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Fig. 60. Bed Temperature and Gas Concentrations in Flue Gas, 
Experiment EA-8 
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Fig. 61. Bed Temperature and Gas Concentrations in Flue Gas, 
Exper imen t EA-9 
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Fig. 62. Bed Temperature and Gas Concentrations in Flue Gas, 
Experiment EA-6 
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Fig. 63. Bed Temperature and Gas Concentrations in Flue Gas, 
Experinent EA-7 



A l l  t o t a l  s u l f u r  r e t e n t i o n s  obta ined  i n  t h e  EA-series a r e  p l o t t e d  a s  
a  func t ion  of Ca/S mole feed r a t i o  i n  Fig. 64. I n  t h e  excess  a i r  range 
i n v e s t i g a t e d  (17-75%), t h e  e f f e c t  of excess  combustion a i r  is n o t  pronounced 
enough t o  show any r e a l  and c o n s i s t e n t  e f f e c t  on t h e  s u l f u r  r e t e n t i o n  
c a p a b i l i t y  of dolomite;  except  f o r  EA-4 ( t h e  lowest  p o i n t ) ,  t h e  e f f e c t  seems 
t o  be  equiva len t  i n  magnitude t o  experimental  dev ia t ions .  

Fig.  64. E f f e c t  of Ca/S Mole Ratfn nn t h e  S i l l f i ~ t  F-etention 
Capab i l i t y  of Tymochtee Dolomite a t  900°C, A F lu id iz ing-  
Gas Veloci ty of  4.5 f t / s e c ,  and Various Excess Combustion 
A i r  Conditions 

The NO concen t r a t ion  i n  t h e  dry  f l u e  gas  f o r  t h e  e n t i r e  EA-series of 
experiments was found t o  i nc rease  with O2 concent ra t inn ,  a s  expected. At 
~ 3 %  02 iil t h e  dry  f l u e  gas ,  t h e  NO concent ra t ion  was 160 ppm; a t  ~ 6 %  02 
i t  averaged Q200 ppm; and a t  %9% 02 it averaged 220 ppm. The above NO 
r e s u l t s  from t h e  EA-series a r e  i n  ' q u a l i t a t i v e  agreement wi th  t h e . r e s u l t s  
publ ished by t h e  National  Research Development ~ o r ~ o r a t i o n l 6  on t h e  e f f e c t  
of 02 concen t r a t ion  on NO emission l e v e l s  from f l u i d i z e d  beds. 

Combust i on  Ef f i c i ency  ,and Carbon Balance Calcula t ions .  Carbon balances 
and combustion e f f i c i e n c i e s  were c a l c u l a t e d  f o r  some C-series dolomite runs  
and LC-series l imes tone  runs  (Table 1 2 ) .  For t h e s e  experiments,  t h e  carbon 
ba lances  ranged from 96 t o  103%. The c a l c u l a t e d  carbon ba lances  f o r  t he  
C-, LC-, and EA-experiments a r e  g iven  wi th  t h e  s u l f u r  ba lances  i n  Appendix C .  
For t h e  C- and LC-experiments a t  900°C, t h e  combustion e f f i c i e n c i e s  ranged 



Table 12.  Operating Conditions, Carbon Balance, and Combustion Eff ic iency  
For C- and LC-Experiments 

Pressure,  psig;  105 Coal: Arkwright (2.82% Sul fur )  
Bed Height, f t :  3 Additive: Limestone 1359 (-14 +I00 mesh), 
Excess A i r :  17% LC-Exper iment s 

Tymochtee Dolomite (-14 +lo0 mesh), 
C-Exper iment s 

Gas Veloci ty,  f t / s e c :  3.5 

- -- 

Bed Ca/ S Carbon Combus t i o n  
T a p  9 Mole Balance, Eff ic iency ,  

Experiment O C Rat i o  % % 



from 88 to 91%; at 955OC, the range was 94 to 97%. These values, when 
compared with combustion efficiencies for the VAR-series of experiments 
(Ref. 14, Table 6), are low. The VAR-experiments predict combustion 
efficiencies of over 95% at 900°C; however, in the VAR-series only one 
experiment was performed at this temperature (900°C) and a fluidizing gas 
velocity of 3.5 ft/sec which were used in the C- and LC-experiments. 

Carbon balances and combustion efficiencies have been calculated 
for some of the excess air experiments. The calculated combustion 
efficiences for these experiments (Table 13) lie within an acceptable 
range of 85 to 97%. As excess air increased, the combustion efficiencies 
increased (Fig. 65). By adding other ANL combustion efficiency data 
at 17% excess air conditions, a more representative line can be drawn 
through the data. Close agreement has been found between the correlated 
combustion efficiency data as a function of excess air and that obtained 
by ~xxonl~ (Fig. 6 S ) ,  

B E 0  T E M P E R A T U R E :  900:C 
G A S  VELOCITY:  4  5 f t l s e c  
A D D I T I V E :  D O L O M I T E  1-14 t 3 0 m e s h  I 

1 0 0  

0 E A  E X P E R I M E N T S  
A C - 2  I V E L *  f 5 f l l s e t l  

V A R - 9  ( V E L = S f t I s e c )  
-- EXXON 1 V E L z 3 . 6 - 7 . 2  f l l sec .  Temp-  8 4 0 -  9 7 0 ° C )  
+ LC-3A1VEL-3 .51 t lscc )  

I I I I I I I 
0 10 2 0  3 0  4 0  50 6 0  7 0  

EXCESS AIR,% 

Fig. 65. Effect of Excess ~ i r '  on Combustion Efficiency 

Bed Temperature: 900°C 
Gas Velocity: 4.5 ft/sec 
Additive: Dolomite (-14 +30 mesh) 



Table 13.- Operating Condit ions,  Carbon Balances,  and Combustion E f f i c i e n c i e s  
f o r  Excess-Air Experiments 

\ 

Bed Temp, OC:  900 Coal: Arkwright (2.82% s u l f u r )  
Pressure ,  psig:  105 Addit ive:  Tymochtee dolomite  (-14 +30'mesh) 
Gas Veloci ty ,  f t l s e c :  4 .5  Bed Height,  f  t: 3 

Excess Ca/ S 
A i r ,  Mole 

Experiment.;: % Rat i o  

Carbon 
Balance, 

% 

Combustion . 

Eff ic iency ,  
% 



Concentrat ion of COS i n  Flue Gas. I n t e r e s t  has  been expressed i n  
determining t h e  concen t r a t ions  of carbonyl s u l f i d e  (COS) being r e l eased  i n  
f luidized-bed combustion experiments.  Since process  a n a l y t i c a l  instrumentat io , ,  
i s  n o t  a v a i l a b l e  t o  perform t h i s  de te rmina t ion  d i r e c t l y ,  f lue-gas samples of 
s e v e r a l  combustion experiments were taken and were submitted f o r  mass 
spec t rographic  a n a l y s i s  of t h i s  component. These experiments included C-2, 
FA-9, FA-7, EA-5, LC-3A, and LC-4. I n  a l l  cases ,  t h e  COS concen t r a t ion  was 
found t o  be  below the  d e t e c t a b l e  l i m i t  of 100 ppm. 

Processing of Combustor Data. The programs w r i t t e n  a t  ANL t o  p l o t  
d a t a  generated i n  combustion experiments were modified t o  a l low t h e  use of 
In t eg ra t ed  Software ~ o r ~ o r a t i o n ' s  (ISC) p l o t t i n g  r o u t i n e s  (DISSPLA) now 
a v a i l a b l e .  I n  a d d i t i o n  t o  t h e  p l o t  of f lue-gas composition and bed temp- 
e r a t u r e ,  t h e  program p l o t s  fou r  a d d i t i o n a l  types of graphs from t h e  experi-  
mental  d a t a .  F ighres  66 and 67, f o r  example, show t h e  temperatures recorded 
a t  va r ious  l o c a t i o n s  i n  t h e  combustor off-gas system dur ing  a combustion run. 
I n  Fig.  68 t h e  p r e s s u r e s  and t h e  ca l cu la t ed  f lu id iz ing-gas  v e l o c i t y  i n  t h e  
combustor system a r e  p l o t t e d .  I n  t h e  f o u r t h  type of graph (Fig.  69),  t h e  
f low r a t e s ,  t h e  C ~ / S  mole r a t i o  ( ca l cu la t ed  from the  c o a l  and a d d i t i v e  
hopper weight changes) ,  and t h e  percentage of SO2 removed from t h e  f l u e  
gas  a r e  p l o t t e d .  In  o r d e r  t o  make t h e s e  c a l c u l a t i o n s ,  i t  was necessary 
t o  modify t h e  program t h a t  i n t e r p r e t s  t h e  paper t ape  from t h e  HP2010C d a t a  
logger  so t h a t  t h e  coal. and a d d i t i v e  hopper weights  would b e  included i n  t h e  
d a t a  set. 

I n  a d d i t i o n  t o  t h e  p l o t s ,  s e v e r a l  modi f ica t ions  were made t o  s impl i fy  
use  of t h e  program. Or ig ina l ly ,  t h e  t ime s c a l e  was ca l cu la t ed  by hand and 
placed i n  t h e  program wi th  a t e x t  e d i t o r ,  and t h e  experiment number had 
t o  b e  placed i n  t h e  program be fo re  p l o t t i n g .  These two s t e p s  have been 
e l imina ted  by s u i t a b l e  modi f ica t ions  t h a t  au toma t i ca l ly  s c a l e  t h e  time a x i s  
and read t h e  experiment number as d a t a .  I n  a d d i t i o n ,  t h e  o r d i n a t e s  i n  some 
p l o t s  ( f o r  example, F ig .  63 and 68) have been au toma t i ca l ly  sca led .  The 
s e l f - s c a l i n g  procedure provides u s e f u l  s c a l e s  i n  a l l  b u t  a few c a s e s  by 
c a l c u l a t i n g  t h e  average va lue  and t h e  s tandard  dev ia t ion  f o r  each v a r i a b l e  
i n  a n  experimental run .  
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Fig. 6 6 .  Tenperatuves in the Cor4us to r  Off-Gas Systen, 
E:rperiment LC-5 



Fig. 67. Temperatures in the Combustor Off-Gas System, 
Experiment LC-6 
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COAL COMBUSTION REACTIONS 

The Determination of Inorganic Constituents in the Effluent Gas from 
Coal Combustion 

Past experience from operation of coal-fired boilers and gas 
turbines has shown t;;.at some of the elements carried by the combustion 
gas cause severe metal corr~sion.~~ 9 l 9  Due to a potential application 
of the pressurized fluidized-bed combustion gas to a combined-cycle 
power generation system, a study is necessary to determine which 
species that may be deleterious to turbine components exist in the 
vapor phase or are carried on the ultrafine particulates in the hot 
(870°C) combustion gas. If the fine solid's can not be removed by 
conventional particulate-removing units, they may condense on the 
gas turbine blades or vanes and react with turbine material, resulting 
in corrosion problems. 

The purpose of this study is to determine quantitatively which 
elements are present in the hot combustion gas of coal, in either 
volatile or particulate form, and to differentiate between volatile 
and particulate species, Our interest is to identify the compound 
form and the amount of particulate species and to determine the amount 
and the form of condensable species. The experiments will be designed 
to obtain a material elemental balance on a batch basis. 

This report presents an outline of the experimental program and 
general descriptions of the laboratory-scale reactor that will be 
used ,for this study. 

Experimental Approach. The experi~ental gpproach is to use a cold- 
trap to collect the condensable inorganic species present in an effluent 
combustion gas. To differentiate betweeq vblatile and particulate species, 
a hot filter, located upstream from the cold t,rap, will be used to remove 
particulates from the hot combustibn gas..  he. condensates obtained from the 
cold trap and the particulates,:.retained by the filter will be analyzed. 

.. .. . ., . .  i 
, . . ,._ _I .- ,- , I i 

~xpe'rim;ntal Equipment and ~rocedure, A laboratory-scale experimental 
apparatus using either fluidized-bed combustion or batch-type fixed-bed com- 
bustion was considered for this study. These two types of combustion were 
compared'. 

The fluidized-bed system would provide'experimental conditions 
more closely simulating the pressurized fluidized-bed combustor being 
operated presently in this division. However, several disadvantages 
can also be visualized with this type' of combustion system insofar 
as a study on a laboratory scale is concerned. It would require 



substantially more air input for fluidization, and significant amounts of 
fly ash and particulate would be carried out by the ~pward flowing flue gas. 
All of these would cause a heavy load on the filter, limiting the choice 
of filter. A fluidized-bed system would also require more complicated 
set-ups for operation, such as feeding system, controls for fluidization, 
and so forth. 

A batch-type fixed-bed combustion would have the following ad- 
vantages over the fluidized bed: simplicity of operation, smaller gas 
throughputs, and the feature of providing better material balances. 
Based on this comparison, the batch-type system was chosen for first 
consideration in this study. 

- 
The conceptual experimental unit, shown in Fig. 70, is designed 

for operation at a maximum pressure of two atmospheres absolute and a 
maximum temperature of 900°C (1650°F). It is a 3 112-in.-ID horizontal 
tubular reactor and consists of four sections: preheating, combustion, 
filtration, and cold trap sections. 

At the beginning of an experiment, the entire system will be 
pressurized to a desired value, and the preheating and filtration 
sections will be heated to the temperature at which the coal will be 
combusted, about 870°C (1600°F). The filtration section will be 
heated by an externally heated tubular furnace. The preheating section 
will be heated internally. Internal heating provides two advantages: 
Firstlpit allows for a lower wall temperature, and secondly, cooling 
coils can be applied. As a consequence, much less heat is conducted 
through the wall to the end flange, allowing a smaller flange to be 
used. In addition, due to a lower wall temperature, this preheating 
section can be heated to a higher temperature internally and preheating 
of the inlet air can be more efficient. A Lindberg Heavi-Duty K-type 
heating element (maximum temperature limit of 1205°C) will be used 
in the preheater section, and a baffle will be provided which allows 
the air to be heated by passing twice through the hot zone. 

During the startup stage, when there. is no airflow, the combustion 
section (in which the coal sample is located) will be maintained as 
cool as possible to prevent devolatilization of the coal. To accomplish 
this, baffles or radiation shields will be located on both ends of this 
section to reduce radiation and convection heat transfers ins ide  Ll~e 
tube. The sample pan will be kept at a sufficient distance from the heat 
sources on both sides of the pan so that the heat inflow to the sample 
will be minimized. The cooled induction coils, which are subsequently 
used to heat the combustion section, together with forced air flow frul~l 
a fan, will also help to cool the combustion section during this stage 
of operation. 

In this system, the coal sample will be brought to its combustion 
temperature rapidly by induction heating and combustion with the pre- 
heated air. The combustion temperature, which is one of the importmlL 
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Fig. 70. Conceptual Experimental Unit for the Determination of 
Inorganic Constituents in the Effluent Gas from Coal 
Combust ion 



variables that must be carefully controlled, can be regulated by con- 
trolling the amount of oxygen flowing into the system. Increasing the 
heat-dissipating area by spreading out the sample in the sample pan 
and by dilution of the coal sample with additives such as limestone or 
dolomite may also help control the combustion temperature. Dilution 
of the coal sample with additives would also provide environments 
in coal combustion simulating the pressurized fluidized-bed system, 
as well as a more uniformly distributed temperature in the bed. 

The hot combustion gas will be maintained at the combustion 
temperature in the section containing the filter. To minimize the 
likelihood of clogging of the filter by evolved volatile matter and 
condensation of tars on the cold trap during the early heating stage, 
secondary oxygen will be introduced into the system upstream from the 
filtration section. It may be necessary to add some packing in front 
of the filter to catalyze combustion. The cumbustion gas will then 
he directed implediately to impinge on a cooled metal trap. This trap 
will be kept at a low enough temperature to condense all inorganic 
species present except gases such as S02, COY C02, etc. The con- 
densates will be mechanically removed from the trap surface for analysis. 

The detailed des& and engineering drawings of this combustion 
unit have been completed. Review of the design Is under way. The 
specification for fabrication of the unit is being written. 

Analytical Consideration. The amount of coal combusted and the size of 
the experimental unit are very much dependent on the methods available for the 
analysis of the condensates and particulates collected. Many of the inorganic 
constituents in coal are present in only trace amounts. For these, 
sensitive analytical methods must be used. 

X-ray diffraction is probably the most powerful method and is the 
most widely employed to identify unknown compounds in a collected solid. 
Consequently, X-ray diffraction should be a first method considered 
for identification of the phases or the compound forms in the collected 
samples. The X-ray diffractometer available in this division requires 
a minimum amount of 2 mg of sample containing at least 5% of the com- 
pound being analyzed. A coal sample size of the order of 100 grams 
is needed for combustion in order to collect enough condensates for 
X-ray diffraction analysis. Since X-ray diffraction is a nondestructive 
method, the condensate may also be examined under an optical microsco~e 
by the use of liquids of various indexes of refraction.  heref fore, 
optical microscopy examination can be used as a supplement to X-ray 
diffraction to help identify collected species. 

Mass spectrometry has been widely used for the determination of 
compounds. For the purpose of this study, the "hot" combustion gas 
after filtration can be introduced directly into the mass spectrometer. 
The spectrum obtained would yield information concerning the compounds 
existing in the vapor phase as such. One problem which might be 



encountered for this study using this method is that some of the com- 
pounds present at higher concentration in the combustion gas may mask 
the spectrum of the lower concentration const2tuents, resulting in 
interpretive difficulty. However, proper selection of ionization 
voltage might eliminate some of the constituents from the mass spectrum. 

Theoretically, both X-ray diffraction and mass spectrometry are 
adaptable to quantitative determination of a compound in a mixture; 
however, practical application of these methods to quantitative analysis 
is generally fraught with difficulties. Therefore, qualitative 
identification and quantitative assay are also required. 

For trace element analysis, several analytical methods are avail- 
able. Among them are atomic absorption, emission spectrometry, X-ray 
fluorescence, neutron activation analysis, spectrographic analysis by 
proton bombardment (SAPB), and scanning electron microscopy. All of 
these methods (except SAPB, which can be performed by an outside 
laboratory) are available in this laboratory. Analytical techniques 
have been developed in this division for some elements and others 
have been reported in the technical literat~re.~~ The analytical 
sensitivity of these methods is generally high. For example, atomic 
absorption can detect sodium in a mixture containing as little as 
1 ug Na; e.mission spectrometry can sense as little as 0.01 pg ~ a . ~ l  
The detection limit of trace elements for some methods has been re- 
ported by Ruch, .Gluskoter, and Shimp. 20 

Filtration Cunsiclera~io~~. Due to a significant role played by the 
filtration unit in this system, its availability is a key to the success 
of this study. Elevated-temperature operation and the requifement of 
resistance to chemical attack restrict the choice of filter material. 
After several communications with filter-producing companies, a commer- 
cially available filter called Kellundite, a product of Electro Refractories 
& Abrasives, Division of Ferro Corporation, was found. Kellundite-is a 
ceramically bonded fused aluminum oxide. It withstands a maximum temperature 
of llOO°C and is very resistant to chemical attack except by fluorine. 
Because the fluorine concentration of the coal is sufficiently low (61 ppm 
is the mean analytical value for 101 Illinois coals,) the amount of hydro- 
fluoric acid vapor in the combustion gas is expected to be low enough to 
permit utilization of this filter. Kellundite has sufficient strengt'h 
and high air permeability. Several shapes and sizes with many choices of 
grade are available. 

Kellundite FAO-10 filter, which has a nominal retention of 10-micron 
particles, has been ordered. Receipt by the middle of June is expected. 

Induction Heating Facilities. A Tacco 30-kW, 10,000-cycle induction 
heating unit, loaned hy the Materials Science Division for the duration 
of this experimental program, has been moved to this building and is 
being installed. 



Choice of Reactor Material. The choice of reactor material is 
dependent upon (1) availability and (2) material properties suited for 
utilization at temperatures up to 900°C (1650°F), at a maximum pressure 
of 2 absolute atmospheres, and in corrosive environments. Great effort has 
been made to discuss our requirement with steel companies specializing in 
high-temperature alloy steels. Of. the stainless steels (types 304, 316, 
and 310) considered, type 310 was finally chosen. Type 310 stainless 
steel shows the following advantages over types 304 and 316 steels: 
(1) higher values of tensile strength and yield strength,23 (2) high creep 
strength, and especially (3) a high scaling resistance temperat~re--l038~C 
(1900°F) as compared with 843OC (1550°F) for types 304 and 3 1 6 . ~ ~  Type 310 
stainless steel has excellent resistance to oxidation. Because of its high 
chromium content, it is suitable for use in sulfurous atmospheres. This 
alloy steel also shows resistance to moderately carburizing atmospheres 
and has excellent weldability. It can be readily joined either to itself 
or to other metals by .standard welding procedures. 

Both 3 112-in. and 112-in. nominal diameter, schedule 80 type 310 
seamless stainless steel pipes needed for the construction of the. com- 
bustion unit have been received from Rolled Alloys, Inc. 

Scope of Study. During the first phase of this study, we will in- 
vestigate the volatilization of inorganic species during the combustion 
of coal. Some pure volatile compounds of elements expected to be present 
in the hot combustion gas of coal will be first heated to test the 
system. The combustion of coal with and without additives (alumina, lime- 
stone, or dolomite) will be studied under various conditions to evalu- 
ate the effects of the operating variables--coal rank, particle size of 
of coal, combustion temperature, and ratio of coal to additive. 

Identification of the vapor forms will be done by analysis of 
the condensate retained on the cold trap. Coal, the particulate retained 
by the filter, and the condensate will be analyzed for trace elements, 
both qualitatively and quantitatively. A material balance on a batch 
basis will be determined for these elements. 

The second phase of this study will be an extension of this work 
to the gasification of coal. This phase of study is needed because 
a low-Btu combined cycle plant has attractive advantages as a new 
power generation system in the near future ,24 and inorganic constituents 
and particulates in the hot, low-Btu gas are expected to cause serious 
corrosion and erosion problems on the turbine blades. 

Insofar as this phase of study is concerned, no significant 
modification of the system is necessary, except the addition of some 
simple equipment for steam feeding and safety. Scopes of the study in 
the first phase and this phase will be similar. 

Systematic Study of the Volatility of Trace Elements in Coal 

The effluent gases from coal combustion are known to contain trace 
elements, some of which are toxic to human beings, animals, and plants, 



and some of which cause severe metal corrosion in coal-fired boilers 
ana gas turbines. .The evolution of these trace elements has been 
generally believed to be due to the volatilization of elements and 
compounds at high temperatures. Therefore, knowledge of the temper- 
atures at which these trace elements start to volatilize and of the 
rates of volatilization is essential to study of their thermal be- 
havior. 

Ruch, Gluskoter, and Shimp20 studied trace element volatility by ash- 
ing coal in a muffle furnace at 300 to 700°C (570-1290°F). The trace 
elements studied included B, Pb, Mo, V, Zn, Ni, Co, Cu, Cd, Mn, Cr, 
Be, Ge, and Sr. These workers reported that losses of 33% and up to 
25% were observed for Mo and V, respectively, and that no significant 
losses in samples ashed up to 700"~ (1290°F) were noticed for the 
other elements. ~uidoboni~ has conducted a study of the volatilization 
of some trace elements in coal by comparing wet-ashing using acid 
solution and dry-ashing in a furnace at 850°C (1560°F). The results 
indicate that the trace elements studied, namely, Cu, Ni, Mn, Zn, 
Cd, Pb, V, Ag, and Li, do not exhibit significant losses during dry- 
ashing. Similar results were also observed by ~ometani~~ for the ele- 
ments, Pb, Zn, Fe, Cu, Cd, Ni, Mn, Cr, Co, and V, when airborne 
particulate matter was dry-ashed at 500°C (930°F). All of these 
volatilization studies were performed at relatively low temperature 
ranges; therefore, the information is not applicable to the case of 
coal being subjected to high temperatures (900 to 1000°C or 1650 to 
1830°F) such as those generally used in a practical cool combustion 
furnace. The evolution of trace elements is expected to be greatly 
increased when coal is combusted at higher temperatures. 

Data on the volatility of trace elements at practical coal com- 
bustion conditions are sparse in the technical literature. A study to 
obtain this information is under way. The effect of gasification 
conditions on the volatility of trace elements will also be included 
in this study. The information obtained would offer a rea1,understanding 
of the thermal behavior of these trace elements under the similar 
conditions which are to be used in coal combustion and gasification. 
This study is also intended to obtain d a t a  supporting the study 
covered above and can also be considered to be a preliminary investi- 
gation for that study. 

In the following sections, the experimental program is outlined 
and the analytical methods for this study are described. 

Experimental. This study includes (1) dry-ashing of a coal at 
various temp%?at<res under both combustion and gasiffcation conditions 
and (2) analysis of the resulting ashes for the trace elements of 
interest. 



Trace elements in coal are essentially chemically.incorporated 
in the mineral matter of coal. These elements can be retained in the 
ash while the carbon is oxidized at low temperature with atomic 
oxygen.20 Low-temperature ashing will be used to remove carbon from the 
coal and concentrate the elements in the ash prior to analysis. An 
important analytical advantage of low-temperature ash (LTA) is that 
trace elements in the ash are concentrated to 10 or more times their 
amount in coal. The high-temperature ashing of a coal will be per- 
formed in a ceramic tubular furnace with a simple setup of gas inlet 
controls, as shown in Fig. 71. 

The gas, containing a controlled amount of oxygen, can either be 
introduced directly into the ashing chamber to provide combustion con- 
ditions or can be bubbled through a water evaporator prior to its 
being directed into the ashing chamber to provide gasification conditions. 
The water evaporator is made of glass. The amount of water vapor 
Carried out by the air is regulated by the water temperature in thc 
evaporator, which is heated externally by a heating tape, and is mea- 
sured gravimetrically in separate measurements by the IISP of CaCL ao 
an absorbent agent. 2 

The variables of temperature, time, and the compositio~ of gases 
will be studied to evaluate their effects on the volatility of trace 
elements. Herrin (No. 6) coal (Illinois coal) was found to be 
representative of all Illinois coals from the viewpoint of content of 
major minerals27 and therefore has been chosen for this study. Coal 
.in the size range of -200 mesh will be used. 

Analysis of Coal Ash. Good analytical procedures for coal ash con- 
stitute the key factor in this study. Therefore, a survey of the technical 
literature on the methods for analysis of trace elements in coal ash 
has been performed. The methods employed by Ruch, Gluskoter, and shimp20 
are an important guide for this work. For the trace elements of interest, 
the analytical methods applicable to both coal and coal ash are taht11.ated 
in Table 14. It may be seen in this table that no appropriate method 
has been developed for analyzing chlorine and sulfur in ash. However, 
the methods applicable to coal are thought to be applicable to ash analysis. 
Informati~n on these procedures is available. When possible, two analytical 
methods will be used for each,trace element in a parallel manner so that 
the results can be double-checked. 
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Tab le  If,. Anal .y t ica1  Methods f o r  T race  Elements  i n  Coal  and Ash 

a  
A n a l y t i c a l  Method D e t e c t i o n  L i m i t  

Element --- ( P P ~  Re fe r ence  
Coal  Ash Coal  Ash 

Na NAA 0 . 5  20 ,28  
FPA PPA 29,30,31. 

M 3 2 
XRS 3 3  

SA 
SA b  3 4 , 3 5  

( S S ~ I S ) ~  (SSMS) 25 ,36  
SAPB SAPB 3 7 

-- 

K XRF XRF 9 20,38  
FPA 3  1 
XB.S 3 3 

A A A A 3 2 , 3 9  
S A SA b  33 ,34 ,39  

( S S M S ) ~  (SSMSIb 25,36 
SAPB (SAPB) 3 7 

V XRF XKP 0 .5  20 
OESA OESA 5  4 5 20 
SSMS SSMS 25 ,36  
SA S  A 4 1  
SAPS ( S A P B ) ~  I 37 . 

Ca XRF XRF 1 2  20 ,35  
M AA 3 1 , 3 3  
S A 

SA b 
35  

( S S M S ) ~  (SSMS),, 25 ,36  
S U B  ( S U B )  37 

C1 XRF 36 20 
NAA 2  8 
ASTM (Eschka & Bomb) 4 2 
SAPB ( S A P H ) ~  3  7  
-- -- . - . - - - -- -- - 

S XRF 72 20 
ASTM (Eschka 5 B O I I I ~ )  43  

NM -- Neutron A c t i v a t i o n  A n a l y s i s  
FPA -- Flame Pho tome t r i c  A n a l y s i s  
AA -- I i t o n ~ i c  Abso rp t i on  
XRS -- X-Ray Spec t rography  
SA -- S p e c t r o g r a p h i c  A n a l y s i s  
SSMS - Spark  Source  Mass S p e c t r o u ~ e t r y  
OESA - Opt j .ca l  I:illissi.on S p e c t r o g r a p h i c  Ana ly s i s  
XRF -- X-Ray F luo re scence  
ASTM - American S o c i e t y  f o r  T e s t i n g  b P:a te r ia l s  
SAPB -- Spectrograp11l.c A n a l y s i s  Sy l'roton Bo~nbardr,:~~lt:  

b 
P o s s i b l y  a p p l i c a b l e .  



TRACE-ELEMENT DISTRIBUTION STUDIES 

Trace elements, such as mercury, lead., and beryllium, emitted from fossil- 
fueled power plants, incinerators, and industrial sources are receiving increased 
attention as potentially dangerous air pollutants. The process of coal 
combustion releases trace elements to the environment as vapors and/or in 
association with particulate emissions. Although a substantial fraction of 
the trace elements present in the coal during combustion is retained with the 
fly ash removed by emission control devices, significant quantities of trace 
elements (such as mercury) may still be emitted as vapors or in association 
with submicron-size particles that are not efficiently removed by present day 
devices. 

Recent investigations have demonstrated that several of the trace elements 
(such as lead, cadmium, arsenic, and nickel) preferentially concentrate in the 
smallest particles emitted from conventional coal-fired pawer plants.44~45 The 
enrichment of trace elements in the finer fly ash from conventional power plants 
has been attributed to the volatilization of the elements (or their compounds) 
in the combustion zone of the furnace and their subsequent condensation or 
adsorption onto suspended fly ash particles; this would result in relatively 
higher concentrations of the trace elements in the finer particles, which have 
higher surface-to-mass ratios. 44,45 

Since fluidized-bed combustion is carried out at temperatures of 855- 
955OC (1550-1750°F) well below those of conventional coal-fired power plants and 
in the presence of an additive for sulfur dioxide removal (which-may also act as 
sorbent for trace elements), an investigation,was made at ANL to evaluate 
the potential of fluidized-bed combustion for reducing trace-element emissions 
as compared with conventional combustors. The trace elements of primary interest 
in the investigation were mercury, fluorine, beryllium, and lead. Mass balances 
were made around ANL's 6-in.-dia, pressurized, fluidized-bed combustor for the 
following trace and minor elements: Hg, F, Be, Pb, As, Br, Co, Cr, Fe, K, La, 
Mn, Na, and Sc. All solid materials charged to or recovered from the combustor, 
including particulate matter entrained in the flue gas from the unit, were 
analyzed. Also, the flue gas was analyzed for both mercury and fluoride emissions 
The results of these analyses were used to evaluate the potential loss to the 
environment of the various trace elements by volatilization. 

Additional results are presented here on four combustion experiments, 
TRACE-3, -4B, -5A, and -6, for which some results were reported in the preceding 
annual report .14 Nominal operating conditions for experiments TRACE-3 and TRACE- 
4B were a bed temperature of 845OC (1550°Y), 10 atm pressure, and 4% 02 in the 
dry flue gas, as compared with values of 900°C (1650°C), 8 atm, and 3% O2 for 
experiments T,RACE-5A and TRACE-6. In experiments TRACE-3 and TRACE-5A, Arkwright 
coal was combusted in a fluidized bed of Alundum (electrically fused A1203 grain, 
Type 38, from the Norton Company), whereas in experiments TRACE-4B and TRACE-6, 
Arkwright coal was combusted in a fluidized bed of Tymochtee dolomite. 

Mass balances for mercury, lead, beryllium, fluorine, and sodium, pre- 
sented and discussed in the preceding annual report l4 are presented again. 
Material balances determined for nine additional trace and minor elements also 
re presented. The concentrations of 'the trace elements in the coal and fly 
sh samples from successive stages of gas-particle separators (primary cyclone, 



secondary cyclone,  and f i l t e r )  were ad jus t ed  t o  a combustible-matter-free b a s i s  
and compared f o r  s i g n i f i ~ a n ~  d i f f e r e n c e s  i n  concent ra t ion  between c o a l  and a sh  
samples and among succes s ive ly  f i n e r  samples of ash. This  a n a l y s i s  was performeu 
t o  d e t e c t  evidences of p r e f e r e n t i a l  concent ra t ion  i n  t h e  samples of f i n e l y  
d iv ided  f l y  ash.  I n s o f a r  a s  p o s s i b l e ,  a t tempts  have been made t o  compare t h e  
r e s u l t s  repor ted  he re  w i t h  s i m i l a r  r e s u l t s  repor ted  by o t h e r  i n v e s t i g a t o r s  f o r  
convent ional  coa l - f i r ed  power p l a n t s .  In  a d d i t i o n ,  r e s u l t s  on t e s t i n g  of t h e  
sampling t r a i n  used t o  measure mercury l e v e l s  i n  t h e  f l u e  gas from t h e  combustor 
a r e  repor ted .  

Ana ly t i ca l  Methods 

Wet chemical techniques  were employed t o  measure t h e  concent ra t ions  of 
t h e  f o u r  t r a c e  elements of primary i n t e r e s t  i n  t h e  i n v e s t i g a t i o n :  mercury and 
l ead  by atomic abso rp t ion ,  bery l l ium by f luor imet ry ,  and f l u o r i n e  by s p e c i f i c  
i on  e l ec t rode .  The concen t r a t ions  of t h e  remaining t r a c e  elements measured were 
obta ined  by neutron a c t i v a t i o n  a n a l y s i s .  The d e t a i l s  of t h e  a n a l y t i c a l  pro- 
cedures  have been presented i n  cons iderably  more d e t a i l  elsewhere (Ref. 14,  
p. 7 3 ,  130-133). 

Table 1 5  compares t h e  a n a l y t i c a l  r e s u l t s  obtained by ANL and by an inde- 
pendent l abo ra to ry  f o r  samples of I l l i n o i s  No. 6  seam c o a l  and t h e  unquenched 
ash  of t h e  c o a l  obtained from a Lurgi  g a s i f i e r .  The t r a c e  element r e s u l t s  of 
t h e  two l a b o r a t o r i e s  ag ree  wi th  each o the r  w i th in  t h e  p r e c i s i o n  of t h e  measure- 
ments i n  a l l  c a ses ,  except  f o r  c o b a l t  and lead  i n  t h e  No. 6 c o a l  and f o r  mercury, 
manganese, and l ead  i n  t h e  ash.  

I n  the  two i n s t a n c e s  of disagreement i n  t h e  lead  va lues ,  t h e  ANL r e s u l t s  
are considered more l i k e l y  t o  be c o r r e c t .  The impressive o v e r a l l  agreement, 
which inc ludes  a  number of ca ses  f o r  which d i f f e r e n t  a n a l y t i c a l  methods were 
used,  ind ica tes .  t h a t  t h e  methods used a r e  r e l i a b l e  and s t r eng thens  t h e  con- 
c l u s i o n s  t h a t  can be  drawn from t h e  r e s u l t s  repor ted  here.  

Resu l t s  

Representa t ive  t r a c e  element concent ra t ion  d a t a  a r e  presented i n  Table 16 
f o r  combustion experiment TRACE-3, which was c a r r i e d  out  a t  a  temperature of 
845°C (1550°F) i n  an alumina bed. With t h e  d a t a  from Table 16 and s i m i l a r  d a t a  
from t h e  o t h e r  t h r e e  combustion experiments ,  mass 'balances were determined f u r  
t h e  fo l lowing  t r a c e  and minor elements:  Hg, Pb, Be, F, A s ,  B r ,  Co, C r ,  K ,  La, 
Mn, N a ,  Sc, and Fe. The r e s u l t s  of t hese  c a l c u l a t i o n s  a r e  presented i n T a b l e  17 

The f i r s t  two l i n e s  i n  Table 1 7  p re sen t  t h e  mass ba lances  f o r  mercury and 
f l u o r i n e  based on t h e  a n a l y s i s  of s o l i d  samples and t h e  f l u e  gas.  The mercury 
ba l ances ,  which exh ib i t ed  an average recovery of only 382,  a r e  p a r t i c u l a r l y  
d i sappo in t ing .  The f l u o r i n e  ba lances  of 120 and 110% recovery f o r  t h e  experiments 
a t  845OC a r e  reasonably accep tab le  va lues ;  che r ecove r i e s  of 180 and 240% f o r  t h e  
experiments a t  900°C a r e  unaccountably high. The poor balances obtained f o r  
bo th  t h e  mercury and t h e  f l u o r i n e  have been a t t r i b u t e d  t o  problems wi th  the  
f lue-gas a n a l y s i s ,  r a t h e r  than wi th  t h e  a n a l y s i s  of t h e  s o l i d  samples. (The 

r e s u l t s  of t e s t i n g  of t h e  sampling t r a i n  used t o  measure mercury l e v e l s  i n  t h e  
f l u e  gas from the  combustor a r e  presented  elsewhere i n  t h i s - s e c t i o n  of t h e  
r e p o r t .  ) 



Table  15. Comparison of Trace Element Concentra t ions  i n  I l l i n o i s  No. 6 
. Seam Coal and i n  t h e  Unquenched G a s i f i e r  Ash of t he  Coal a s  

Determined by ANL and by an Independent Laboratory. 

Coal Ash 
Element Independenta ~ r g o n n e b  Independenta Argonneb 

P P ~  P P ~  P P ~  P P ~  

Zn (x102) 0.43 D 4.69 D 
--. 

'The p r e c i s i o n  of t h e  independent l abo ra to ry  r e s u l t s  i s  e s t ima ted  t o  be 
?lo% i n  a l l  ca ses .  

b ~ h e  accuracy of t h e  Argonne r e s u l t s  f o r  mercury i s  e s t ima ted  t o  be 9 0 % ;  
t h e  p r e c i s i o n  of t h e  Argonne r e s u l t s  f o r  be ry l l i um is  ?5%, f o r  l e a d  *OX, 
f o r  f l u o r i n e  i 2 0 I .  The conf idence r a t i n g s  shown f o r  t h e  Argonne r e s u l t s  
obta ined by neu t ron  a c t i v a t i o n  a n a l y s i s  correspond t o  t h e  fol lowing 
accuracy l e v e l s :  A *lo%, B h 5 % ,  C f50%, and D i d e n t i f i c a t i o n  only .  

' ~ o t  r e p r e s e n t a t i v e  of t h e  seam; contaminat i on  suspected.  



Table 16. Trace Element Concentrations in Samples From Experiment 
TR-3 on a Combustible-Matter-Free Basis 

Combustion Temperature: 1550°F Coal : Arkwright 
Pressure : 10 atm Bed Material : Alumina (A1203) 
Gas Velocity : 2.4 ftlsec 

Concentration, ppma 
Starting Final Primary Secondary 

Element Bed Coal Bcd Cyclone Cyclone Flue Gas 

6 C 

0.46 0.32 ppb 

5x10~ C 

52 A 

140 B 

7 . 2 ~ 1 0 ~  A 

260 

6.2 B 

19 A 

a 
ppm = parts per million followed by absolute error rating for neutron activation deter- 
minations: A = go%, B = (15%, C = 55O%, D = identification only. 



Table 17. Mass Balances for Trace and Minor Elements Around ANL 6-in.-dia, 
Pressurized, Fluidized-Bed Combustor 

a Recovery, % 
-b Combustion in Alumina Bed Combustion in Dolomite Bed Average 

Element TR-3 TR-5A TR-4B TR-6 

Mass Balances Based on Solids and Flue-Gas Analysis 

Mass Balances Based on Solids Analysis Only 

Hg 37 26 9 

F 5 23 6 2 

Pb 110 12 0 7 8 

a Percent of element entering combustor accounted for in product streams. 

Average recovery for experiments in which a balance was determined. 

C I me ns indeterminate due to incomplete concentration data for some 
samp?es. 



The remainder of Table 17 lists the material balances based on solid samples 
only for those elements (including mercury and fluorine) for which suff2cient 
analytical data were available. Retention of the relatively volatile elements, 
mercury, arsenic, fluorine, and bromine, in the solids indicates a definite 
potential for fluidized-bed combustion to reduce the emissions of these elements. 

The average retention of 23% for mercury in the solid effluents from the 
combustor (Table 17) is higher than the results reported by other investigators. 
Billings et aZ.46 made a mercury balance around a 660-MWe coal-fired power 
station and reported a mercury ret-ention of only 10% in the ash and emission of 
90% of the mercury in the vapor phase. 

The recovery of arsenic (~85%) is another good indication that fluidized- 
bed combustion, because of its lower combustion temperatures, has the potential 
for retaining trace elements by reducing their volatilization as compared with 
combustion in conventional coal-f ired boilers. BolCorl B.L. ~22.~' reported a 
recovery for arsenic of only 40 to 50% in the particulate phases for a mass 
balance made around a conventional 290-MWe cyclone-fed boiler. Similarly, 
~ t t a r i ~ ~  estimated a retention of only 35% for arsenic in the solid effluents 
from the Illinois Institute of Gas Technology's HyGas (high-Btu coal gasifica- 
tion) pilot plant. 

The most significant observation that can be made from the fluorine 
balances is that the retention of the fluorine in the solid phases leaving the 
combustor was considerably higher when additive was used in the experiment. 
The reported recoveries of fluorine in the solid samples were 56 and 62% for 
combustion with additive present and only 23 and 5% for combustion in an alumina 
bed. Further indication of the effect of additive is that the fluorine 
concentration increased from only 14 ppm in the fresh dolomite to as high as 350 
ppm in the partially sulfated dolomite, indicating a significant retention of 
fluorine by the additive. 

Like the fluorine results, the bromine mass balances suggest that the 
additive may also be effective in reducing bromine emissio~ls. The concentration 
data for bromine (not presented here) indicated only marginal increases, however, 
in the concentration of bromine in partially sulfated samples (starting bed, 
final bed, and overflow samples) as compared with the concentration of bromine 
in the unreacted dolomite stone fed to the combustor. Thus, the reported 
bromine retention of 36% for experiment TRACE-4B with additive present (l'able 17) 
represents a retention of bromine only slightly greater than the retention of 
the fraction of bromine (25%) entering the system with the unreacted additive. 

Seven of the remaining ten elements reported on (Mn, Co, Fe, K, La, Na, 
and Sc) had material balances of 100 + lo%, indicating within analytical 
accuracies essentially no losses by vGlatilization. The relatively low re- 
coveries of beryllium and chromium are suspect since complete recoveries of 
chromium have been reported for coal-processing units operated at much higher 
temperatures and since beryllium is reportedly less volatile than chromium. 47,49 

Except for one unaccountably high recovery value for manganese, this element 
also exhibited a recovery of 100 + 10%. 

The significance of these results is emphasized in Table 18, which compares 
the projected trace element emissions from conventional and fluidized-bed 



Table 18. Projected Emissions of Trace Elements from Conventional 
and Fluidized-Bed Combustors Expressed as a Percentage 
of the Element Entering the System 

Element 
. 

Conventional 
combust iona 

-- 

Fluidized-Bed 
Combustion 

Be 

Sc 

Cr 

Co 

Na 

K 

Fe, La, Mn 

90 

90-100 (estimated) 

100 (estimated) 

50-60 

0-60 

Not available 

10 

0 

10-20 

20 

30 

0 

a Projected from data in the literat~re~'-~~ on trace-element emissions 
from conventional power plants. 



combustion systems based on currently available data. With the exception of the 
projected emissions for chromium, the emissions from fluidized-bed combustion 
are consistently as low or lower than those projected for conventional combustor, 

The trace-element data were further analyzed to qualitatively assess con- 
centration versus particle-size effects and to determine whether fluidized-bed 
combustion has the potential of reducing the preferential concentration or 
enrichment of trace elements in the finer particulate matter. The concentrations 
of the trace elements in the coal and fly ash samples from successive stages of 
gas-particle separators (primary cyclone, secondary cyclone, and filter) were 
adjusted to a combustible-matter-free basis and compared for significant 
differences in concentration between coal and ash samples and among successively 
finer samples of ash. The coal analyses were corrected on the basis of the ash 
content of the coal, whereas the analyses of the ash samples were corrected to 
a carbon-free, sulfur-free basis. This analysis was made for the two combustion 
experiments carried out in a fluidized bed of alumina (TRACE-5A and TRACE-3). 
The results of the calculations are presented in Table 19. 

The following observations can be made on the basis of the concentration 
values reported in Table 19: 

1. The concentrations of lead and beryllium were essentially uniform among 
the samples, indicating that no enrichment of these elements occurred in the 
finer fly ash. In a study conducted in a conventional power plant, the concen- 
tration of lead in the electrostatic precipitator ash was one order of magnitude 
higher than the concentration of the lead in the coarser ash removed in the 
mechanical separator. 45 

2. The concentration of chromium in the ash products of combustion for 
both experiments is significantly lower than the concentration of chromium in the 
coal. This is reflected in the relatively poor material balances reported for 
chromium in Tabie 17. There does not, however, appear to be any significant 
increase in chromium concentration in the fly ash with decreasing particle 
size, as would be expected if the chromium were indeed being lost by volati- 
lization. 

3 .  Sodium and potassium show no increase in concentration in the fly ash 
as compared with their respective concentrations in the coal for experiment 
TRACE-3, (made at a bed temperature of %845"C). This tends to suggest 
that neither the sodium nor the potassium was volatilized during combustion at 
845OC. The concentration of sodium does, however, appear to have increased 
significantly with decreasing particle size for experiment TKACE-5A, which 
was carried out at a combustion temperature of "J900°C. In this experiment, 
the combustible-matter-free concentration of sodium increased from "J1.2 wt % 
in the relatively coarser primary cyclone fly ash to %2.5 wt % in the much 
finer filter fly ash. 

4. The concentrations of several elements (such as barium, cobalt, 
lanthanum, antimony, scandium, and tantalum) show slight tendencies to increase 
with decreasing particle size of the ash. For barium and tantalum, the rather 
large absolute errors of the concentration values greatly reduce the signifi- 
cance of the observed increases in concentration. 

5. In experiments TRACE-3 and TRACE-5 (Table 19), the concentration of iron 
in the primary cyclone fly ash is about the same as the iron concentration in the 



Table 19. Trace Element Concentrations in Arkwright Coal and in Ash Samples 
Recovered During Combustion Experiments TR-3 and TR-5A on 
a Combustible-Matter-Free Basis 

Concentration, ppm 

TR- 3 TR-5A 
Primary Secondary Primary Secondary 

Element Coal Cyclone Cyclone Cyclone Cyclone Filter 

As 63 f 9 

ha D 

Be 9.1 f 0.9 

Ce D 

Co 23 f 3 

Cr 1.300 f 130 

DY 2.5 f 0.4 

F 3sn f 70 

Fe 13 f 1 

Hf N.D. 

Hi3 1.4 f 0.1 

K 7,300 f 3.600 

La 53 f 5 

Mn 330 f 33 

NaC 0.9 f 0.1 

Pb 21 f 0.2 

Pb 380 f 38 

Sb 3.8 f 1.9 

sc 21 f 2 

Ta N.D. 

- 

200 f 20 

6.3 f 3.2 

19 f 2 

N.D. 

N.D.a 

1200 f 180 

8.7 f 0.9 

19 f lo 

28 f 3 

430 f 43 

4.2 f 0.4 

15 f 3 

5.2 f 0.5 

8.7 f 4.4 

0.7 f 0.07 

7,200 f 3.600 

75 f 8 

210 f 32 

1.0 2 0.1 
- 

300 f 38 

8.9 f 1.3 

28 f 3 

N.D. 

N.D. 

940 f 140 

3;6 f 0.4 

51 f 26 

22 f 3 

880 f 88 

N.D. 

55 + 11 
15 + 2 
4.7 f 2.4 

0.23 f 0.02 

N.D. 

45 f 22 

550 f 280 

1.2 f 0.1 

23 2 0.2 

- 

N.D. 

20 f 2 

1.6 f 0.8 

D~ N.D. 

7.6 f 1.1 N.D. 

0.48 f 0.05 0.51 f 0.05 

N.D. 11,000 f 5.500 

N.D. D 

N.D. N.D. 

30 f 3 3 6 2 4  

3.7 f 1.8 4.5 f 2.2 

a ~ . ~ .  = not detected. 

b, = decacted rlualitatively. 

C~oncentrations in wt %. 



coal on an ash basis. In succeeding stages of particulate removal, however, the 
iron concentration decreases by approximately a factor of two. This suggests the 
possibility that the segregation of certain trace and minor elements by particle 
size in the resulting fly ash might be a function of the grain size of the discrs,, 
phases of mineral matter that host the various trace elements in coal instead of 
being simply the consequence of volatilization during combustion. For example, 
sphalerite (ZnS) has been identified as the host mineral for cadmium, as well as 
zinc, and has been found in relatively large, discrete grains in the low-temper- 
ature ashes of several coals. 4 9  A separate phase, possibly galena (PbS), was 
found in the very fine fraction of the low-temperature ash of yet another coal!" 

The above experimental results demonstrate the definite potential of fluidized- 
bed conbustion for reducing trace-element emissions as compared with conventional 
coal-fired power plants. The lower combustion temperatures and the presence 
of additive for sulfur dioxide removal are instrumental in reducing trace-element 
emissions by volatilization, which also results in minimizing the preferential 
concentration of trace elements in the finer fly ash particles. 

Testing of Mercury Sampling Train 

As reported above, mercury material balances for the trace-element com- 
bustion experiments, expressed as the percent of mercury entering the combustor 
that could be accounted for in the combustion products, ranged from a low of 
29% to a high of 56%. Earlier work to determine the cause of the poor recovery 
of Hg was reported in the preceding annual report.14 In additional work to deter- 
mine the cause of the poor material balances and to possibly improve the sampling 
procedure, a thorough evaluation of the mercury sampling components used in the 
TRACE-5A and -6 experiments was made. In these experiments, the flue gas was 
successively passed through a scrubber solution containing 400 ml of 7% Na2C03, 
15.5 g of gold (in two separate coils of 10-mil-dia wire), and a scrubber con- 
taining 200 ml of 0.1M iodine monochloride (IC1) solution. Mercury was found in 
the carbonate solutio~s and on the gold, but none was found in the IC1 solution. 

Two laboratory experiments, MERC-1 and MERC-2, were completed to determine 
the suitability and efficiency of this sampling apparatus as an effective mer- 
cury recovery system. The apparatus is illustrated in Fig. 72. A carefully 
weighed amount of elemental mercury was placed in the mercury vapor generator 
and passed into the same combination of scrubbers and gold coils used in TRACE-5A 
and -6. The procedure in MERC-1 consisted of vaporizing 1.55 mg of mercury 
and passing it through the sampling train in a pure nitrogen carrier ctream. 
In the MERC-2 experiment, 2.10 mg of mercury was vaporized, but, by controlled 
splitting of the nitrogen carrier gas, only Q250 vg of mercury was transported 
to the train. 

A subsequent experiment, MERC-4, was performed to determine any effect of 
using flue gas as carrier gas. The procedure of MERC-1 and -2 was duplicated 
except that the flue gas from experiment EA-1 was used as the carrier gas instead 
of nitrogen gas. 

The results of the three experiments are given in Table 20. Based on these 
data, the following conclusions were made: 

1. When no potential interferences were present (as was the case in MERC-1 
and -2 when pure nitrogen carrier was used), essentially full recovery of mercury 



Fig .  72 .  Schematic Drawing of Tes t i ng  Apparatus f o r  
Mercury Sampling 
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Table 20. Mercury Recoveries i n  Experlments MERC-1, -2, and -4 

Mercury Recov~rsd  
C a r r i e r  Mercury I n ,  

E x p r  imen t Gas ?J g P a r t  of Train Ug Recovery, % 

MERC-1 N2 1550 Na2C03 solu t ion  
Gold F o i l  
I C 1  j o lu t ion  

Tota l  

mRC-2 N2 247 Na2C03 so lu t ion  
Gold F o i l  
I C 1  so lu t ion  

To ta l  

MEEC-4 Flue Gas , 920 Na2C33 so lu t ion  
Combust ion Gold F o i l  
Experiment 
EA-1 

I C 1  so lu t ion  

Tota l  



(at least up to 1.50 mg) was achieved with this samplicg system. 

2. Even though the 7% sodium carbonate solution was the Sirst absorber 
to contact the mercury, essentially all of the mercury in the stream passed 
through this solution. ApparentIy, the mercury concentration in the gas 
stream is so low that it cannot be condensed in the scrubber and a chemical 
reaction is required to remove the mercury from the gas. 

3 .  The amount of mercury removed from the stream by the gold was less 
than one-half of that which came in contact with it. Essentially none of the 
Hg passed the IC1 solution. This indicates that the IC1 solution is quite 
efficient (in the absence of interferences) and that gold cannot be used alone 
to obtain full recovery. 

4. The total mercury recovery in MERC-4 was again good, taking into account 
uncertainties in microgram weighing and analytical procedures. Whereas it had 
been noted in previous experimental work that quantities of mercury added to 
IC1 solutions that had been contacted with flue gas could not be fully accounted 
for by subsequent mercury analyses, no problem was encountered in recovering 
the mercury "spiked" into the flue-gas-contacted IC1 solution after experiment 
MERC-4. Thus the low mercury balances in the TRACE experiments are not due to 
interferences from flue-gas components passing through the train; other explana- 
tions must be found. 



THE PROPERTIES OF A DOLOMITE BED OF A MIfJGE OF 
PARTICLE SIZES AND SHAPES AT MINIMUM FLUIDIZATION 

I n t r o d u c t i o n  . 

Coal can  b e  burned i n  excess  a i r  i n  a p re s su r i zed  f l u i d i z e d  bed of 
do lomi te  o r  l imestone p a r t i c l e s .  The l a t t e r  r e a c t  w i t h  t h e  s u l f u r  com- 
pounds formed as a r e s u l t  of c o a l  combustion and thereby  reduce environmental 
p o l l u t i o n .  The e f f i c i e n c y  f o r  s u l f u r  r e t e n t i o n  i n  t h i s  p rocess  and adequate 
mathematical  modeling a p p r o p r i a t e  f o r  i t s  scale-up demand, among o t h e r  t h i n g s ,  
t h e  proper  understanding of t h e  c h a r a c t e r i s t i c s  of a f l u i d i z e d  bed c o n s i s t i n g  
of a  wide range of p a r t i c l e  s i z e s  and shapes.  

The r e s u l t s  of a  s e r i e s  of f l u i d i z a t i o n  experiments performed i n  t h e  
ANL, 6-in.-dia, f lu id ized-bed  r e a c t o r  (normally used a s  a  combustor) i n  
t h e  temperature  and p re s su re  ranges of 20-425°C/70-8000F and 26-121 p s i a  
a r e  r epo r t ed .  I n  p a r t i c u l a r ,  t h e  bed voidage a t  f l u i d i z a t i o n ,  t h e  mean 
s p h e r i c i t y  of t h e  p a r t i c l e s ,  and t h e  minimum v e l o c i t i e s  w e r e  determined. 
Some comments a r e  a l s o  made concerning t h e  q u a l i t y  of f l u i d i z a t i o n  of a  
bed of a range  of p a r t i c l e  s i z e s  and shapes.  , These r e s u l t s  a r e  c o r r e l a t e d  
on t h e  b a s i s  of t h e  Ergun r e l a t i o n .  Other methods a v a i l a b l e  i n  t h e  
l i t e r a t u r e  and o f t e n  employed f o r  p r e d i c t i n g  t h e  minimum f l u i d i z a t i o n  
v e l o c i t y  of  a  bed of s i n g l e - s i z e  s p h e r i c a l  p a r t i c l e s  a r e  examined he re  f o r  
t h e i r  a p p l i c a b i l i t y - t o  a  bed of a range of p a r t i c l e  s i z e s  and shapes.  
Knowledge of t h e  minimum f l u i d i z a t i o n  v e l o c i t y  f a c i l i t a t e s  t h e  modeling 
of t h e  r e a c t i o n  k i n e t i c s  of a f luidized-bed r e a c t o r  s i n c e  i t  permi ts  t h e  
de t e rmina t ion  of t h e  gas  i n  t h e  bubble  phase a s  an  excess  over t h a t  requi red  
f o r  minimum f l u i d i z a t i o n .  

Experimentation 

The experiments  were performed on t h e  ANL bench-scale equipment 
designed f o r  ope ra t i on  a t  p re s su re s  up t o  10 atm. It c o n s i s t s  of a  
f luidized-bed r e a c t o r  (Fig.  481, a  compressor f o r  supplying f l u i d i z i n g -  
combustion a i r ,  a  p r ehea t e r  f o r  t h i s  a i r ,  c o a l  and a d d i t i v e  f eede r s  
( f o r  use i n  combustion r u n s ) ,  and an off-gas  system. The l a t t e r  
c o n s i s t s  of two cyc lones ,  t i l t e r s ,  gas  sampling equipment, and a  pfes-  
s u r e  let-down va lve .  The system is thoroughly instrumented and is  
equipped wi th  an au tomat ic  data- logging system. The r e a c t o r  c o n s i s t s  
of a  6-in.-dia s t a i n l e s s  s teel  p ipe ,  11 f t  long. The e x t e r i o r  of t h e  
p ipe  is  wrapped wi th  e l e c t r i c a l  h e a t e r s  t o  h e a t  t h e  bed from room 
temperature  t o  a  d e s i r e d  temperature  and up t o  t h e  c o a l  l g n i t i o n  
temperature  a t  t h e  s t a r t  of a  c o a l  combustion experiment.  Also wrapped 
around t h i s  s u r f a c e  a r e  e x t e r n a l  cool ing  c o i l s  t o  coo l  t h e  bed dur ing  
c o a l  combustion. Addi t iona l  coo l ing  i s  provided by h a i r p i n  c o i l s  
immersed i n  t h 2  f l u i d i z e d  bed. I n  t h e s e  experiments ,  w i th  
combustion absen t ,  no coo l ing  of t h e  bed was t equ i r ed .  In  t h i s  work, 
t h e  bed was charged wi th  a  known amount of dolomite  and then w a s  
opera ted  a s  a  ba t ch  r e a c t o r .  A nominally cons t an t  bed l e v e l  of 36 i n .  
was maintained i n  t h e  r e a c t o r  by use of an i n t e r n a l  overf low pipe.  



Pressure taps installed in the reactor permitted measurements of pres- 
sure drops across the entire bed, as well as across two points (6 in. 
apart) in the bed. From these data, the height of the bed. can be 
determined as a function of the fluidizing air velocity. 

A knowledge of the dependence of the pressure drop across the' 
bed, AP, on the gas velocity, u, yields information on the structure 
of a fixed or fluidized bed. For small values of u, AP is proportional 
to the gas velocity. As u increases, AP increases until u reaches 
the value umf, the minimum fluidization velocity. At this point, AP 
attains its maximum value, APmax=W/A. Here W is the weight of the bed 
and A is the effective cross-sectional area. As the gas velocity is 
increased beyond umf, gas bubbles form. Because a bubbling bed can 
easily deform, the pressure drop can remain constant over a range of 
u values above ~+,,f. However, under certain conditions the bubbles 
grow by coalescence to a diameter almost equal to the bed diameter 
before they escape from the bed and large pressure fluctuations occur. 
Also, channeling may occur in the bed and a large fraction of the bed 
remain unfluidized, in which case the APmax is less than W/A. 
Furthermore, anomalous pressure drops may be observed if circulation 
patterns are set up within the bed and cause energy to be lost 
by friction among the solid bed particles and between the particles 
and the walls containing the fluidized bed. It is clear, therefore, 
that a plot of AP versus u is a useful indicator of the nature or 
quality of fluidization. Fluidization experiments made to 
gain insight into the quality of fluidization and to determine the 
minimum fluidizing velocity are next reported. 

The reactor was charged with 14.9 kg of partially sulfated dolomite. 
The particle size distribution as obtained by sieve anhlysis isbgiven 

* 
in Table 21, as is the mass-weighted average particle diameter, a 
computed from the following relation: P ' 

Here x is the weight fraction of particles in a size range i of 
diameter d Seven fluidization experiments were conducted with this P 
bed, using various combinations of temperature (20-425'~) and pressure 
(26-121 psia). Pressure drop measurements were obtained for both 
increasing and decreasing gas velocities. For each experiment, a 
straight line was drawn from the origin through the AP points that 
represented decreasing vdues of u. The intersection of this line with 
the line representing W/A was regarded as characterizing the minimum 
fluidization velocity. The experimental values of urn£ are listed in 
Table '22. On the whole, W/A was found to be a good measure of APmax 
if the range of uncertainties associated with the various measurements 
was taken into consideration. Also, a detectable hysteresis effect in 



T a b l e  21. 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 P a r t i a l l y  S u l f a t e d  Dolomite 
Bed M a t e r i a l  Before  and A f t e r  t h e  Seven F l u i d i z a t i o n  Runs 

Weight F r a c t i o n  i n  t h e  Range 
S i z e  Range, 

U.  S. S ieve  No. mm Before  A f t e r  

+14 > 1 . 4 1  0.0188 0.0192 

Average P a r t i c l e  
Diameter ,  pm 

- 
T a b l e  22. Exper imenta l  Values  o f  %f,  Lmfy  ~ ~ f ,  R e p y m f ,  and 5, a t  

Var ious  Temperatures  and P r e s s u r e s  

- - 
Experiment Temp, P r e s s u r e ,  Umfy Lmf, Eu~f Re P ,mf ? s 

No. "C p s i a  f t l s e c  f t  

Mean -- -- -- -- 0.65 -- 0.364 



room temperature experiments was found, i . e . ,  t h e  AP va lues  f o r  a 
s p e c i f i c  u w e r e  l a r g e r  when t h e  gas v e l o c i t y  was being increased  than  
when t h e  v e l o c i t y  was be ing  decreased. S i g n i f i c a n t l y ,  t h i s  e f f e c t  
became n e g l i g i b l e  when t h e  p re s su re  and/or  temperature was increased .  
Also, a "hump" i n  t h e  p l o t  of AP versus  u t h a t  was observed i n  t h e  
d a t a  p e r t a i n i n g  t o  70°F and 30 p s i a  disappeared f o r  runs  a t  h igher  
p re s su re s  and/or  temperatures .  I n  almost a l l  c a ses ,  t h e  d a t a  f o r  AP 
a r e  reasonably c o n s i s t e n t  f o r  va lue  of u I umf, bu t  a t  l a r g e r  va lues  
of u, an apprec iab le  s c a t t e r  i n  AP va lues  i s  ev ident .  In some cases ,  
t h e  s c a t t e r  cannot be explained by t h e  e r r o r  l i m i t s  of our measure- 
ments. These p l o t s  suggest  t h a t  t h e  observed response is  not  always 
c h a r a c t e r i s t i c  of a bubbling bed; t h e  l a r g e  f l u c t u a t i o n s  may i n d i c a t e  
s l u g g i n g  i n  t h e  bed. 

Af t e r  t h e  s e r i e s  of runs  was completed, t h e  bed was dra ined  and 
weighed; i t s  weight was only 4.5% l e s s  than i t s  i n i t i a l  weight.  No 
s i g n i f i c a n t  amount of m a t e r i a l  was found i n  t h e  primary cyclone. 
Sieve a n a l y s i s  of a sample from t h e  dra ined  bed y i e lded  t h e  p a r t i c l e -  . 
s i z e  d i s t r i b u t i o n  repor ted  i n  t h e  f o u r t h  column of Table 21. The 
average p a r t i c l e  diameter  f o r  t h e  m a t e r i a l  o r i g i n a l l y  f ed ,  computed 
from equat ion  1, was found t o  be 704 urn. Sioce t h e  average p a r t i c l e  
diameter  a f t e r  t h e  runs  was 730 um,  we regard t h e  weight of t h e  bed 
as cons tan t  f o r  a l l  runs.  Also, t h e  dolomite bed p a r t i c l e s  were found 
t o  have a smooth s i z e  d i s t r i b u t i o n ;  consequent ly,  t h e  onse t  of 
f l u i d i z a t i o n  and t h e  p l o t s  of AP versus  u may be i n t e r p r e t e d  i n  terms 
of a bed of uniform s i z e  p a r t i c l e s  of diameter  a . I n  t h e  c a l c u l a t i o n s  
descr ibed  l a t e r ,  a mean va lue  of 717 pm is  used Eor ap 

The experimental  umf va lues  repor ted  i n  Table 22 i n d i c a t e  t h a t  a t  a 
given temperature,  umf decreases  wi th  inc reas ing  pressure .  These d a t a  
a l s o  suggest  t h a t  at a p re s su re  of 8 atm, umf i s  almost independent. of 
temperature i n  t h e  range 20-380°C. These r e s u l t s  a l s o  i n d i c a t e  t h a t  
umf i s  almost independent of temperature a t  about 2 and 5 atm. Thus, 
i n  t h e  p re s su re  range of c u r r e n t  measurements, Umf appears  t o  be almost 
independent of temperature.  Also l i s t e d  i n  t h i s  t a b l e  a r e  t h e  va lues  
of t h e  he igh t  of t h e  f l u i d i z e d  bed a t  minimum f l u i d i z a t i o n ,  Lmf,  a s  
ob ta ined  from p res su re  drop measurements. It i s  i n t e r e s t i n g  t o  no te  
t h a t  t h e s e  va lues  a r e  c o n s i s t e n t  wi th  the  he igh t  ( 3  f t )  of t h e  over- 
flow p ipe  i n  t h e  r e a c t o r .  

Cor re l a t ion  f o r  Minimum F l u i d i z a t i o n  Veloc i ty  

Cor re l a t ion  of t h e s e  observed va lues  of umf, Lmf ,  and APmf a s  a 
func t ion  of temperature and p re s su re  on t h e  b a s i s  of Ergun's co r r e l -  
a t i o n 5 0  f o r  t h e  p re s su re  drop ac ros s  a f i xed  and f l u i d i z e d  bed was 
attempted. 



The t h e o r e t i c a l  b a s i s  of Ergun's c o r r e l a t i o n  i s  based on works 
which a r e  reviewed by  arma an,^^ and t h e  numerical cons t an t s  and gene ra l  
form of t h e  c o r r e l a t i o n  a r e  s u b s t a n t i a t e d  by a  l a r  e body of exper i -  
mental  work of Ch i l t on  and ~ o l b u r n , ~ ~  Leva e t  a l . ,  5'* 54  Ergun and 
Orning," and o t h e r s .  The experiments  i n  almost a l l  c a se s  were per- 
formed on p a r t i c l e s  of a  s i n g l e  s i z e  o r  a narrow s i z e  d i s t r i b u t i o n .  
The Ergun c o r r e l a t i o n  f o r  a  f i x e d  bed based on d a t a  mostly obtained 
a t  room temperature  and atmospheric  p re s su re  i s  a s  fol lows:  

Here AP is  t h e  p r e s s u r e  drop a c r o s s  a  bed of h e i g h t ,  L ;  s i s  t h e  mean 
void f r a c t i o n  (voidage);  u  is  t h e  s u p e r f i c i a l  gas  v e l o c i t y ;  p i s  t h e  
gas  v i s c o s i t y ;  p g  is  t h e  gas d e n s i t y ;  g, i s  t h e  conversion f a c t o r  and 
is  equa l  t o  980g cml (g-wt ) ( sec2)  ; and D p ,  t h e  mean p a r t i c l e  d iameter ,  
i s  def ined  i n  t e r m s  of Sv, t h e  s p e c i f i c  s u r f a c e  of t h e  s o l i d  p a r t i c l e s  
( i . e . ,  t h e  s o l i d  p a r t i c l e  s u r f a c e  a r e a  pe r  u n i t  volume of  t h e  s o l i d )  
a s  fo l lows:  

- 
Equation 3 ,  - involv ing  t h e  mean shape f a c t o r ,  $ s , . and  t h e  mean p a r t i c l e  
d iameter ,  dp,  def ined  by equa t ion  1, is  used h e r e  t o  i n t e r p r e t  t h e  
behavior  of a  bed composed of nonspher ica l  p a r t i c l e s  of a  wide s i z e  
d i s t r i b u t i o n .  The weight f r a c t i o n  i n  t h e  s i z e  i n t e r v a l  of average d ia -  
meter, dp, i s  obta ined  i n  t h i s  work by s i e v e  a n a l y s i s .  I f  dp i s  t h e  
d iameter  of t h e  sphere  having t h e  same volume a s  t h a t  of t h e  p a r t i c l e ,  
t h e  shape f a c t o r ,  $s, would r e p r e s e n t  t h e  s p h e r i c i t y  of t h e  p a r t i c l e .  

Equation 2 may be  app l i ed55 ,50  t o  a  f l u i d i z e d  bed a t  minimum f l u i d -  
z a t i o n  a s  f o l l o w s : ,  

- 2 - 
AP' g 

2 
mf c ( l - ~ ~ ~ )  lJUmf 

= 1 5 U  
Cmf)peu m r  ( L )  

2 + 1 .13  -3 
'mf ;3 (a a 1 

mf f3 P 
E ( T a )  rnf s p 

where t h e  s u b s c r i p t  mf s i g n i f i e s  minimum f l u i d i z a t i o n .  Furthermore, 
APmf i s  equa l  t o  t h e  buoyant weight of t h e  dolomite  p a r t i c l e s  pe r  u n i t  
a r e a :  



where Ps is  t h e  s o l i d  p a r t i c l e  d e n s i t y  and g i s  t h e  a c c e l e r a t i o n  due 
t o  g rav i ty .  

The p l o t s  of AP ve r sus  u (not included he re )  i nd ica t ed  t h a t  t h e  
q u a n t i t y ,  Q ,  a t  minimum f l u i d i z a t i o n ,  def ined  a s  

i s  u n i t y  f o r  a l l  seven experiments and t h a t  t h e r e f o r e  

The d e n s i t y  of f r e s h  and unsul fa ted  dolomite p a r t i c l e s  was exper i -  
mental ly  determined t o  be 2.749 + 0.004 g/cc.  The dens i ty  was de t e r -  
mined by t h e  weight l o s s  of a  known amount of dolomite i n  water .  A 
t r a c e  of s u r f a c t a n t  was added t o  t h e  water  p r i o r  t o  t h e  de te rmina t ion .  
Equations 5 and 7 a r e  employed t o  compute Gf, and t h e s e  va lues  of - 
E~~ are repor ted  i n  Table 22. 

It is  c l e a r  t h a t  f o r  t h e  range of p a r t i c l e  s i z e s  and ope ra t ing  
cond i t i ons  of temperature and p re s su re  employed i n  - t h e  experiments,  
t h e  use  of t h e  mean va lue  of 0.65 f o r  bed voidage, ~ ~ f ,  a t  minimum 
f l u i d i z i n g . c o n d i t i o n s  i s  adequate f o r  c a l c u l a t i o n s .  The voidage of 
a mixture of p a r t i c l e s  wi th  a wide s i z e  d i s t r i b u t i o n  i s  d i f f i c u l t  t o  
e s t ima te  because t h e  f i n e s  can f i t  i n t o  t h e  voids  between t h e  l a r g e  
p a r t i c l e s  and thus  decrease  voidage. On t h e  o t h e r  hand, i t  has been 
shown51 ,57 t h a t  t h e  p a r t i c l e s  pack more loose ly  near  t h e  w a l l s  a s  a  
r e s u l t  of a i r  v e l b c i t y  near  t h e  wa l l s  dLffer ing  from t h a t  i n  t h e  middle 
s e c t i o n .  The l a t t e r  e f f e c t  i nc reases  a s  t he  r a t i o  of t h e  p a r t i c l e  
diameter  t o  t h e  bed diameter  i nc reases .  In  our  bed, a d d i t i o n a l  en- 
hancement of t h i s  e f f e c t  is  a  r e s u l t  of t h e  presence of h a i r p i n  cool ing  
c o i l s .  I f  segrega t ion  of t he  p a r t i c l e s  occurs ,  t he  voidage can vary 
apprec iab ly  .along t h e  he igh t  of t h e  bed as a r e s u l t  of t h e  l a r g e r  
p a r t i c l e s  be ing  packed t i g h t e r  a t  t h e  bottom of t h e  bed and more and 
more l i g h t  p a r t i c l e s  popula t ing  t h e  upper reg ions  of t he  bed. This 
r e s u l t s  i n  t h e  voidage inc-reasing with h e i g h t .  It thus  appears  t h a t  
t h e  concept of mean bed po ros i ty  (voidage) is  a r t i f i c i a l  i n  f l u id i zed -  
bed ope ra t ions  involv ing  a  wide range of p a r t i c l e  s i z e s .  , 

The p a r t i c l e  Reynolds number, Re i s  def ined  a s  
P ' 

When R e  i s  smal le r  than  20, t h e  r ightmost  term of equat ion  4, which P 
r e p r e s e n t s  t h e  k i n e t i c  energy l o s s e s ,  i s  n e g l i g i b l y  smal l .  Under such 
cond i t i ons ,  t h e  observed p re s su re  drop i s  almost completely accounted 
f o r  by t h e  v iscous  e f f e c t ,  s o  t h a t  a t  minimum f l u i d i z a t i o n ,  



as long as 

The Reynolds numbers at minimum fluidization velocity, Rep,mf, 
computed for the various experiments are listed in Table 23. For 
experiments 5 and 8, the condition of equation 10 is satisfied. 
Equation 9, in conjunction with equation 7, is employed to compute 
the mean particle sphericity, Js, and the results are given in the 
eighth column of Table 23. The agreement between the two values is 
fortuitously good, but their apparent small magnitudes are somewhat 
puzzling at first sight. The calculated values of particle sphericity, 
4 ,  from microscopic measurements Summarized by carmanS1 suggest that 
such low values are characteristic of fibers and flakes. The low 
values of $, are due to the use of a values as determined by sieve 
analysis. To illustrate the point, Pet us assume that the value of - 
bs is 0.6. Then on the basis of our experimental value for Ts, the 
diameters determined by screen analysis must be multiplied by about 
0.61 to obtain the diameters of the equivalent spheres that would 
have the same volume as the particles. These numerical figures would 
agree with the exact calculations if the dolomite particles should 
have approximately a disk shape with a thickness one-third of the 
disk radius. Further, it must be kept in mind that the accuracy of 
the correlation of equation 2, even for well-behaved packed beds, is 
estimated - to be 225%.  We thus regard the mean shape-sine factor, 
4 zp, as a semiempirical adjustable parameter, and this concept should 
prove useful if equation 4 emerges as a successful correlating relation 
for %f. This concept is evaluated below. 

The mean fluidizing velocities computed for the operating condi- 
tions corresponding to experiments 2, 3, 4, 6, and 8 from equation 
4 are listed in Table 23, column 5. These calculated values agree 
with the directly measured values (listed in column 4 of Table 23), 
within an average absolute deviation and a maximum deviation of 2.7 
and 4.5 percent, respectively. This agreement is regarded as satis- 
factory because the accuracy of the experimental sf values is estimated 
to be +5 percent. It also follows from this good agreement between 
the two sets of umf values that similar good agreement would probably 
be obtained for Os, if the data on the remaining runs (all at Rep,,f >20) 
were to be employed. The point to be stressed is the success of the - 
Ergun correlation with this semi-empirically determined shape-size 
factor in quantitatively predicting the temperature and pressure depen- 
dence of umf. Thus, experimental trends, one indicating that at a given 
temperature, q,.,f decreases with increasing pressure and the other that 



Table 23. Experimental and Calculated Values of Minimum F l u i d i z a t i o n  
Veloc i ty  

u cmlsec mf, 
Calculated 

Experiment Temp, Pressure,  Exp t l  . ~ 

No. O C a t m  E q . 4  E q . 1 5  Eq. 17 

a t  a given p re s su re ,  %f i s  almost independent of temperature,  a r e  
q u a n t i t a t i v e l y  confirmed by t h e  Ergun r e l a t i o n .  The i n t e r p o l a t i o n  wi th in  
t h e  range of t h e  ope ra t ing  v a r i a b l e s ,  as w e l l  a s  a modest amount of 
e x t r a p o l a t i o n ,  seems warranted and r e l i a b l e  enough f o r  engineer ing  des ign  
c a l c u l a t i o n s .  

I n  t h e  above t rea tment  we have assumed t h a t  t h e r e  i s  no f l o c c u l a t i o n  
o r  c l u s t e r i n g  of small p a r t i c l e s .  58 However, i f  f l o c c u l a r i o n  o r  c lus-  
t e r i n g  occurs ,  a w i l l  i nc rease  and t h i s  w i l l  l e ad  t o  sma l l e r  p re s su re  P drops on t h e  b a s i s  of equat ion  4. A smal le r  p re s su re  drop w i l l  a l s o  
r e s u l t  w i th  any inc rease  i n  6,. The Ergun r e l a t i o n  can be broadened 
by adding a t h i r d  term on t h e  right-hand s i d e  of equat ion  4. This  
t e r m  should inc lude  t h e  in f luence  of h a i r p i n  cool ing  c o i l s ,  thermowells,  
and t h e  w a l l s  of t h e  r e a c t o r ,  because t h e s e  p re sen t  a d i f f e r e n t  type  
of s u r f a c e  t o  t h e  f l u i d  than  do t h e  bed p a r t i c l e s . 5 1  ~ r ~ u n ~ ~  noted t h e  
i n a p p l i c a b i l i t y  of equat ion  4 t o  systems involv ing  mixtures  of d i f f e r e n t  
s i z e  p a r t i c l e s  when t h e  r a t i o  of tube  diameter  t o  average p a r t i c l e  s i z e  
i s  less than  10. For t h e  l a r g e r  p a r t i c l e s  i n  our  feed ,  t h e  con f igu ra t ion  
of our  r e a c t o r  (with cool ing  coi.1.s fmmersed i n  the  bed) s imu la t e  such 
condi t ions .  However, t h e  cool ing  c o i l s  and t h e  thermowells l oca t ed  
c l o s e  t o  t h e  r e a c t o r  wal1.s occupy only  about 15 percent  of t h e  r e a c t o r  
c r o s s  s e c t i o n .  Thus, apparent ly  only a small p o r t i o n ,  a t  most, of any 
probable discrepancy can be a t t r i b u t e d  t o  t h i s  source.  The view of 
t r e a t i n g  5, as an a d j u s t a b l e  parameter i n  t h e  Ergun r e l a t i o n  appears  
t o  be  expedient  a t  t h e  p re sen t  time. 



Calcu la t ion  of Minimum F l u i d i z a t i o n  Veloc i ty  

Our exper imenta l ly  determined va lues  of minimum f l u i d i z a t i o n  
v e l o c i t y  w i l l  now be  d iscussed  i n  t h e  l i g h t  of va r ious  procedures 
descr ibed  i n  t h e  l i t e r a t u r e  f o r  t h e i r  p r e d i c t i o n  and c o r r e l a t i o n .  

The v a r i o u s  c o r r e l a t i o n  methods developed f o r  minimum f l u i d i z a t i o n  
v e l o c i t y  and hence appropr i a t e  f o r  i t s  c a l c u l a t i o n  a r e  descr ibed  by 
~ e v a ~ '  and Frantz .  60  Some of t h e  more r ecen t  c o r r e l a t i o n s  a r e  due t o  
~ a r s i m h a n , ~ ~  ~ r a n t z , ~ ~  and Wen and Y U . ~ ~  ,64  Of these  methods, t h e  
express ions  given by Narsimhan61 and Wen and ~u~~ a r e  t e s t e d  a g a i n s t  
s u f f i c i e n t  experimental  d a t a  and a r e  consequently f a i r l y  r e l i a b l e .  
For computing t h e  minimum f l u i d i z a t i o n  v e l o c i t y  f o r  t h e  ope ra t ing  
cond i t i ons  of t h e  s e r i e s  of seven runs  descr ibed  above, use of t h e  
express ion  of We* a d ~u~~ i s  p re fe r r ed  her . ; l l~ s~  i t  i s  hesea on rnma 
r e a l i s t i c  estimatesg'  of minimum f l u i d i z a t i o n  voidage and t h e  p a r t i c l e  
shape f acror . 

By combining equat ions  4 and 5 ,  we g e t  

Equation 11 can be rearranged by in t roducing  t h e  p a r t i c l e  Reynolds 
number a t  minimum f l u i d i z a t i o n ,  Rep,,£, and t h e  Ga l i l eo  number, Ga, so  
that 

where 

Wen and yub3 suggested,  on t h e  b a s i s  of experimental - d a t a ,  a v a i l a b l e  
i n  t h e  l i t e r a t u r e ,  t h a t  t h e  two groups of Js and ~ , f  occurr ing  i n  
equat ion  1 2  be approximated by t h e  fol lowing r e l a t i o n s :  

(l-Emf) 

2 3 = 11 and .: 1 4  - - - - 3 



Our experimental Fmf and 5, values give, for the two groups of equation 
14, the values of 9.6 and 10, respectively. The two sets of numerical 
values are only in fair agreement with each other, and it is inter-. 
esting to examine the following simplified version of equation 12 
obtained on the basis of equation 14 for predicting umf: 

Values calculated by the use of equation 15 are given in column 6 of 
Table 23; it will be noticed that the relation of .equation 15 con- 
sistently underestimates the values of umf by about 15 percent. This 
is to be regarded as satisfactory agreement since a statistical eval- 
uation of equation 15 with 284 data points by Wen and ~u~~ yielded a 
standard deviation of 34 percent and an average deviation of 5 2 5  per- 
cent. However, this comparison of - theory - and experiment does emphasize 
the importance of using accurate emf and +s values in estimating umf 
based on equation 12. 

If Repym£ is less than twenty, the second term of equation' 11 
representing the kinetic energy losses is negligibly smaller than the 
first term referring to the viscous losses, and equat5on 11 simplifies 

Equation 16 in conjunction with equation 14 further simplifies to the 
following : , 

In our experiments, Repym£ ranges from 12 to 92 if dp is based on 
the nominal apertures of the sieves used in the particle size analysis. 
In establishing the limit for equation 16 in terms of Rep ,f, the size 
dimension used was the diameter of an equivalent sphere that has the 
same volume as the actual particle. We may consequently expect only 
moderate success for equation 17 in correlating our measured umf values. 
Values computed from equation 17 are reported in the seventh column of 
Table 23, and these values are generally larger than the experimental 
val-11es given in the fourth column of this table. Alternative values 
for the numerical coefficient in equation 17 have been recommended. 
Davidsan and ~ a r r i s o n ~ ~  and Davies and ~ichardson~~ recommended values 

- of 1233 and 1282, respectively. Such choices would further worsen the 
agreement between the computed and experimental values. 



Another important  f e a t u r e  t o  no te  concerning equat ion  17 i s  i t s  
i n a b i l i t y  t o  reproduce the  observed p re s su re  and temperature dependencies 

of %f. M i i ,  Yoshida, and ~ u n i i ~ ~  repor ted  t h e  i n a b i l i t y  of equat ion  
16  t o  reproduce t h e i r  experimental ly  determined %f values  a s  a func t ion  
of temperature i n  t h e  range 20-800°C; t h e  ca l cu la t ed  va lues  were g r e a t e r  
than  the  va lues  they observed. P i i i  e t  a l .  d a t a  p e r t a i n  t o  g raph i t e  
spheres  of 0.20 t o  0.40 mm diameter  a t  ambient pressure .  On t h e  o the r  
hand, t he  work of Singh, Rigby, and ~ a l l c o t t ,  6 8  who used s i l i c a  sand 
wi th  a mean p a r t i c l e  s i z e  of 200 pm i n  t h e  temperature range 288-973°K 
a t  ambient p re s su re ,  confirms t h e  appropr ia teness  of equat ion 17 wi th  
a va lue  of 1386+90 f o r  t he  numerical cons tan t .  The primary motivat ion 
of t h e i r  work68-was t o  confirm t h e  dependence of umf on p as given by 
equat ion  16 and equat ion  17. ~ r o u ~ h t o n ~ '  sugges ts  t h e  use of equat ion  
17 wi th  1440 a s  t h e  numerical c o e f f i c i e n t  f o r  computing umf wi th  a 
maximum e r r o r  of 15%. ~ r o u ~ h t o n ~ '  a l s o  exp la ins  why M i i  e t  a l .  data47 
mny h e  i n  crrori 

It fo l lows  from t h e  above a n a l y s i s  t h a t  t h e  a p p l i c a t i o n  of equat ion 
16 o r  equat ion  17 t o  a system a t  a p re s su re  higher  than ambient is  
inappropr i a t e ,  though t h e  ma jo r i t y  of l i t e r a t u r e  evidence suppor ts  
t h e i r  adequacy f o r  r ep re sen t ing  t h e  dependencies of umf on temperature 
and v i s c o s i t y  of t h e  f l u i d i z i n g  gas a t  ambient p re s su re  and f o r  low 
Reynolds number. 

For a p a r t i c l e  Reynolds number smal le r  than  5 ,  ~ e v a ~ O  has  suggested 
a r e l a t i o n  s i m i l a r  t o  t h a t  o f l equa t ion  17 except  t h a t  t h e  numerical 
f a c t o r  i s  rep laced  wi th  1429 ~ e 0 . 0 6 3  This  c o r r e l a t i o n  has  been ex- 
t e n s i v e l y  t e s t e d  by Kunz7' f o r  ?i:fd c racking  c a t a l y s t s  and s p h e r i c a l  
g l a s s  beads but  i s  not  employed he re  bacause i t  i s  only v a l i d  f o r  systems 
cha rac t e r i zed  by very  low Reynolds numbers. 

The Ergun c o r r e l a t i o n  a t  minimum f l u i d i z a t i o n  a s  given by equat ion 
4 may be rearranged i n  t h e  fo l lowing  l i n e a r  form: 

- - -  
f  v = ApmigcmsdpEmf - 2 = 150 + 1.75 Re' 

Lmf lJ Umf (l'Emf> 
Q,mf 

where 
- 

Ke' - - @s - Re 
*mf P *mf 

Here f v  is  t h e  v iscous  f r i c t i o n  f a c t o r  and i s  dimensionless .  The 
modified Reynolds number, Re; m f ,  i s  defined i n  terms of (1) t h e  
Reynolds number given by equaf ion  10 ,  (2)  t h e  mean s p h e r i c i t y ,  Js, - 
which i s  one f o r  s p h e r i c a l  p a r t i c l e s ,  and (3) t h e  mean bed voidage, emf. 



~ i c k s ~ ~  has  shown t h a t  f o r  s p h e r i c a l  p a r t i c l e s ,  t h e  above r e l a t i o n  
of equat ion  18 i s  no t  i n  accordance wi th  t h e  observed p re s su re  drop f o r  
Rep,&£ g r e a t e r  than 500. He recommends a  nonl inear  r e l a t i o n  f o r  f v  
i n  t h e  range 300 < Re / ( I -€ )  < 60,000. In  our experiments wi th  non- 
s p h e r i c a l  (as = 0.364T dolomite p a r t i c l e s  of a  s i z e  range from s l i g h t l y  
g r e a t e r  than 14 mesh (U.S. Sieve Nu.)  t o  +170, t he  maximum value  of 
Re;?,£ is  about 95. The v a 1 i d i . t ~  of t h e  l i n e a r  r e l a t i o n  of equat ion 18  
i n  interpreting our experimental  d a t a  is  then  i n  conformity wi th  t h e  
f ind ings  of Hicks. 

I n  c o n t r a s t  t o  t he  Ergun r e l a t i o n  of equat ion  11 der ived  by con- 
s i d e r a t i o n  of p re s su re  drop, Wen and y~~~ developed a  c o r r e l a t i o n  on 
t h e  b a s i s  of drag  f o r c e  cons idera t ions .  They found t h a t  t he  drag  
f o r c e ,  Fk, of a  f l u i d  a c t i n g  on a  s i n g l e  s p h e r i c a l  p a r t i c l e  i n  a  
m u l t i p a r t i c l e  system i s  r e l a t e d  by t h e  fol lowing r e l a t i o n  t o  t h e  drag  
f o r c e ,  Fks, of t h e  same f l u i d  on t h i s  p a r t i c l e  when s i t u a t e d  i n  an 
i n f i n i t e  expanse of f l u i d :  

Fu r the r ,  by assumin t h e  v a l i d i t y  of t h e  above r e l a t i o n  a t  minimum 
f l u i d i z a t i o n ,  Wen and Yus3 equated t h e  drag  and t h e  buoyance f o r c e s  
a c t i n g  on t h e  p a r t i c l e  wi th  t h e  g r a v i t a t i o n a l  f o r c e  and der ived  a  
c o r r e l a t i o n  t h a t  i s  v a l i d  f o r  Reynolds numbers up t o  1000, p a r t i c l e  
diameters  ranging from 0.001524 t o  0.635 c m ,  ps from 1.06 t o  11.25 g /cc ,  
f l u i d  d e n s i t y  from 0.818 t o  1.135 g /cc ,  and LI from 1 .0  t o  15.01 c e n t i -  
po ise .  This  c o r r e l a t i o n ,  a f t e r  modi f ica t ion  t o  apply t o  a  wide s i z e  
range of nonspher ica l  p a r t i c l e s ,  becomes: 

The v a l i d i t y  of equat ion  21 was checked on t h e  b a s i s  of r e s u l t s  
of t h e  same s e r i e s  of seven runs f o r  which d a t a  a r e  repor ted  i n  Table 23, 
and t h e  r e s u l t s  given i n  Table 24 were obtained.  The modified c o r r e l a t i o n  
i s  shown t o  be  adequate by t h i s  comparison of theory  and experiment,  
and t h e  average abso!.ute dev ia t ion  of 9.4% is  about t h e  same a s  t h a t  
found by Wen and Yu. 6 3  This  r e s u l t  a l s o  s u b s t a n t i a t e s  t h a t  t h e  c o r r e l -  
a t i o n s  obta ined  f o r  umf on t h e  b a s i s  of e i t h e r  p re s su re  drop o r  drag  
f o r c e s  f o r  a wide range of nonspher ica l  p a r t i c l e s  g ive  s i m i l a r  r e s u l t s .  
A s i m i l a r  conclusion is  der ived  by Wen and ~u~~ f o r  s p h e r i c a l  p a r t i c l e s  
of a  moderate s i z e  range. 

2 113 
~ e n z ~ ~ 9 ~ ~  generated p l o t s  of versus  (CDRep) as a  

func t ion  of bed voidage t o  desc r ibe  p a r t i c u l a t e  f l u i d i z a t i o n  charac- 
t e r i s t i c s  of s p h e r i c a l  p a r t i c l e s .  Here CD i s  t h e  drag  c o e f f i c i e n t .  
For a bed composed of nonspher ica l  p a r t i c l e s  of a  wide s i z e  range,  
Zenz's r e l a t i o n s  a r e  modified a s  fol lows:  



Table 24. Demonstration of the  V a l i d i t y  of Equation 21 

Experiment 
No. 

Dev., % 

and 

Zenz's procedure is  employed he re  wi th  equat ion  22 and equat ion 23 t o  
check whether t h e  p l o t  of ou r  d a t a ,  taken a t  minimum f l u i d i z a t i o n  
f o r  d i f f e r e n t  temperature and p re s su re  cond i t i ons  of t h e  bed, i s  
c o n s i s t e n t  wi th  t h e  p l o t s  of Zenz. The experimental  d a t a  ( p l o t t e d  i n  
Fig.  73)  p e r t a i n  t o  a  mean bed voidage of 0.650. Tllr suggested 
f u n c t i o n a l  dependence of t h i s  p l o t  imp l i e s  a t  l e a s t  q u a l i t a t i v e  
c o r r e c t n e s s  of t h e  theory  of drag  f o r c e s  a c t i n g  on p a r t i c l e s  a t  minimum 
f l u i d i z a t i o n .  This  a n a l y s i s  a l s o  v a l i d a t e s  t h e  ex tens ion  of t h e  
procedure suggested by Zenz f o r  s p h e r i c a l  p a r t i c l e s  t o  nonspher ica l  
p a r t i c l e s  of a  wide s i z e  range as included i n  equat ion  22 and 
equat ion  23. Also given i n  Fig. 73 a r e  t h e  two p l o t s  approximately 



b : i g -  73.  A c o r r e l a t i o n  P l o t  f o r  P a r t i c u l a t e  ~ l u i d i z a t i o n .  
C i r c l e s  a r e  our  experivjltantal p o i n t s ,  and t.he 
cont inuous curve i s  a smooth p l o t  through tliem. 
Broken curves  a r e  approxixiate reproduct ions  from 
Zenz and Othmer. 74 



reproduced from .the graph given by Zenz and ~ t h m e r ~ ~  f o r  bed voidage 
va lues  of 0.60 and 0.70 f o r  s p h e r i c a l  p a r t i c l e s .  Zenz and Othmer. 
genera ted  t h e s e  curves  by smoothing t h e  a v a i l a b l e  l i t e r a t u r e  da t a .  
The i r  agreement wi th  our  r e s u l t s ,  as contained i n  Fig. 7'3, r e f l e c t s  
t h e  cons is tency  of our  measured sf values  and t h e  adopted charac- 
t e r i z a t i o n  procedure f o r  nonspher ica l  p a r t i c l e s  of a wide s i z e  range 
w i t h  t h e  l i t e r a t u r e  va lues  of p a r t i c u l a t e  f l u i d i z a t i o n  and sedi -  
mentat ion d a t a  on s p h e r i c a l  p a r t i c l e s .  

A n d e r s s ~ n ~ ~  developed a modified ve r s ion  of t h e  p re s su re  drop 
c o r r e l a t i o n  of Ergun by in t roduc ing  a t o r t u o s i t y  f a c t o r ,  q ,  a c r o s s  
s e c t i o n  f a c t o r ,  Z ,  and an  i n e r t i a l  d rag  c o e f f i c i e n t ,  C i .  H i s  f i n a l  
r e s u l t  f o r  t h e  p a r t i c u l a t e  f l u i d i z e d  bed composed of uniform s i z e  spheres ,  
when modified f o r  t h e  nonspher ica l  p a r t i c l e s  of a wide s i z e  range, 
becomes 

and 

Calcula ted  va lues  of AP by use  of t h e s e  express ions  agree  w i L h  che 
observed va lues  f o r  experiments 2 ,  3 ,  4, 6 ,  and 7 w i th in  t h e  percentage 
d e v i a t i o n s  of 15,  5.6,  7.7, 16.3, and 20, r e spec t ive ly .  The experi-  
mental va lues  were each g r e a t e r  than t h e  corresponding ca l cu la t ed  
r e s u l t s .  This  is  regarded a s  f a i r  agreeuleut s i n c e  t h c  mcan va lue  of 
s p h e r i c i t y  was computed from Ergun c o r r e l a t i o n  a t  low Reyrlolds number 
by us ing  t h e  observed p re s su re  drops. Fu r the r ,  s i n c e  the c o r r e l -  
a t i o n s  of equat ion  24 through equat ion  27 a r e  based on d a t a  f o r  s p h e r i c a l  
p a r t i c l e s ,  t h e i r  v a l i d i t y  t o r  our  system I s  u i 1 1 ~  approximate. Naver- 
t h e l e s s ,  t h e  a'bove c a l c u l a t i o n s  a r e  r evea l ing  and s u b s t a n t i a t e  t o  a 
l a r g e  ex ten t  t h e  p re sen t  approach of employing mean E ,  dp: and ms 
v a lues  t o  desc r ibe  a bed of a wide s i z e  range 0.f nonspher lca l  p a r t i c l e s .  



Qual i ty  of F l u i d i z a t i o n  

Another important a spec t  of modeling s t u d i e s  l i e s  i n  t h e  adequate 
understanding of t h e  d i s p e r s i o n  of s o l i d  p a r t i c l e s  i n  t h e  gas ,  i . e . ,  
t h e  q u a l i t y  of f l u i d i z a t i o n  of t h e  bed. S u i t a b l e  c r i t e r i a  f o r  
determining t h e  q u a l i t y  of f l u i d i z a t i o n  have been developed by combining 
t h e o r e t i c a l  a n a l y s i s  wi th  experimental  da t a .  Thus, Wilhelm and ~ w a u k ~ 6  
r e p o r t  t h a t  a t  maximum f l u i d i z a t i o n ,  t h e  Froude number, def ined a s  

i s  smal le r  than 0.13 f o r  smooth o r  p a r t i c u l a t e  f l u i d i z a t i o n  and is 
g r e a t e r  than 0.13 f o r  bubbling o r  aggrega t ive  f l u i d i z a t i o n .  ~ i c h a r d s o n ~ ~  
p u t s  t h i s  Froude number f o r  t h e  t r a n s i t i o n  between p a r t i c u l a t e  and 
aggrega t ive  f l u i d i z a t i o n  a s  un i ty .  For our  experiments,  t h e  Froude 
numbers, computed by means of equat ion  28 wi th  a range from 7 .7  t o  P ' 18.4.  This  sugges ts  t h a t ,  even a t  minimum f l u i d i z i n g  cond i t i on ,  t h e  
bed a s  a whole may not  be smoothly f l u i d i z e d  and t h a t  a t  l e a s t  p a r t s  
of i t  a r e  i n  a s t a t e  of bubbling f l u i d i z a t i o n .  This  i s  f u r t h e r  con- 
firmed by applying t h e  c r i t e r i a  of Romero and  oha an son,^^ who suggested 
t h a t  t h e  product of t h e  fol lowing fou r  dimensionless  groups: 

should be sma l l e r  than  100 o r  g r e a t e r  than  100 f o r  a smooth o r  a 
bubbling f l u i d i z e d  bed, r e spec t ive ly .  For our  runs ,  t h i s  product i s  
much l a r g e r ,  about l o 6 .  I n  equat ion 29, d t  i s  t h e  diameter of t h e  
r eac to r .  Although t h e  b a s i s  of t hese  c r i t e r i a  is  sound, some 
cau t ion  i s  e s s e n t i a l  i n  t h e  q u a n t i t a t i v e  a p p l i c a t i o n ,  because t h e s e  
l i m i t s  were e s t a b l i s h e d  by experiments on p a r t i c l e s  of t h e  same s i z e ,  
i n  many cases  wi th  s p h e r i c a l  o r  nea r ly  s p h e r i c a l  p a r t i c l e s ,  and i n  
r e l a t i v e l y  shal low beds. 

A l o g i c a l  i n fe rence  on deep beds of p a r t i c l e s  of wide s i z e  d i s t r i -  
bu t ion  such a s  those  employed i n  t h i s  work is  t h a t  smooth f l u i d i z a t i o n  
occurs  a t  t h e  bottom of t h e  bed, where t h e  p re s su re  i s  high and gas 
v e l o c i t y  low, and t h a t  bubbling f l u i d i z a t i o n  occurs  a t  t h e  top ,  where 
t h e  te rmina l  ve loc i ty5 '  f o r  t h e  sma l l e s t  s i z e  p a r t i c l e s  i s  m i c e  t h e  
s u p e r f i c i a l  gas v e l o c i t y .  A s  a r e s u l t ,  t h e s e  small p a r t i c l e s  a r e  n o t  
l i k e l y  t o  be permanently thrown out  of t h e  bed. The p re s su re  drop f o r  
a range of f l u id i z ing -gas  v e l o c i t i e s  g r e a t e r  than  t h a t  requi red  f o r  
t h e  bed a t  minimum f l u i d i z a t i o n  has been observed t o  be  approximately 
cons tan t ;  t h i s  i s  c o n s i s t e n t  wi th  t h e  conjec tured  q u a l i t y  of f l u i d i -  
zation.,Because t h e  p re s su re  f l u c t u a t i o n s  a r e  r a t h e r  modest, w e  exclude 
t h e  p o s s i b i l i t y  t h a t  s lugging is  occurr ing.  Furthermore, i n  view of t h e  
v a l i d i t y  of equat ion  7, the. p rospec ts  f o r  channel ing o r  f o r  e s t a b l i s h i n g  
c i r c u l a t i o n  p a t t e r n s  w i th in  t h e  bed a r e  somewhat remote. Although t h e s e  
conclusions c l e a r l y  fo l low from t h e  present  work and a r e  c o n s i s t e n t  wi th  
t h e  accumulated experience i n  t h e  l i t e r a t u r e ,  they a r e  s t r i c t l y  v a l i d  
only f o r  p a r t i c l e - s i z e  d i s t r i b u t i o n s  similar t o  those  given i n  Table 21. 



REVAMPING OF THE BENCH-SCALE, PRESSURIZED, FLUIDIZED-BED 
COMBUSTION SYSTEM 

The e x i s t i n g  6-in.-dia,  p re s su r i zed ,  f luidized-bed combustor is  l i m i t e d  
t o  ope ra t ing  a t  combustion temperatures  ranging from 790 t o  955OC (1450 t o  
1750°F),  f l u id i z ing -gas  v e l o c i t i e s  from 2 t o  5 f t l s e c ,  bed depths  of 3 t o  4 
f t ,  and a d d i t i v e  p a r t i c l e  s i z e s  below $4 U.S. mesh (1.41 mm). A new 6-in.- 
d i a  combustor i s  be ing  designed f o r  i n s t a l l a t i o n  and u s e  i n  s tudying  t h e  
e f f e c t s  of much h igher  gas  v e l o c i t i e s ,  deeper beds, and l a r g e r  a d d i t i v e  
p a r t i c l e  s i z e s .  The new combustor w i l l  b e  capable of ope ra t ing  a t  cond i t i ons  
t o  be  used f o r  a  f u l l - s i z e ,  p ressur ized  combustor incorpora ted  i n t o  a combined 
cyc le .  I n  a  combined cyc le ,  t h e  f l u e  gas  from t h e  combustor, which i s  a t  high 
temperature,  i s  expanded through a  ga's t u rb ine .  

I n  t h e  e x i s t i n g  combustor, t h e  temperature of t h e  f l u e  gas decreases  
s e v e r a l  hundred degrees Cent r igrade  i n  t h e  freeboard a r e a  of t h e  combustor, and 
t h e  f lue-gas s y s t e m - i s  n o t  designed t o  wi ths tand  combustion-zone temperatures.  
Concentrat ions of e lements  harmful t o  t u r b i n e  b l ades ,  as w e l l  as concent ra t ions  
and s i z e s  of p a r t i c l e s ,  i n  t h e  f l u e  gas a r e  t o  be determined a t  f lue-gas 
temperatures  expected i n  a f u l l - s i z e  u n i t .  It is  planned, t h e r e f o r e ,  t o  
r e p l a c e  t h e  p re sen t  combustor f lue-gas system (p ip ing;  cyclones,  and f i l t e r s )  
w i th  equipment s u i t a b l e  f o r  ope ra t ion  a t  temperatures  up t o  900°C (1650°F). 

Design of New Combustor 

The des ign  ope ra t ing  cond i t i ons  f o r  t h e  proposed new combustor a r e  presented 
i n  Table 25. A conceptual  drawing of t h e  combustor design i s  presented i n  
Fig. 74. 

Table 25. ,Desi.jp Parameters of New 6-in.-dia Combustor 

Parameter Range o r  Limit 

_ Pres su re  - <10 atm abs. 

Temperature 835-35S°C (1550-1750°F) 

Gas V e l u c l ~ y  G-10 I ~ l s e c  

Bed Height 6-8 f t  

Excess A i r  15-100% 
, . 

C ~ / S  Ra t io  - <6:1 

Addit ive S i z e  -0.25 i n .  

Coal S i z e  -7 U.S. mesh (0.111 i n . )  
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Fig. 74. Conceptual 6-in. -dia ~bmbustor 



The lower s e c t i o n  of t h e  combustor c o n s i s t s  of a 6-in.-dia, schedule 40, 
s t a i n l e s s  steel p ipe  approximately 6.5 f t  long. A bubble-type gas d i s t r i b u t o r  
is  f langed t o  t h e  bottom of t h e  lower s e c t i o n  and accommodates f l u i d i z i n g - a i r  
i n l e t s ,  a c o a l  feed  l i n e ,  thermocouples f o r  monitoring bed temperature (not 
shown i n  Fig. 7 4 ) ,  and a 6 - f t  s tandpipe  f o r  maintaining a cons t an t  bed l e v e l .  
The 6-in.-dia p ipe  w i l l  b e  wrapped w i t h  cool ing  c o i l s  on to  which a l a y e r  of 
heat-conducting copper and then a n  over lay  of ox ida t ion - re s i s t an t  s t a i n l e s s  
s t e e l  w i l l  b e  appl ied .  S t r i p  h e a t e r s  w i l l  then  be  banded t o  t h e  heat-conducting 
ove r l ay  f o r  u se  dur ing  s t a r t u p  of t h e  combustor. This  arrangement should 
f a c i l i t a t e  t h e  replacement of h e a t e r s  i n  t h e  event  of burnout.  The a c t i v e  
lower s e c t i o n  of t h e  combustor w i l l  then  be i n s u l a t e d  t o  e l imina te  h e a t  l o s s e s  
dur ing  s t a r t u p  of t h e  u n i t .  

Addi t iona l  coo l ing  capac i ty  w i l l  be  provided by f i v e  i n t e r n a l ,  ha i rp in-  
shaped cool ing  c o i l s  t h a t  e n t e r  t h e  combustor through a t l a t - p l a t e  r i n g  
s e c t i o n  pos i t i oned  between t h e  f l a n g e s  connecting t h e  lower and middle s e c t i o n s  
of t h e  combustor, The coo l ing  c o i l s  w i l l  extend downward i n  t h e  combustor t o  
w i t h i n  12 i n .  of t h e  t o p  s u r f a c e  of t h e  gas d i s t r i b u t o r .  Maintenance of t h e  
i n t e r n a l  cool ing  c o i l s  should be cons iderably  e a s i e r  i n  t h e  new combustor 
t han  i n  t h e  e x i s t i n g  u n i t .  

The middle and upper s e c t i o n s  of t h e  new combustor c o n s i s t  of nominal 
18-in.-dia, schedule 30, car'bon s t e e l  p ipe  l i n e d  wi th  i n s u l a t i o n  add r e f r a c t o r y  
t o  an  i n s i d e  diameter  of 6 i n .  The r e f r a c t o r y / i n s u l a t i o n  l i n i n g  i s  designed t o  
l i m i t  t he  temperature drop of t h e  f l u e  gas  t o  c30°C i n  t h e  freeboard s e c t i o n  
of t h e  combustor. The inne r  r e f r a c t o r y  l i n e r  73 i n .  t h i c k )  w i l l  b e  P l i c a s t  
Ero-z is t ,  a high-densi ty  e ros ion - re s i s t an t  c a s t a b l e  from t h e  P l i b r i c o  Company. 
The i n s u l a t i o n  between t h e  r e f r a c t o r y  and t h e  s t e e l  s h e l l  w i l l  be  W - X  
($2.5 in .  t h i c k )  from Refrac tory  Products  Company. 

The middle s e c t i o n  of t h e  combustor has two s i d e  arms, one f6Y the feeding 
of a d d i t i v e  and t h e  o t h e r  f o r  withdrawing s o l i d s  dur ing  runs  made a t  a bed 
depth  of 8 f t .  Feeding of t h e  a d d i t i v e  by g r a v i t y  e l imina te s  t h e  high flow 
r a t e s  of a i r  t h a t  would be needed t o  pneumatically t r a n s p o r t  0.25-in. a d d i t i v e  
p a r t i c l e s  i n t o  t h e  combustor, which has  a r e l a t i v e l y  smal l  c r o s s  s ec t ion .  

The o v e r a l l  he igh t  of 16 f t  between t h e  gas d i s t r i b u t o r  and t h e  off-gas 
p o r t  is  designed t o  avoid s l u g s  of m a t e r i a l  being c a r r i e d  up t h e  r e a c t o r  and 
i n t o  t h e  off-gas l i n e s .  The r e l a t i v e l y  high gas v e l o c i t y  of 16 f t / s e c  i n  a 
6-in.-dia u n i t  w i l l  undoubtedly r e s u l t  i n  s lugging o f '  t h e  bed m a t e r i a l  wi th  
bed l e v e l s  of 6 o r  8 f t .  79 Therefore ,  a maximum freeboard was provided t o  
permi t  d i s s i p a t i o n  of t h e  s lugs .  

Flue-Gas -- System .- 

The proposed new f lue-gas system (off-gas system) is  i l l u s t r a t e d  i n  Fig. 75. 
The system i s  being designed t o  ope ra t e  a t  temperatures  up t o  900°C/16500F, 
w i th  an a n t i c i p a t e d  drop i n  f lue-gas temperature of %55OC through t h e  system. 
The primary and secondary cyclones w i l l  c o n s i s t  of r e f r ac to ry - l i ned  s t e e l  s h e l l s  
t h a t  w i l l  e i t h e r  s e rve  as cyclones themselves o r  house cyclones of s t a i n l e s s  
s t e e l  cons t ruc t ion .  Vendors a r e  being requested t o  submit b i d s  f o r  t h e s e  
i tems.  



After the flue gas passes through the primary cyclone and the secondary 
cyclone, the flue gas passing through the main flue-gas system will be 
quenched to a temperature of 400°F (205"C), filtered to remove the fine 
particulate solids, and then vented to the atmosphere. Devices will be in- 
stalled, however,, to take a sample of the hot flue gas from the secondary 
cyclone and to pass it through experimental filters to study the removal of 
fine particulate matter at high temperatures. 

As indicated in Fig. 75, several sample ports will be located in the off- 
gas system for measuring both the concentrations of flue-gas constituents 
and the concentrations of particulate solids in the flue gas. 
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SEPARATION OF COMBUSTION AND REGENERATION SYSTEMS 

The 6-in.-dia, pressurized, fluidized-bed combustor and the 3-in.-dia, 
pressurized, fluidized-bed regenerator currently utilize several components 
in common. Equipment common to both units includes the inlet and outlet 
surge tanks, the gas preheater, the additive solids-feeder, the off-gas system 
(cyclones, filters, pressure-control valve, etc.), and the off-gas analysis 
system. Due to the dual function of these components, the two units cannot 
be operated simultaneously. 

Modifications of both units and installation of additional equipment are 
in progress in order to physically separate the combustor and the regenerator 
and to provide each unit with its own auxiliary components. These modifications 
will permit 'concurrent investigations of both rhe combustiun process arld the 
regeneration process, thus increasing research capabilities relating to both 
processes. 

Efforts to implement the necessary modifications were begun during the 
past year with the following significant accomplishments: 

1. A new regenerator support structure with associated access platforms 
was erected except for the safety stairways. The stairways were 
received and are scheduled to be installed after experiments being 
conducted with the regenerator in its current location are completed. 
The new support structure measures about 10 112 ft by 18 112 ft, 
with two access platforms, one located 7 ft and the other 14 Et above 
floor level. 

Service requisitions were issued for all of the required fabricated 
componcnts (surge tanks, sulfated-additive feed hoppers, gas preheater, 
cyclone receiver vessels, and cyclone reinforcements allowing the use 
of operating pressures up to 10 atm absolute). Fabrication of all of 
these components except the gas preheater is complete. The design of 
the gas preheater required extensive review for conformance to appto- 
priate ASME Boiler and Pressure Vessel Codes prior to fabrication. 
A fabrication scheddle for this unit is currently being formulated. 

3. Purchase orders were issued for commercially available major com- 
ponents being procured from outside vendors. These components 
include a sulfated-sorbent solids feeder, an electronic digital 
scale (for measuring the feed rate of sulfated sorbent to the 
regenerator), a sintered-metal cartridge-type final filter assembly, 
an off-gas conditioning system (to be used in conjunction with the 
off-gas analytical instrument train), and various analytical instru- 
ments (for determining the concentration in the regenerator off-gas 
of 02, S02, COY COZY H2, total hydrocarbons, H2S, NO-NO,, and H20). 
All of these purchased components (except the sorbent solids feeder 
and the off-gas conditioning system) have been received. 

4. Installation drawings were prepared to specify the locations of the 
major process components within the existing laboratory facility. 



Included i n  t h e s e  drawings is  t h e  rou t ing  and in te rconnect ion  of t h e  
va r ious  process  and instrument  p ip ing  requi red  f o r  t h e  new regenera t ion  
system. Location of t h e  p ip ing  was optimized f o r  easy acces s  f o r  
ope ra t ing  and maintenance purposes. The necessary  va lves ,  f i t t i n g s ,  
and p ipe  were procured, and arrangements w e r e  made f o r  t h e  i n s t a l l a t i o n  
of t h e  va r ious  l i n e s .  

5. An i temized l i s t  was prepared of t h e  work r equ i r ed  t o  provide  t h e  
necessary  e l e c t r i c a l  s e r v i c e s  f o r  t h e  new regeneration-system pro- 
c e s s  and c o n t r o l  c i r c u i t r y ,  and i n s t a l l a t i o n  of t h e  se rv i ces .was  
i n i t i a t e d .  
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APPENDIX A. CHARACTERISTICS OF RAW MATERIMS USED . 
IN FLUIDIZED-BED COMBUSTION EXPERDENTS 



Table A-1. Particle-Size Distribution and Chemical Characteristics of 
Type-38 Alundum Grain obtained from the Norton Company 

Sieve Analysis 

U.S. Sieve No. Wt % on Sieve 

Total 100.0 . 

Typical Chemical Analysis 

Component Wt % 

A1203 99.49 
Si02 0.05 
Fe2°3 0.10 
Ti02 0.01 
Na20 0.35 



Table A-2. Particle-Size Distribution and Chemical Characteristics 
of Arkwright Coal 

Sieve Analysis 

U.S. Sieve No. % on Sieve 

0.0 
8.0 
14.2 
12.3 
24.7 
17.9 
23.0 

Mcan Particle Dia: 323 vm 

Proximate Analysis (wt %) 

As Received Dry Basis 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Sulfur, wt % 
Heating value, 
Btu/lb 

Ultimate Analysis (wt %) 

Carbon 
Hydrogen 
Sulfur 
Nitrogen 
Chlorine 
Ash 
Oxygen (by difference) 



Table A-3. Particle-Size Distribution and Chemical Characteristics 
of Tymochtee Dolomite 

Sieve Analysis 

C-Experiments U.S. Sieve No. % on Sieve 

Average Particle Size: 750 um 

EA-Experiments U.S. Sieve No. 

+14 
-14 +20 
-20 +25 
-25 +30 
-30 +35 
-35 +45 
-45 

% on Sieve 

0 
33.51 
26.52 
19.00 
10.79 
9.80 
0.38 

Average Particle Size: 803 urn 

Component Chemical Analysis (wt %) 

20.0 
11.3 
38.5 
0.2 

Derived Composition 

CaC0 3 
MgC03 



Table A-4. Particle-Size Distribution and Chemical 'characteristics of 
. Limestone No. 1359, M. J. Grove Lime Co., Stephen City, Va. 

-- 

Sieve Analysis 

U.S. Sieve No. % on Sieve 

Component Chemical Analysis (wt %) 

Derived Composition 



APPENDIX B: OPERATING CONDITIONS FOR FAC-EXPERIMENTS 
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Fig. B-6. Bed Temperature and Gas Concentrations in Off-Gas, 
Experiment FAC-3 
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APPENDIX C. CARBON, SULFUR, AND CALCIUM BALANCES 
FOR C-, LC-, and EA- EXPERIMENTS 



Table C-1. Carbon and Su l fu r  M a t e r i a l  Balances f o r  Emeriment  C-2 

Bed Temperature, O C :  955 
Ca/S Mole Rat io :  1 .5 
Gas Veloc i ty ,  f t l s e c :  3.5 
Flue-Gas 02, %: 3 

Source of Ma te r i a l  Weight, Carbon, Carbon, S u l f u r  , Su l fu r ,  
g wt % g wt % g 

Mater.ial_ i n  

S t a r t i n g  beda 15,770 10.5 . 1,656 0.3 47.3 

Coal 199,100 74.91 149,145 2.82 5614.6 

Dolomite Addi t ive  56,700 10.5 5,954 0.3 170.1 

156,755 5832.0 

M a t e r i a l  ou t  

F i n a l  bed 

Bed overflow 

Primary cyclone 

Secondary cyclone 

Primary f i l t e r  

F lue  ga s  
b 

% Balance 96.3% 
~- - -  - --- - - - 

a Unsulfated dolomite .  

Avg. .flue-gas f low r a t e ,  (cfm @21°C (70°F) and 1 atm) = 72 
C 

Calcu la ted  f o r  avg. CO conc. of 48 ppm p lus  avg. CO conc. of 15%. 
2 

Calcula ted  f o r  avg. SO2 conc. of 80 ppn. 



Table C-2. Carbon and Sulfur Material Balances for Experiment C-3A, C-3B, C-3C 

Bed Temperature, "C: 900 
Ca/S Mole Ratio: 1.1 
Gas Velocity, ft/sec: 3.5 
Flue-Gas 02, %: 2.8-3.0 

Source of Material Weight, Carbon, Carbon, Sulfur , Sulfur , 
g wt % g wt % 

Material in 

Starting beda 

Coal . 166,500 74.9 124,725 2.82 4,695 

Dolomite additive 

Material out 

Final bed 

Bed overflow 

Primary cyclone 

Secondary cyclone 

Primary filter 

Flue gas 
b 

10 1 % Balance 79.4 

a 
Partially sulfated dolomite, source experiment C-2. 

b 
Avg. flue-gas flow rate, (cfm @ 21°C and P atm) a 72.2 

C 
Calculated for avg. CO conc. of 35 ppm plus avg. C02 conc. of 16%. 

Calculated for avg. SO2 conc. of 360 ppm. 



Table C-3. Carbon and Su l fu r  M a t e r i a l  Balances f o r  Experiment LC-1 

Bed Temperature, OC: 955 
Ca/S Mole Ra t io  = 1.75 
Gas Ve loc i ty ,  f t / s e c  = 3.5 
Flue-Gas 02 ,  % = 3 

Source o f  Material .-- Weight, Carbon, Carbon, S u l f u r  , S u l f u r  , , 
B wr. 70' s w t  X 8 

-.- 

M a t e r i a l  in -- 
S t a r t i n g  beda 14,501 11.4 1653' - - 

Coal 147,200 74.9 130413 2.82 4,912 

Limestone a d d i t i v e  23,100 11.4 263.3 - - 
134699 4,912 

M a t e r i a l  out  

F i n a l  bed 

Bed overflow 

Primary cyclone 

Secondary cyclone 

Primary f i l t e r  

Flue  gas  
b 

% Balance 

a . . 
Unsulfa ted l imestone No. 1359. ' 

Avg. f lue-gas  f low r a t e ,  (cfm @ 21°C and 1 dtm) = 72 ' 

C Calcula ted f o r  avg. CO conc. of 40 ppm p lus  avg. C02 conc. of 16%. 

Calcula ted f o r  avg. SO2 conc. of 675 ppm. 



Table C-4. Carbon. Sulfur, and Calcium Material Balances for Experiment LC-2B 

Bed Temperature, OC: 955 
Ca/S Mole Ratio = 2.7 
Gas Velocity, ft/sec - 3.5 
Flue-Gas 02, % , 

Source of Material Weight, Carbon, Carbon, Sulfur , Sulfur, Calcium, Calcium, 
6 w t  % g w t  % e wt % g 

Material in 

Coal 243,230' 74.91 182,129 2.82 6,859 0.26 632 

Limestone additive 

Material out 

Final bed 

Bed overflow 

Primary cyclone 

Secondary cyclone 

Primary filter 

b 
Plue ghs 

% Balance ' 103.2 84 . 

a Unsulfated Limestone No. 1359. 

Avg. flue-gas flow rate, (cfm @ 21°C and 1 atm).=.72.1 
C Calculated for avg. CO cox. of 50'ppm plus avg. C02 .conc. of 17% 

Calculated for avg. SO2 c.=nc. of 504 ppm: 



Table C-5. Carbon and Sulfur Material Balances for Experiment LC-3A 

Bed Temperature, OC = 900 
Ca/S Mc.le Ratio = 1.5 
Gas Velocity, ft/sec = 3.5 
~lue- as 02, Z = 2.9 

Source of Material Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium, 

g wt % g wt % g vt X g 

Material in 

Starring beda 17,500 5.9 1,033 %10.71 21,814 

Coal 108,864 74.91 81,550 2.82 3,370 0.26 283 

Limestone additive 16,783 12.0 2,014 

Material out 

Final bed 

Bed overflow 4,272 6.40 273 10.15 ~ 3 4  

Primary cyclone 24,512 28.26 6,927 5.72 1, l .02 

Secondary cyclone 1,085 18.96 206 3.44 37 

Primary filter 396 13.24 52 5.38 21 

Flue gas 
b 

. .. 
X Balance 103.6 97.3 

a Partially sulfated limestone, source experiment LC-3. 

Avg. flue-gas flow rate, cfm @ 21°C and 1 atm = 75.5 

Calculated for avg. CO conc. of 31 ppm plus avg. C02 conc. of 16.54:. 

Calculated for arg. SO2 conc. of 920 ppm. 



Table C-6. Carbon and Sulfur Material Balances for Experiment EA-1 

Bed Temperature, OC = 900 
Ca/S Mole Ratio = 1.4 
Gas Velocity, ft/sec = 4.5 
Flue-Gas 02, % = 3.57 

Source of Natetial Weight, Carbon, Carbon, Sulfur, Sulfur, 
8 wt % 8 wt % 8 

Material in 

Starting beda 15,026 10.5 1578 11.4 1713 

Coal 299,400 74.91 224281 2.82 8443 

Dolomite additive 

Material out 

Final bed 16,074 .I. 24 199 10.90 1752 

Bed overflow 7,717 0.81 6 3 11.36 877 

Primary cyclone 92,225 35.82 33035 3.75 3458 

Secondary cyclone 3,695 14.31 529 4.60 170 

Primary f f lter 2,086 8.56 179 6.28 131 

% Balance 106.8 74.6 

a Partial 1 y snl.fated dolomite. source experiment EA-2. 

Avg. flue-gas flow rate, (cfm @ 21°C and 1 atm) = 98. 
C Calculated tor avg. CU conc. of 30 ppm plus avg. C02 cunc. of 16.8%. 

Calculated for avg. SO conc. of 392 ppm. 
2 



Table C-7. Carbon and Sulfur Material Balances for Experiment EA-2 

Bed Temperature, OC = 900 
C ~ / S  Mole Katio = 1.4 
Gas Velocity, ft/sec = 4.5 
Flue-Gas 02, % = 9.24 

gource of Material Weight, Carbon, Carbon, Sulfur, Sulfur , 
8 w t  X 8 w t  X 8 

Material in 

~ L ~ L L L U ~  beda ' 

Coal 200, 000 74.91 159,820 2.82 5640 

Dolomite additive 

Material out 

Final bed 

Bed ovcrflow 

Primary cyclone 

Secondary cyclone 

Primary filter 

Flue gae 
b 

a 
Partially sulfated dolomite, source experiment EA-4. 

Avg. flue-gas flow rate, (cfm @ 21°C and 1 atm) = 98 . 
C 
Calculated for avg. CO conc.'of 40 ppm plus avg. CO conc. of 14.2%. 2 
Calculated for avg. SO conc. of 512 ppm. 

2 



Table C-8. Carbon and Su l fu r  Mate r i a l  Balances f o r  Experiment EA-4 

Bed Temperature, O C  = 900 
Ca/S Mole Ra t io  = 1.3 
Gas Ve loc i ty ,  f t / s e c  = 45 
Flue-Gas 02 ,  % = 15.75 

Source o f  Material - Weight, Carbon, Carbon, S u l f u r  , S u l f u r ,  
8 w t  X g W t  % g 

M a t e r i a l  i n  

Starting beda 

Coal 

Dolomite a d d i t i v e  

M a t e r i a l  o u t  

F i n a l  bed 

Bed overf low 

Primary cyclone 

Secondary cyclone 

Primary f i l t e r  

F lue  gae 
b 

% Balance 114 

a Unsulfated dolomite.  

Avg. f lue-gas f l o w  r a t e ,  (cfm @ 21°C and 1 atm) = 98 
C 

Calcula ted f o r  avg. CO conc. of 40 ppm p l u s  avg. CO conc. of 10.2%. 2 
Calcula ted f o r  avg. SO2 conc. of 510 ppm. 



Table C-9. Carbon and Sulfur Material Balances for Experiment EA-5. 

Bed Temperature, OC = 900 
Ca/S Mole Ratio = 2.9 
Gas Velocity, ft/sec = 4.5 
Flue-Gas 02, % = 9.24 

Source of Material Weight, Carbon, Carbon , Sulfur , Sulfur , 
P w t  I 8 w t  X 8 

Material in 

Starting bed8 

Coal 102,967 74.91 77,133 2.82 2,904 

Dolomite additive 

Material out 

Final bed 14,650 3.36 492 9.67 1,417 

Bed overflow 3,602 0.82 30 11.40 411 

Primary cyclone 40,587 10.06 4 ,083  6 . 6 6  2,703 

Secondary cyclone 

Primary filter 

Plue gae 
b 

% Balance 96.3 105.8 

a 
Partially sulfated dolomite, source experiment EA-3. 

b 
Avg. flue-gas flow rate, (cfm @ 21°C and 1 atm) = 95. 

C Calculated for avg. CO conc. of 45 ppm plus avg. C02 conc. of 15.5%. 

Calculated for avg. SO conc. of 128 ppm. 
2 



Table C-10. Carbon and Sulfur Material Balances for Experiment EA-6 

Bed Temperature, OC = 900 
Ca/S Mole Ratio - 2.1 
Gas Velocity, ft/sec = 4.5 
Flue-Gas 02, % = 15.75 

Source of Material Weight, Carbon, Carbon, Sulfur, Sulfur , 
B wt % g w t  % g 

Material in -- 
Starting beda 

Coal 107,957 74.91 80,871 2.82 3,044 

Limestone additive 44,453 10.5 4,668 0.3 133 

Material out --- 
Final bed 

Bed overflow 

Primary cyclone 

Sec~ndary cyclone 

Primary filter 

Flue gas 
b 

% Balance 97.2 88.9 

a 
Partially sulfated dolomite, source experiment CA-7. 

b 
Avg. flue-gas flow rate, (cfm @ 21°C and I atm) = 98 

C Calculated for crvg. 133 cons. of 60 ppm plus avg. CO conc. of 12.1%. 
2 

Calculated for avg. SO2 conc. of 112 ppm. 




