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ABSTRACT 

A development program on pressurized f luidized-bed combustion 
is being carried out in a bench-scale pilot plant capable of' 
operating at 10-atm pressure. The concept involves burning fuels 
such as coal in a fluidized bed of particulate lime additive 
that reacts with the. sulfur compounds formed during combustion 
to reduce air pollution. Nitrogen oxide emissions are also re- 
duced at the combustion temperatures used, which are lower than 
those used in a conventional coal combustor.' The CaS04 produced 
in the combustor,is regenerated to CaO that is recycled' to the 
combustor for removal of sulfur compounds. 

This report presents information on: hot testing of the 
new bench-scale regeneration system, TGA experiments on sulfation 
and regeneration rates of supported additives and on cyclic 
sulfation regeneration experiments, petrographic change .occuring 
during half-calcination of dolomite, laboratory-scale experiments 
on the reaction of caclium sulfide with calcium sulfate, coal 
combustion reactions, and quality of fluidization and minimum 
fluidization velocity studies. 

One-~te~ Rezeneration of Additive. Bench-Scale Unit 

The effect of pro'cess variables on regeneration in the one-step 
regeneration method. is being studied, using sulfated additive produced 
by the combustion process. In the uue-step method, the CaS04  ccrntain~.d 
in the sulfated additive is reductively decomposed to CaO at llOO°C 
(2000°F). Reducing gases have.leeu obtained by adding CH4 to the 
fluidized bed in the regenerator or, more recently, by combusting coal 

. in the bed. ' .  

Regeneration Using .h. S i t u  Coplbustion of CHI, 

Addit- I I I I I A ~  inform~tion on the earlier reported FAC-series of one- 
step reGeneration'experiments is presented below. 



The formation of CaS during the one-step reductive decomposition of 
CaS04 to CaO and SO2 was evaluated in the regenerated samples taken at 
steady state in the FAC-experiments. Sulfide (s=) levels of <0.1% were 
obtained in all experiments performed at low reducing gas concentrations 
(3% reducing gas in the effluent), and sulfide levels of 0.3 and 0.7% were 
obtained in experiments performed at high reducing gas concentrations 
(15% reducing gas in the effluent). This disagrees with thermodynamic 
predictions of the equilibrium concentrations of CaS and CaS04. At the 
reducing conditions of the effluent from these experiments, it was pre- 
dicted that only CaS should exist at equilibrium. The very low actual 
CaS concentrations found in the steady-state regenerated samples were 
attributed to the formation of two zones (oxidizing at the bottom of the 
fluidized bed and reducing at the top) in the regeneration reactor. 

Total sulfur regenera t ion .ca lcu la t ions  were made from the chemical 
analyses of the regenerated samples; sulfur regeneration values were 
generally 10-15% higher than those calculated from E l l t ~ . - e d s  analy~ec. 

Most of the sulfur and calcium balances ranged from 90 to 110%, which 
is an acceptable variation. 

The extent of decrepitation during these regeneration experiments 
was eval.uatcd by two methods. First, the calcium value of the particle 
samples collec~ed from the flue-gas system for the duration of each 
experiment was evaluated. It was found that 5 to 15% of the total feed 
(calcium basis) was elutriated and that these elutriated particles were 
basically smaller than the smallest sulfated particles fed to the regen- 
erator. Secondly, plots were made of the calcium weight ratios of re 
regenerated additive product to sulfated additive fed, as a function of 
particle diameter. For all experiments considered, a decrease in the 
number of larger particles (>800 ~ m )  and an increase in the number of 
medium size particles (>300 pm and >800 urn) wpre found. 

U 

~gglomeration of sulfated additive has occurred during regeneration 
experiments. Both agglomerated and nonagglomerated samples removed from 
the bed after dolomite and limestone regeneration experiments were 
analyzed by X-ray diffraction. It was found that compounds of calcium- 
magnesium silicates had formed during the agglomeration (melting) process. 
In DTA (differential thermal analysis) experinents, sulfated dolomite 
(the feed to the regenerator) melted at 1200°C in atmospheres of nitrogen 
and air. The X-ray diffraction analysis of the DTA samples revealed the 
possible formation of a calcium-silicate compound, but no calcium-magnesium- 
silicate trace was found. So far, it appcars that melting of CaSU4 is the 
first step in the agglomeration process and that the formation of calcium- 
magnesium-silicate compound is incidental and not responsible for 
agglomeration. 

Regeneration Using In Situ Combustion of Coal 

In high-temperature tests being performed to test the operability of 
the new regeneration system, the reducing gas has been obtained by partial 
combustion of Arkwright coal. The bed temperature was varied between 
1040 and 1100°C. The total reducing gas concentration (maximum) in the 



. e f f l u e n t  gas was 3%. Following t h e  changes r e c e n t l y  made i n  t h e  r e g e n e r a t o r  
( i nc rease  of d iameter  from 3 ' t o  4 .3 i n .  and removal of t h e  i n t e r n a l  overf low 
p i p e ) ,  t h e  c o n t r o l  of bed temperature was good and t h e  o p e r a b i l i t y  of t h e  
r egene ra t ion  system was much improved. 

Af t e r  completion of t h e s e  h igh  temperature o p e r a b i l i t y  t e s t s ,  an 
experiment was made wi th  c o a l  a t  t h e  same experimental  cond i t i ons  used i n  
an e a r l i e r  r egene ra t ion  experiment which was made wi th  methane. The exper i -  
mental cond i t i ons  were: temperature of 1040°C, p re s su re  of 0.84 kg/cm3 
(gauge) (12 p s i g ) ,  f l u i d i z i n g  gas v e l o c i t y  of 0 .91  m/sec (3  f t / s e c ) ,  and 
a s o l i d s  res idence  time of %30 min. I n  t h e  previous  experiments us ing  
combustion of methane, t h e  t o t a l  reducing gas concen t r a t ion  i n  t h e  e f f l u e n t  
was %4%; i n  t h i s  experiment wi th  c o a l ,  i t  was %2%. I n  t h e  c o a l  combustion 
r egene ra t ion  experiment,  t h e  SO2 concen t r a t ion  i n  t h e  wet e f f l u e n t  gas  
was 2.4% and t h e  p a r t i c l e  r egene ra t ion  was 64%; i n  comparison, i n  t h e  CH4 
experiment t h e  SO2 concen t r a t ion  i n  t h e  wet e f f l u e n t  gas  was 1.3% and 
p a r t i c l e  r egene ra t ion  w a s  38%. 

Development of Supported Addi t ives  

A method of prepar ing  s ~ t h e t i c  a d d i t i v e s  con ta in ing  v a r i o u s  concen- 
t r a t i o n s  of CaO i n  a-A1203 i s  given. 

I n  s u l f a t i o n  s t u d i e s ,  t h e  s u l f a t i o n  r a t e  of p e l l e t s  con ta in ing  6.6% 
CaO i n  a-A1203 and hea t - t r ea t ed  a t  llOO°C be fo re  s u l f a t i o n  was found t o  
be 1 .5  t imes lower than  f o r  a d d i t i v e s  hea t - t r ea t ed  a t  800°C. Water 
concen t r a t ions  i n  t h e  feed  gas had no e f f e c t  on t h e  s u l f a t i o n  r a t e .  A 
mathematical equat ion  w a s  developed t h a t  p r e d i c t s  t h e  s u l f a t i o n  k i n e t i c s ;  

chemical '  a n a l y s i s  d a t a  on p rev ious ly  s u l f a t e d  6.6% CaO a d d i t i v e s  
show t h a t  80-100% calcium u t i l i z a t i o n  occurs  a t  measured r e a c t i o n ' t e m p e r a t u r e s  
above, 850°C, r e g a r d l e s s  of t h e  concen t r a t ion  of SO2 i n  t h e  s y n t h e t i c  
combustion mixture.  

F i n a l l y  s y n t h e t i c  a d d i t i v e s  con ta in ing  CaO concen t r a t ions  ranging  
from 2 t o  16.5% were s tud ied  f o r  t h e i r  a b i l i t y  t o  c a p t u r e  S02. The1 s u l f a t i o n  
r a t e  decreased wi th  i n c r e a s i n g  CaO concen t r a t ion  when measured a s  a f r a c t i o n  
of t l ~ e  l~laximurn poooible  sulfation; however, t h e  amount of SO2 captured  f o r  
a given r e s idence  time w a s  u s u a l l y  h ighe r  f o r  h ighe r  CaO concen t r a t ions .  

The r egene ra t ion  r a t e  f o r  t h e  s u l f a t e d  s y n t h e t i c  a d d i t i v e  was d e t e r -  
mined a s  a func t ion  of temperature.  A mathematical equat ion  was developed 
t h a t  p r e d i c t s  t h e  r egene ra t ion  r a t e  as a func t ion  of reducing gas concen- 
t r a t i o n  and temperature.  The a c t i v a t i o n  energy was found t o  be -14.9 k c a l l  
mol. The r e a c t i o n  product w a s  dependent upon t h e  r egene ra t ion  temperature;  
above,1050°C, t h e  product  w a s  CaO whi le  below 900°C i t  was CaS. Between 
900 and 1050°C, t h e  product was a mixture  of CaO and CaS w i t h  CaO concen- 
t r a t i o n  i n c r e a s i n g  wi th  temperature.  

A c y c l i c  su l f a t ion - regene ra t ion  experiment (5 cyc l e s )  w a s  performed 
on t h e  6.6% CaO i n  a-A1203 a d d i t i v e  . t h a t  had been hea t - t r ea t ed  a t  llOO°C. 
The rat.& of s u l f a t i o n  and r egene ra t ion  were t h e  same i n  each cyc le .  . 



S u l f u r  Emission Cont ro l  Chemistry 

Pe t rographic  Changes Occurring i n  t h e  Half-Calcinat ion of Dolomite 
No. 1337 

The h a l f - c a l c i n a t i o n  p roces s  of dolomite  involves  t h e  r e a c t i o n :  

CaC03*MgC03 + h e a t  -t CaC03 + MgO + C02 (1) 
dolomite  c a l c i t e  

Rock p a r t i c l e s  of dolomite ,  when hea ted  under a p a r t i a l  C02 p re s su re ,  a r e  
t ransformed i n t o  p a r t i c l e s  con ta in ing  microscopic c r y s t a l s  of c a l c i t e  and 
submicron c r y s t a l s  of MgO. These ha l f -ca lc ined  p a r t i c l e s  may be  used f o r  
t h e  s o r p t i v e  removal of SO2 i n  coa l - f i r ed  furnances.  

I n  o rde r  t n  s tudy  t he  n.qt.iirc of the  cliilngca which occur duing t h e  
h a l f - c a l c i n a t i o n  p roces s ,  dolomite  No. 1337 samples were heated iinrl~a: 
various coud l r ions  i n  a  'YGA t o  y i e l d  a  s e r i e s  of samples conta in ing  va r ious  
amounts of c a l c i t e .  Pol i shed  s e c t i o n s  of t h e  t r e a t e d  samples were examined 
i n  r e f l e c t e d  po la r i zed  l i g h t  and compared wi th  those  of un t r ea t ed  dolomite .  

The examination of samples by pe t rog raph ic  methods has  y i e lded  some 
s i g n i f i c a n t  r e s u l t s .  It has  been shown t h a t  dolomite  c r y s t a l s  a r e  t r ans -  
formed t o  c a l c i t e  ,a long g r a i n  boundaries ,  a s  w e l l  a s  w i t h i n  dolomite  .. 

c r y s t a l s .  This  sugges t s  t h a t  g r e a t e r  e f f i c i e n c i e s  i n  t h e  h a l f - c a l c i n a t i o n  
p roces s  may be  achieved by s e l e c t i n g  f iner -gra ined  s t a r t i n g  m a t e r i a l  from 
t h e  qua r ry  i f  t h i s  is p r a c t i c a l .  The r e s u l t s  a l s o  suggest  t h a t ,  s i n c e  
s u l f a t i o n  i s  a  sur face-contaol led  process ,  p a r t i a l l y  t ransformed h a l f -  
c a l c i n e d  samples might be more r e a d i l y  s u l f a t e d  along avenues of f ine-grained 
c a l c i t e  than  through a  t i g h t  i n t e r l o c k i ~ l g  network of l a r g e r  c a l c i t e  c y r s t a l s  
i n  completely transformed samples. The v a l i d i t y  of t h i s  sugges t ion  w i l l  
be  t e s t e d  by experiment.  

Regenerat ion ..-.. by t h e  - . - CaS04-CaS . ... . . , . ,. , React_i- 

I n i t i a l  r e s u l t s  from t h e  s tudy  of t h e  fo l lowing  s o l i d - s o l i d  r e a c t i o n  
i n d i c a t e d  t h a t  i t  is  a p o t e n t i a l l y  f e a s i b l e  candida te  a s  a  r egene ra t ion  
scheme : 

I n  t h i s  r e p o r t ,  r e s u l t s  of t h e  f i r s t  k i n e t i c  experiments  of r e a c t i o n  2 ,  , 
where t h e  s t a r t i n g  material i s  prepared by p a r t i a l  r educ t ion  u1 s u l f a t e d  
dolomi te ,  a r e  presented .  I n  a d d i t i o n ,  p re l imina ry  rcou1t.s arc pcesenled 
on a second method of c a r r y i n g  ou t  r e a c t i o n  2 ,  i.a., by performing t h e  
s o l i d - s o l i d  and r educ t ion  r e a c t i o n s  s imultaneously.  

React ion of Calcium S u l f a t e  w i th  Calcium S u l f i d e ,  Vacuum Roast ing 

I n  a d d i t i o n a l  work t o  determine i f  s o l i d - s o l i d  r e a c t i o n  2 i s  p r a c t i a b l e  
f o r  regenera t ing  s u l f a t e d  a d d i t i v e ,  a  mixture  of s u l f a t e d  dolomite  and 
calcium s u l f i d e  was roas t ed  under vacuum. Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  
t h e  r a t e  of r e a c t i o n  may be h ighe r  wi th  t h e  vacuum-roasting technique  than  
t h a t  a t  a tmospheric  p r e s s u r e  w i th  SO2 removed by use  of a n i t r o g e n  purge. 



Coal Combustion 'Reactions 

The ~etermination'of Inorganic Constituents in the Effluent Gas from 
Coal Combustion 

Some chemical elements carried by combustion gas are known to cause 
severe metal corrosion. The purpose of this study is to determine quanti- 
tatively which elements are present in the hot combustion gas ,of coal, either 
in volatile or form, and to differentiate between 'volatile and 
particulate species. Identification of the compound form.and amount of 
particulate species, as.well as detemrination of the'.amount.and form of 
condensable species,, are of interest. 

. . 

The design and safety' review of the 1aborat.or'y-scale batch 
unit combustor to be used in these studies was held on.July 3, 1975. In 
accordance with recommendations of the design/safety review committee, several 
revisions on the design of the combustor have been made. The revisions 
involve changes in the design to reduce or eliminate thermal and mechanical 
stresses in the wall of the combustor body. 

The specifications for fabrication of the combustor have been revised 
as recommended by the design/safety review committee. The design of the 
combustor is considered to be adequately safe upon modification as recommended 
by the safety review committee. 

Systematic Study of the Volatility of Trace Elements in Coal 

Knowledge of the vaporization characteristics of trace elements in coal 
and the rate of their volatiliza.tion is important for combined-cycle turbine 
operation. The objective of this' study is to obtain data on the volatility 
of these elements under practical coal combustion and gasification conditions. 

The first series of perliminary experiments has been completed. In 
these' experiments, ash samples produced at an average temperature of 340°C 
were each heated in a tubular furnace to a temperature' between 540°C and 
990°C and held for 24 hr at the selected temperature in an air flow of 
0.6 scfh. The ash,residue was then analyzed for the trace elements of 
interest by atomic absorption. 

The sample after heating shows an increased weight loss with increased 
heating temperature. The weight loss curve flattens at about 850°C. Above 
900°C, the weight loss curve shows an upturn, indicating a further weight 
loss in this temperature range. 

Some elemental analyses for this series of experiments have been ob- 
tained; The results indicate that the major fraction of the elements which 
have been investigated are retained in. the ash up to 990'"~. TO obtain 
the desired vo3.atility 'data, ash samples must be heated to high temperatures. 

Bench-Scale, Pressurized-Fluid-Bed Combustion Experiments 

The ANL, 6-in. -dia, pressurized-£ luidized-bed combustor was operated. 
Reported here are (1) additional results of four combustion experiments 
(using Arkwright coal and Tymochtee dolomite) to measure the effects of coal 



and a d d i t i v e  p a r t i c l e  s i z e  on combustor response v a r i a b l e s ,  (2) t h e  r e s u l t s  
of two r e p l i c a t e  experiments  i n v e s t i g a t i n g  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 i g n i t e  a sh  t h a t  has  a h igh  calcium con ten t ,  (3) t h e  r e s u l t s  of a  
r e p l i c a t e  experiment d u p l i c a t i n g  t h e  ope ra t ing  cond i t i ons  of p rev ious ly  
r e p o r t e d  VAR-series experiments ,  and (4) a b r i e f  exp lana t ion  of ope ra t ing  
problems and r equ i r ed  maintenance. 

Combustion e f f i c i e n c i e s  ranged from 89 t o  93% were determined f o r  
t h e  f o u r  combustion experiments  i n v e s t i g a t i n g  t h e  e f f e c t s  of c o a l  and a d d i t i v e  
p a r t i c l e  s i z e .  No c o n s i s t e n t  e f f e c t ,  however, of p a r t i c l e  s i z e  of c o a l . o r  
a d d i t i v e  on combustion e f f i c i e n c y  w a s  i n d i c a t e d .  U t i l i z a t i o n  of a d d i t i v e  
m a t e r i a l  f o r  t h e  same experiments ranged from 5 1  t o  78%. U t i l i z a t i o n  i s  
shown t o  i n c r e a s e  w i t h  decreas ing  a d d i t i v e  p a r t i c l e  s i z e .  

Glenharold l i g n i t e  was combusted i n  a f l u i d i z e d  bed of alumina i n  two 
r e p l i c a t e  experiments t o  test 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 t h e  high- 
ca lc ium l i g n i t e  coa l .  Su l fu r  r e t e n t i o n s  were c a l c u l a t e d  from f lue-gas d a t a  
t o  be  86 t o  89% f o r  t h e  two experiments.  Su l fu r  r e t e n t i o n  was 85% i n  a  
p rev ious ly  r epo r t ed  experiment i n  which t h e  l i g n i t e  was combusted i n  a bed 
of dolomite  under similar ope ra t ing  condi r ions .  

A r e p l i c a t e  of a  VAR-series experiment was a l s o  made t o  check t h e  
o p e r a t i o n  of t h e  combustor and a n a l y t i c a l  i n s t rumen ta t ion  and t o  v e r i f y  
t h e  r e l i a b i l i t y  of comparing c u r r e n t  experiments and p a s t  experiments.  
Except f o r  a  d i screpancy  i n  t h e  l e v e l  of NO i n  t h e  f l u e  gas ,  t h e  r e s u l t s  
of t h e  experiment ag ree  ve ry  w e l l  w i th  t h e  previous ly  performed experiments.  

An ope ra t ing  problem experienced dur ing  s t a r t u p  of a  t e s t  was a  tem-. 
p e r a t u r e  excurs ion  i n  t h e  combustor which damaged s e v e r a l  of t h e  i n t e r n a l  
metal s e r v i c e  l i n e s .  Approximately two and one-half weeks of ope ra t ing  time 
were l o s t  wh i l e  r e p a i r s  were made. During a  subsequent s t a r t u p ,  an e x t e r n a l  
coo l ing  c o i l  ( f l e x i b l e  connect ion)  began l eak ing  badly ,  f o r c i n g  te rmina t ion  
of t h e  experiment.  Severa l  days of ope ra t ion  were l o s t  whi le  r e p a i r s  were 
made. 

Sepa ra t ion  of Combustion and Regeneration Systems 

The p re s su r i zed ,  f luidized-bed combustor and t h e  r egene ra to r  o r i g i n a l l y  
u t i l i z e d  s e v e r a l  components i n  common s o  t h a t  i s  w a s  no t  p o s s i b l e  t o  o p e r a t e  
the, two u n i t s  s imultaneously.  Modif ica t ions  of bo th  systems were undertaken 
t o  permit  concurren t  i n v e s t i g a t i o n s  of t h e  combustion process  and t h e  
r egcne ra r ioa  process .  

Modif ica t ions  t o  t h e  r egene ra t ion  system equipment were coiupleted, and 
experiments  i n  t h e  new system were i n i t i a t e d .  A l t e r a t i o n s  t o  t h e  combustion 
system equipment were completed e a r l i e r  ( r e p o r t  FE-1780-2), and experiments 
i n  t h e  combustion system were resumed. Thus, t h e  t a s k  of s e p a r a t i n g  t h e  
two systems h a s  been completed and w i l l  no t  be d iscussed  i n  f u t u r e  r e p o r t s .  

Qua l i t y  of F l u i d i z a t i o n  and Minimum F l u i d i z a t i o n  Veloc i ty  S tud ie s  

The r e su l t s .  of two d i f f e r e n t  s e r i e s  (A and B) of f l u i d i z a t i o n  exper i -  
m e n t s a r e d e s c r i b e d .  The s u p e r f i c i a l  f l u i d i z i n g  a i r  ve loc i t i e ' s  a t  which 
f l u i d i z a t i o n  f i r s t  occurs  (with only  p a r t  of t h e  bed f l u i d i z e d )  a r e  r epo r t ed ,  



t oge the r  wi th  t h e  ex t r apo la t ed  va lues  of air v e l o c i t y  f o r  t o t a l  f l u i d i z a t i o n  
( t h e  bed completely f l u i d i z e d ) .  The q u a l i t y  of f l u i d i z a t i o n  and seg rega t ion  
of p a r t i c l e s  i n  a f l u i d i z e d  bed are d iscussed .  

Data from t h e s e  experiments show t h a t  p a r t i a l  s eg rega t ion  of t h e  bed 
occurred i f  t h e  r a t i o  of t h e  diameter  of  t h e  l a r g e s t  p a r t i c l e  t o  t h e  
diameter  of the  s a d l e s t  p a r t i c l e .  exceeded at least 16. A s '  a re.sul.t, t h e  

. p r e d i c t i o n  of 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  e n t i r e  bed becomes 
complicated,  making * rec i&e  p r e d i c t i o n  unce r t a in .  A procedure is  suggeste'd 
f o r  t h e  p r e d i c t i o n  of minimum f l u i d i z a t i o n  v e l o c i t y  of t h e  e n t i r e  bed. 



INTRODUCTION 

In this program, funded by the Energy Research and Development 
Administration and the Environmental Protection Agency, fluidized-bed 
combustion is being studied as a method of removing from the gas phase 
nearly all atmospheric pollutants (sulfur and nitrogen compounds) generated 
during the combustion of fossil fuels. The concept involves burning of 
fuels such as coal in a fluihized bed of particulate lime solids that 
react with the sulfur compound formed during coal combustion. In another 
step, the sulfated lime is regenerated for reuse in the combustor. 

This quarterly report presents information on: hot testing of the 
new bench-scale regeneration system, TGA experiments on sulfation and 
regeneration rates of supported additives and on cyclic sulfation-regen- 
eration experiments, petrographic change occurring dl i r ing half-calcination 
of dolomite, laboratory-scale experiments on the reaction of calcium 
sulfate, coal combustion reactions, and quality of fluidization and 
minimum fluidization velocity studies. 

ONE-STEP REGENERATION OF ADDITIVE BENCH-SCALE UNIT 

Regeneration Using In Situ Combustion -. of Methane 

The FAC-series of regeneration experiments was performed using the 
in situ combustion of methane to evaluate the effects of temperature, 
residence time, height of fluidized bed, and total reducing gas conditions 
on the regeneration of CaO in sulfated Tymochtee dolomite. Earlier 
results which were based only on flue-gas analyses have been reported 
and discussed. l To aid in the discussion of additional. results nbtai,ncd 
by cliemlcal analysis of particulate product samples, the experimental 
conditions and the results based on flue gas analyses from the FAC-seri'es 
are re-presented in Table 1. 

Sample was initiated when over 90% of the fluidized bed had been 
replaced while the regenerator was at the design experimental condj.tions. 
Steady-state samples were each composed of the overflow product taken 
over a 30-min period. The particulate product samples were analyzed.for 
total sulfur, subfide, and ca1.c.iu.m (Table 2). The accuL.acy of the 
analytical techniques used for these analyses ranged from 5-10%. 

To ensure that a steady-state sample was representative of the pro- 
duct at steady state, all samples taken in FAC-1 (including a sample of 
the final bed) were analyzed for sulfur, sulfide, and calcium. The 
steady-state sample contained 3.3% total sulf.ur, 0.1% sulfide, and 29.8% 
calcium. The final bed contained 3.0% total sulfur, <0.1% sulfide, and 
28.2 calcium, which is in good agreement with the compositions of the 
steady-state sample. The final beds from other FAC-experiments were 
also analyzed, and,the agreement with the steady-state sample was within 
the analtyical accuracy. 

Presence of CaS. The formation of CaS is detrimental to the one- 
step reductive decomposition of CaS04. The effects of the four variables 



Table 1. . Des?.gn Experimental Conditions and Sulfur Regeneration 
Results for the FAC-Series 

. . . .  _ Pressure, psig: 12 

Additive: sulfated Tymochtee dolomite (10.2% S) 

-.-.- - . .- --- - --.- 

' Design Conditions 

Exp. Temp Additive Residence Bed Total Fluidjzing Measured SO Sulfur 
(OC) Feed Rate Tim? Height Reducing Gas Velocity in ~ffluenl. Regeneration 

( lblhr) .  (min) . (ft) in ~ffluent~ (f t/sec) (% wet) / (% dry) (2) 
(vol %) 

FAC- 1 ,1040 ' 6 3 0 1.5 3 2.2 3.0 / 4.0 6 5 

FTM-1R1 . 

FAC-1R2 

FAC- 2 

FAC-3 . 

FM;.'~ ' 

FAC- 5 

FAC-9A 

FAC- 7 

FAC- 8 

FAC-9' 

2.4 2.6 / 3.6 61 

2.5 2.3 / 2.9 57 . 

Experiment could not be completed 

2.6 4.1 / 5.7 6 2 

2.5 5.3 / 7.3 7 3 

2.7' 3.5 / 4.4 54 

3.0 1.3 / 1.5 38 

2.5 2..7 / 3.3 40 

2.3 0.651 0.78 14 

2.5 1.3 1 i.7 5 5 

a 
The actual reducing gas concentrations were within 15% of the design levels. 

bD=termined by infrared SO2 analysis of the dry flue gas. 



Table  2 .  Chemical Analys is  of Regenerated 'Product ,  Ca l cu l a t ed  M a t z r i a l  
Balances,  and Regenezation ~ . s s u l t s  from t h e  FkC-Series . 

.- 

Chemical Analys is  of Regenerated 
a 

Samples t aken  a t  Steady S t a t e  M a t e r i a l  Balances E l u t r i a t e d  Calciumxloo S u l f u r  
Exp . Temp T , o t ~ l  S u l f u r  S u l f i d e  Calcium S u l f u r  ' Calcium Feed Calcium Regenerat ion 

( C O )  (X )  (2) ( X I  ( X I  (2) (XI ( % ) b l  (x)  

3.3 0.1 29.8 94 1091 5 

3.73 < 0 . 1  2.3.7 99 10  31 15 

5.08 < O .  1 26.2 106 113 1 3  

5.2 This  experiment could no t  be  completed 

2.89 0 . 3  311.2 91  10  2 12  

1.53 <O .1 30.0 88 8 3  9 

2.79. <O. 7 2 9 Product ion  r a t e  w a s  n o t  measured 

7.34 0 . 1  26.8 - - - 

-. - .. - 

a 
Only p a r t i c l e s  l a r g e r  t han  15  pn were monitor=d.  

b ~ a s e d  on f l u e  gas  a n a l y s i s .  

C 
Based on chemical  a n a l y s i s  of p a r t i c u l a t e  d o l m i t e  samples. 



i n  t h e  FAC-experiments on s u l f i d e  formation were found t o  be g e n e r a l l y  
n e g l i g i b l e . ,  Very smal l  amounts of s u l f i d e  (<0.1%) were found i n  t h e  
s t eady  s t a t e  products  from a l l  experiments w i th  low reducing gas cond i t i ons  
( i . e . , . w i . t h  ~ 3 %  t o t a l  reducing gas i n  t h e  e f f l u e n t ) .  A t  h ighe r  t o t a l  . 
reducing gas cond i t i ons  (Q15% i n  t h e  e f f l u e n t ) ,  t h e  formation of CaS 
was,enhanced. I n  experiments FAC-3 and FAC-5, which were both performed 
at  ~ 1 5 2  to t a l .  reducing gas cond i t i ons ,  s u l f i d e  concen t r a t ions  i n  t h e  
products  were 0 . 3  and 0.7%, r e s p e c t i v e l y .  The t o t a l  s u l f u r  con ten t s  of 
t h e  products  from t h e s e  two experiments were 2.9 and 2.8%, r e s p e c t i v e l y .  

These experimental  s u l f i d e .  concen t r a t ions  a r e  much lower than t h a t  
p red ic t ed  f o r  Che equ i l i b r ium equat ion  below a t  t h e  experimental  f l u e -  ' 

gas cond i t i ons  ,o f  t h e s e  experiments.  

A t  1040°C, t h e  maximum p a r t i a l  p re s su re  r a t i o  of CO t o  C02 (Pco/Pco2) f o r  
which CaS and CaS04 c o e x i s t  is  %0.017. A t  h igher  , p a r t i a l  p re s su re  r a t i o s ,  
only CaS should e x i s t  a t  e q u i l i b r i ~ m . ~  The experimental  va lues  of p a r t i a l  
p re s su re  r a t i o s  of CO t o  C02 i n  t h e  e f f l u e n t  f o r  t h e  FAC-experiments 
were a l l  above 0.02. On t h i s  b a s i s ,  h igher  s u l f i d e  concen t r a t ions  might 
be expected.  However, t hese  exper imenta l  r e s u l t s  a r e  not  s u r p r i s i n g  
cons ide r ing  t h a t  (1) t h e  a d d i t i v e  i n  t h e  f lu id ized-bed  r e a c t o r  i s  n o t  a t  
equ i l i b r ium and (2) t h e  cond i t i ons  i n  t h e  f l u i d i z e d  bed a r e  no t  reducing . . 

throughout.  Since t h e  combustion f u e l  ( C H ~ )  was i n j e c t e d  a t  s e v e r a l  
l o c a t i o n s  between 6 and 10 i n .  above t h e  gas d i s t r i b u t o r ,  t h e  f l u i d i z e d  
bed was h igh ly  ox id i z ing  at t h e  bottom and reducing a t  t h e  top .  The 
a d d i t i v e . w a s  con t inua l ly  c i r c u l a t e d  between t h e  ox id i z ing  and reducing 
zones. I n  t h e  reducing 'zone  of t h e  r e a c t o r ,  CaS04 was reduced t o  CaS by 
r e a c t i o n  1 and t o  CaO mainly by t h e  r educ t ive  decomposition r e a c t i o n  wi th  
CO and o t h e r  r e d u c t a n t s  (H2 and CH4). 

CaS04 + CO -t C a O  + SO2 + C02 (2 

The gaseous products  of t h e s e  r e a c t i o n s ' l e f t  t h e  r e a c t o r  wi'th t h e  e f f l u e n t .  
The s o l i d  r e a c t a n t s  and products  in, t h e  reducing zone c i r c u l a t e d  i n t o  
t h e  o ~ r i d i z i n g  zone, where t h e  CaS was converred t o  CaSU4 by t h e  to l lowing  
r e a c t i o n .  , 

I 

112 CaS + ' 0 2  +- 112 CaS04 (3) 

This  can exp la in  t h e  low concen t r a t ions  of CaS found i n  a l l  regenera ted  
Tymochtee dolomite products  of t h e  FAC-experiments. The e x i s t e n c e  of two 
r e a c t i n g  zones i n  t he  i n  s i t u  combustion of f u e l  (CHI, o r  c o a l )  w i l l  prove 
t o  be a  very  important . f ac to r  i n  t h e  development of a  one-step r educ t ive  
r egene ra t ion  process  f o r  s u l f a t e d  a d d i t i v e s .  

The high concen t r a t ions  of CaS (5.2%) i n  t h e  product formed dur ing  
approach t o  t he  cond i t i ons  f o r  FAC-2 (when t h e  temperature was being in-  
c reased  from 1060°C t o  1100°C a t  15% t o t a l  reducing-gas concen t r a t ion )  
i s  being considered i n  r e l a t i o n  t o  t h e  r o l e  CaS might have played i n  t h e  
agglnmerat i on  s f  t h e  bed m a t e r i a l  i n  t h a t  experiment.  



T o t a l  S u l f u r  Regeneration. Su l fu r  r egene ra t ion  has  been c a l c u l a t e d  
from t h e  chemical ana lyses  of t h e  s t eady- s t a t e  products .  It is  based on 
t h e  s u l f u r  t o  calcium r a t i o  i n  t h e  s t eady- s t a t e  products  be fo re  and a f t e r  
regeneration. These c a l c u l a t e d  r egene ra t ion  r a t i o s  f o r  t h e  FAC-experi- 
ments a r e  compared w i t h  t h e  p rev ious ly  r epo r t ed  r a t i o s  based on f lue-gas 
ana lyses  and a r e  g iven  i n  Table 2. The s u l f u r  r egene ra t ion  va lues  obta ined  
by chemical a n a l y s i s  of t h e  p a r t i c u l a t e  regenera ted  products  were gene ra l ly  
10-15% h ighe r  than  t h e  p rev ious ly  r epo r t ed  va lues .  

The d i f f e r e n c e  i n  t h e  two methods of c a l c u l a t i n g  s u l f u r  r egene ra t ion  
i s  i l l u s t r a t e d  by d i s c u s s i n g  t h e  r e s u l t s  of two experiments .  Experiments 
FAC-3 and FAC-5 were both performed a t  1040°C (Q1900°F) wi th  a  s u l f a t e d -  
a d d i t i v e  feed r a t e  of 10 l b l h r ,  ~ 1 5 %  t o t a l  reducing gas i n  t h e  e f f l u e n t ,  
f lu id ized-bed  h e i g h t s  of 1 .5 and 2.5 f t ,  r e s p e c t i v e l y ,  and r e s idence  t imes 
of 18  and 30 min, r e s p e c t i v e l y .  I n  t h e s e  two experiments ,  i t  was found 
t h a t  i n c r e a s i n g  t h e  f luidized-bed h e i g h t  a t  a  cons t an t  mass feed r a t e  
( thereby  inc reas ing  t h e  r e s idence  time from 18 tn  30 min) d id  n o t  i n c r e a s e  
s u l f u r  r egene ra t ion ,  which was 79% based on chemical ana lyses  of p a r t i -  
c u l a t e  samples. S u l f u r  r egene ra t ions  of 62% and 54% were obtained f o r  
FAC-3 and FAC-5, r e s p e c t i v e l y ,  by f lue-gas a n l a y s i s .  Su l fu r  r egene ra t ion  
based on f lue-gas a n a l y s i s  is  t h e  r a t i o  of t h e  t o t a l  amount of s u l f u r  
r e l e a s e d  i n t o  t h e  e f f luen t -gas  s t ream t o  t h a t  contained i n  t h e  s u l f a t e d -  
dolomite  feed.  The s u l f u r  regenera t ion  va lues  based on f lue-gas ana lyses  
each inc ludes  t h e  s u l f u r  r e l ea sed  i n  r egene ra t ion  of t h e  e l u t r i a t e d  
a d d i t i v e ,  which w a s  regenera ted  t o  a  l e s s e r  e x t e n t  than t h e  product s o l i d s .  
I n  FAC-3, e l u t r i a t e d  s o l i d s  contained ~ 9 %  t o t a l  s u l f u r ,  i n  comparison wi th  
2.9% s u l f u r  i n  t h e  regenera ted  product from t h e  bed. Based on t h e  calcium 
ba lances  given i n  Table 2 ,  5  t o  15% of t h e  dolomite  feed  was e l u t r i a t e d  
du r ing  r egene ra t ion .  I f  t h e  e l u t r i a t e d  a d d l t i v e  underwent n e g l i g i b l e  
r egene ra t ion ,  t h e  t r u e  s u l f u r  r egene ra t ion  of t h e  product a lone  would be 
n~10% higher  than  t h e  va lues  c a l c u l a t e d  from t h e  f lue-gas a n a l y s i s .  

T h e  newly c a l c u l a t e d  s u l f u r  r egene ra t ion  va lues  from   he chemical 
a n a l y s i s  of t h e  regeaerared  products  a r e  mure r rp re se l l t g t ive  of t h e  s u l f u r -  
r e t a i n i n g  capability of rhe  regenerared a d d l ~ i v r .  

Ma te r i a l  Balances.  Ma te r i a l  ba lances  f o r  s u l f u r  and calcium were 
obta ined  f o r  t h e  FAC-experiments. The ba lances  were no t  performed f o r  t h e  
e n t i r e  experiments ,  a s  w a s  t h e  ca se  f o r  p rev ious ly  repor ted  mass ba lances  
on o t h e r  experiments.  In s t ead ,  t h e  balances wefe made over a 30-11~i~1 
s t e a d y - s t a t e  per iod .  

Because t h e  experimental  system d i d  no t  con ta in  a  f i n a l  f i l t r a t i o n  
system, p a r t i c l e s  sma l l e r  than  ~ 1 5  pm escaped from t h e  system unmonitored. 
'The t o t a l  mass r a t e  o t  these f i n e s  was measured ullly 111 FAC-5, i l l  wllicll 
t h e  f l u e  gas e x i t i n g  from t h e  l a s t  cyclone was passed through a  s i n t e r e d -  
meta l  f i l t e r .  A pad of ~ 0 . 3  cm b u i l t  up on t h e  f i l t e r ,  ensur ing  good. 
p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  f o r  t h e  f i n e  p a r t i c l e s .  A mass c o l l e c t i o n  
r a t e  of 4.6 g/min w a s  ob ta ined  i n  t h i s  s in te red-meta l  f i l t e r ,  i n  comparison 
w i t h  8.3 glmin captured  i n  t h e  normal r egene ra to r  system p a r t i c l e  
c o l l e c t i o n  devices .  The p a r t i c l e  d i s t r i b u t i o n  f o r  t h e  FAC-5 samples of 
f i n e s  was obta ined  wi th  a  Coul te r  counter  p a r t i c l e  ana lyzer  and is  given 
i n  Fig.  1. None of t h e  c a l c u l a t e d  mass ba lances  contained t h e  c o n t r i b u t i o n  
from t h e s e  f i n e s  and t h u s  a r e  b iased  low. 



DIAMETER, pm 

Fig.  1. P a r t i c l e  ~ i z e ' D i s t r i b u t i o n  of t h e  Fines f o r  FAC-5. 



The calcium ba l ances  ranged from 72% i n  FAC-8 t o  113% i n  FAC-1R2. 
These ba l ances  were based on t h e  mass r a t e s  and chemical ana lyses  of t h e  
f e e d ,  p roduct ,  and e l u t r i a t e d  s o l i d s .  The calcium ana lyses  a r e  r e l i a b l e  
w i t h i n  +5%. E r r o r s  g r e a t e r  than  %5% are due mainly t o  u n r e l i a b i l i t y  of 
t h e  measurements of t h e  mass r a t e s .  

The s u l f u r  ba l ances  were based on t h e  f lue-gas  flow r a t e s ,  t h e  
c o n c e n t r a t i o n s  of s u l f u r  ( a s  SO2 only)  i n  t h e  f l u e  g a s ,  and t h e  r a t e s  and 
chemical  ana lyses  of t h e  s o l i d  s t reams.  The s u l f u r  ba lances  ranged from 
71% i n  FAC-8 t o  109% i n  FAC-7. Acceptable  m a t e r i a l  ba l ances  should range. 
from 90 t o  110%; most of t h e  s u l f u r  ba l ances  were accep tab l e .  The lowest  
s u l f u r  and calcium ba l ances  t h a t  w e r e  ob ta ined  (FAC-8) were probably 
caused by incomplete  removal of t h e  30-min s t e a d y - s t a t e  sample from t h e  
r e c e i v e r .  Thus t h e  r a t e  was probably low. (The pre-s teady-s ta te  removal 
rate was -50% l a r g e r  t han  t h e  c a l c u l a t e d  s t e a d y - s t a t e  r a t e . )  Genera l ly ,  
s u l f u r  and calcium ba l ances  agreed w i t h i n  10%. 

E l u t r i a t i o n  and D e c r e p i t a t i o n  of Addit ive.  The e x t e n t  of d e c r e p i t a t i o n  
of a d d i t i v e  du r ing  r e g e n e r a t i o n  i s  a  major concern i n  t h e  development of 
w e - s L r p  rrdiir r fve  r egene ra t i on .  Molecul.~i- l:aar~alrgru~ellts w f t h i n  ehe ' 

a d d i t i v e  due t o  r egene ra t i on  r e a c t i o n s  could have a  d e t r i m e n t a l  e f f e c t  on 
t h e  phys i ca l  i n t e g r i t y  of t h e  a d d i t i v e .  An e v a l u a t i o n  was made of regen- 
e r a t e d  product  l o s s e s  due t o  d e c r e p i t a t i o n  dur ing  r s g e n ~ r a t i n n  a t  t he  
d i f f e r e n t  exper imenta l  c o n d i t i o n s  used i n  t h e  FAC-experiments. P o s s i b l e  
d e c r e p i t a t i o n  of t h e  a d d i t i v e  when f e d  t o  t h e  bed by pneumatic t r a n s p o r t  
was n o t  i s o l a t e d  from t h e s e  r e s u l t s .  Table  2  shows t h e  calcium e l u t r i a t e d  
from t h e  bed as  a  pe rcen tage  of f eed  calcium f o r  each experiment .  This  i s  
an  i n d i c a t i o n  of t h e  f r a c t i o n  of a d d i t i v e  l o s t  du r ing  r egene ra t i on  because 
of d e c r e p i t a t i o n  and consequent e l u t r i a t i o n .  

The calcium i n  t h e  e l u t r a i t e d  p a r t i c l e s  ranged from 5 t o  15% of t h e  
ca lc ium i n  t h e  bed. A s  d i s cus sed  e a r l i e r ,  e l u t r i a t e d  f i n e s  sma l l e r  than 
15  v m  w e r e  no t  measured du r ing  most FAC-experiments. An i n r r ~ a s e  a s  . 

l a r g e  a s  50% i n  t h e  amount of t h e  e l u r i a t e d  calcium could have been 
ob ta ined  by inc lud ing  t h e s e  f i n e s .  Therefore ,  t h e  t r u e  l o s s e s  could range 
between 1 0  and 20%. S i z i n g  d a t a  showed t h a t  t h e  s u l f a t e d  feed dolomi te  
samples were a l l  nominal ly  -45 +45 mesh, and t h e  f lue-gas  p a r t i c l e  samples 
were a l l  nominally -45 mesh (<350 pm). Therefore ,  t h e  e l . u t r i a t e d  p a r t i c l e s  
were d e c r e p i t a t i o n  fragments  of t h e  l a r g e r  feed p a r t i c l e s .  

Two methods f o r  c h a r a c t e r i z i n g  t h e  p a r t i c l e  s i z e  d i s t r i b u r i o n  of t h e  
d e c r e p i t a t e d  p a r t i c l e s  have been u t i l i z e d .  I n  t h e  f i r s t  method, t h e  
accumulat ive s i z e  d i s t r i b u t i o n ,  i. e . ,  the' accumulat ive weight of p a r t i c l e s  
as a  f u n c ~ i v r l  of t h e  p a r t i c l e  s i z e ,  was ob ta ined  by sc reen ing  and weighing 
t h e  screened f r a c t i o n s  of samples from t h e  f eed  t o  t h e  r e g e n e r a t o r ,  t h e  
p a r t i c l e  t r a p ,  and t h e  cyclone i n  t h e  f lue-gas  s t ream. The calcium con ten t  
i n t h e s e  samples were determined by chemical a n a l y s i s .  A knowledge of t h e  
ca lc ium con ten t  i s  neces sa ry  because t h e  weight of a  p a r t i c l e  fed  t o  t h e  
r e g e n e r a t o r  changes du r ing  r egene ra t i on  and t h e r e f o r e  a l l  d a t a  comparisons 
u1 Ieed samples t o  f lue-gas  samples must be based on calcium con ten t  of 
t h e  samples.  The accumulat ive mass d i s t r i b u t i o n  f o r  t h e  r egene ra to r  
f eed  sample i n  experiment FAC-1 i s  p l o t t e d  i n  F ig .  2 .  Data p o i n t s  f o r  
t h e  o t h e r  curves  which show t h e  r e l a t i v e  q u a n t i t y  of t h e  feed t h a t  has  
d e c r e p i t a t e d  were ob t a ined  by a p p l y i n g ' t h e  fo l lowing  formula t o  each 
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Fig. 2. Individual Sample Accumulative Mass Particle Size Distributions 
and Their Fractional   elation to the Feed for FAC-1 



diameter  (D) f r a c t i o n :  

AM 
sample 

Accumulative Mass Ra t io  = 100 

where 

AMsample 
= accumulat ive mass of calcium f o r  p a r t i c l e s  

of d iameter  l a r g e r  than and equa l  t o  D 

eed 
= t o t a l  accumulat ive calcium i n  feed  

Ca lcu l a t ed  d a t a  f o r  t h e  p a r t i c l e  t r a p  and cyclone samples f o r  t h e  FAC-1 
experiment  a r e  p l o t t e d  i n  F ig .  2. The d a t a  show, fo r , example ,  t h a t  5.3% 
of t h o  calcium m a s s  nf t.he a d d i t i v e  was e l u t r i a t e d ,  48X o f ' i t  was captured  
i n  t h e  p a r t i c l e  t r a p  and 0.5% i n  t h e  cyclone.  

Since   no st of t h e s e  s l u t r i a t e d  p a r t i c l e s  were d e c r e p i t a t e d  fragments 
of t h e  f eed  s u l f a t e d  do lomi te ,  t h e  e x t e n t  of d e c r e p i t a t i o n  i n  FAC-1 was 
~ 5 . 0 % .  S i m i l a r  d a t a  have been p l o t t e d  i n  F ig .  3  f o r  FAC-7. 

A second and more d i r e c t  approach Lo t h e  e v a l u a t i o n  of d e c r e ~ i t a t i o n  
was a l s o  pursued. The mass r a t i o s  ( t h e  r a t i o s  of t h e  calcium c o n t e n t s  
of t h e  product  t o  t h e  f eed  a d d i t i v e )  a s  a  f u n c t i o n  of p a r t i c l e  d iameter  
were p l o t t e d  ( s e e  F ig .  4 ,  lower p l o t )  f o r  experiment FAC-1 d a t a .  Also,  
t h e  f r a c t i o n a l  d i s t r i b u t i o n s  of t h e  s u l f a t e d  feed and regenera ted  product  
were p l o t t e d  ( s ee  F ig .  4 ,  upper p l o t ) .  S ince  a  h igh  mass baJ.ance (109%) 
was ob ta ined  f o r  t h i s  experiment (Table 2 ) ,  t h e  curve  f o r  t h e  product  t o  
f eed  calcium mass r a t i o  is  s h i f t e d  upward a t  a l l  p a r t i c l e  d iameters .  
Above 900 pm, d e c r e p i t a t i o n  was r e s p o n s i b l e  f o r  a  dec rease  i n  t h e  a d d i t i v e  
par t ic le  popu la t i on  d u r i n g  r egene ra t i on .  S ince  t h e  t o t a l  mass v a l u e  of 
t h e  1600 pm p a r r t c l e  f r a c t i o n  t h e  Seed was sma l l ,  t h e  802 dectease % 
t h i s  f r a c t i o n  w a s  of  no q u a n t i t a t i v e  consequence. However, t h e  10% 
d e c r e a s e  i n  t h e  1000-vm p a r t i c l e  f r a c t i o n  was niraningful because t h i s  
f r a c t i o n  conta ined  ~ 6 0 %  of  t h e  feed .  A s  a  r e s u l t  of d e c r e p i t a t i o n ,  a  
p a r t i c l e  popula t ion  s h i f t  from those  l a r g e  d iameter  f r a c t i o n s  t o  smaller 
p a r t i c l e  f r a c t i o n s  occur red .  A 40% i n c r e a s e  of 600-pm p a r t i c l e s  was a l s o  
meaningful  because t h i s  f r a c t i o n  curls t i tutecl  25% of t h e  feed .  The 70% 
i n c r e a s e  i n  t h e  430-vm f r a c t i o n  was less meaningful because t h i s  f r a c t i o n  
c o n s t i t u t e d  on ly  52 ok t h e  feed.  

The product-to-feed mass r a t i o s  w e r e  a l s o  p l o t t e d  Lor FAC-7 (Fig.  5 ) ,  
wllich was performed a t  t h e  same r e s i d e n c e  time arid recluc-ing-gas c o n d i t i o n s  
a s  FAC-1 bu t  w i th  a  f lu id ized-bed  h e i g h t  of 2.5 f t  (76 cm) i n s t e a d  of 
1 . 5  f t  (46 cm). The c h a r a c t e r i s t i c s  of t h e  d e c r e p i t a t i o n  curves  f o r  
FAC-1 and -7 were v e r y  s i m i l a r .  However, t h e  e x t e n t  of d e c r e p i t a t i o n  
was g r e a t e r  i n  FAC-7. More sma l l e r  p a r t i c l e s  were formed i n  FAC-7, a s  i s  
e v i d e n t  from t h e  s h i f t  t o  sma l l e r  p a r t i c l e  d iameters  (see Fig .  5 ) .  More 
p a r t i c l e s  smaller than  250 pm were c o l l e c t e d  from t h e  f l u e  gas  of FAC-7 
than  from t h a t  of FAC-1, (11% v s  4%) a s  shown i n  F igs .  2  and 3. The 
format ion  of more f i n e s  i n  FAC-7 was probably a t t r i b u t a b l e  t o  g r e a t e r  

\- 
a t t r i t i o n  du r ing  r egene ra t i on  i n  t h e  deeper  f l u i d i z e d  bed. 



Fig. 3. Individual Sam'ple Accumulative Mass Particle Size Distributions 
and Their Fractional Relation to the Feed for FAC-7 
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Fig. 5. Fractional Feed and Product Distributions with 
, . Decrepitation Characterized by the Fractional 

Product to Feed Mass Ratios vs Particle Diameters 
for FAC-7 



Experiment FAC-4 was the only experiment .in this series performed at 
%llOO°C (2000°F). The product-to-feed mass ratios for FAC-4 are plotted 
in Fig. 6. As in previous plots, the larger particles decrepitated and 
the number .of smaller particles (in the 430-pm fraction) increased. In 
comparison with FAC-1, which was performed at 1040°C and a residence time 
of 30 min instead of 18 min;a greater number of large particles decrepi- 
tated and the population shift was towards smaller particles in FAC-4. 
Based on the particle size analysis and the calcium mass balance for FAC-4 
and -1, the extent of decrepitation was greater at 1100°C than at 1040°C. 

Generally, all plots of product-to-feed calcium ratio as a function 
of fractional particle diameter showed a decrease in the number of larger 
particles (2800 pm) and an increase in the number of medium size particles 
(>300 and <BOO pm). 

Agglomeration of Sqlfated Additive During One-Step Repeneration . .,.-- ---- .. .-- -... 
Experiments. During one-step regeneration experiments in the bench-scale 
regenerator, localized temperature excursions have caused partial agglom- 
eration of the sulfated additive. Because agglomerates of additive In 
the fluidized bed interfere with the fluidization process, a better 
understanding of the causes and the mechanisms of agglomeration of sulfated 
additive is necessary in the development of the regeneration process. 
Even where large-scale agglomeration does not occur, the initial stages 
of the agglomeration process (softening of the outer particle shell) can 
lead to loss of the natural additive stone porosity. This hampers the 
sulfation and desulfation processes of the additive in subsequent cycles, 
as .has been reported by Wheelock and B~ylan.~ 

Dolomite, sulfated dolomite, and nonaglgomerated and agglomerated 
product from the regenerator were analyzed by X-ray diffraction (Table 3). 
In unsulfated Tymochtee dolomite, traces of a-quartz were found as 
expected, since the dolomite contains %2% Si02. Sulfated Tymochtee , 

dolomite contained the expected components, including traces of a-quartz 
and weak traces of other phases (possible merwinite, Ca3Mg(Si04)2). The 
regenerated Tymochtee dolomite from FAC-4 which was not agglomerated 
contained mostly CaO and MgO with traces of a-quartz, CaS04 and weak 
traces of other phases (possibly merwinite). During a regeneration 
experiment (FAC-2), partial agglomeration of the sulfated additive occurred. 
The loosely bound particles around the agglomerate were found to contain 
the same major constituents and the same minor constituents of CaS04 and 
a-quartz as were found in the regenerated sample from FAL-4. In addiCPofl, 
traces of ~aMg(Si0~)~ were found. In the core of the agglomerated sample, 
the additive particles were fused together and contained Ca3Mg(S104)2 
(merwinite) as a medium constituent and CaO as a medium rather than major 
constituent. 

Samples of Pope, Evans and Robbins (PER) sulfated Greer limestone 
were also analyzed by X-ray diffraction. An agglomerate of PER limestone 
taken from a regeneratioa experwent (Coal Test No. 3) was analyzed at 
two locations in the agglomerate. The loosely bound limestone particles 
contained Ca3Mg(Si04)2 as a minor constituent. The fused limestone 
particles contained Ca3Mg(Si04)2 as a major constituent. Again, as the 
additive softened, the formation of the calcium-magnesium-silicate com- 
pound progressed. 
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Table 3. C!ualitative Chemical! 2ompositions of Various Regenerated 2nd Unregenerated 
5,amples of Additive. 

Analysis Method:: X-ray Diffraction 

Material 
Pertinent Col3titufnfs 

Source Major Medium Minor 

a 
Regenerated 
Tymochtee dolomite 
from FK-2 

a 
Regenersted 
Tymochtse dolomite 
from FAZ-2 

a 
Regenerated 
Tymochtee dolomite 
from FAG4 

Sulfated Tymochtee 
dolomite 

fused MgO 
particles £roe 
regenerator bed 

laosely bound MgO, CaO 
particles f ron 
regenerator bed 

unbound regen- CaO, MgO 
erated additivl, 
from regeneratx 
bed 

CaO and Possible CaS04 
CagMg(Si04),2 

Combus tor 
Product 

Tymochtee dolomite caMg(co3) 2 

Regenerated b fused MgO and 
~~~2limestone particles probable 
from Coal Test from regenerasor Ca3flg(Si04)2 
No. 3 bed . 

Regenerated 
b 

PER-limestone 
from Coal. Test 
No.3 :, 

loosely bound CaS04, MgO 
particles fron 
regenerator bed 

Possible CaS04, a-quartz, 
and CaMg(Si0 j) 2 

a-quartz; possible CaS04, 
CaMg(C04) , Ca(0H) 2, and 
other phases. 

CaO, possible a-quartz 
and other phases 

a-quartz and possible 
A12Si205 (OH) 4 ' 2 ~ ~ 0  

possible CaS04, MgA1204; 
very minor: pqssible CaO 

possible Ca3Mg(Si04) 

*. " . 
a I "  ,. . 
~egenera~tion temperature vas *llOO°C. 

b~egener$ion temperature was 1040°~. 

C Pope, Evans, and E.obbins. 



On the basis of X-ray diffraction analysis described, it appears 
that during the agglomeration process'(probab1y during the softening) 
calcium, magnesium, and quartz combine and form calcium-magnesium-silicate 
compounds. Larger fused additive samples will be analyzed to further 
identify and characterize these compounds. The melting point of this 
class of materials is%1250°~. Formation of these calcium-magnesium- 
silicate compounds seems to be incidental to and not responsible for the 
agglomeration process. This was partially confirmed by data obtained from 
preliminary DTA experiments. 

Differential thermal analyses were performed on unsulfated and sulfated 
Tymochtee dolomite in different gas environments. The X-ray diffraction 
analyses of the samples taken from the DTA experiments are given in Table 4. 
Only one reaction was observed from ambient to 1300°C in unsulfated dolomite 
in either air or nitrogen. It occurred at 550-850°C; this was the calcin- 
ation reaction. The sulfated dolomite (which contained a small amount of 
carbonate) calcined at 600-750°C, melted at 1200°C in both air and nitrogen. 
This is lower than the melting point of any of the major constituents of 
sulfated dolomite. In addition to the weight loss attributed to calcination, 
a weight loss was noted as the temperautre of the sulfated samples was 
raised above 1100°C. This might have been due to decomposition of CaS04. 
During cooling, an exothermic rcaction(so1idification) occurred at 1150°C. 
X-ray diffraction analysis of these samples showed that CaS04 and MgO were 
the major and CaO the minor constituents. CaS04 was present as large 
crystals indicative of post-melting instead of the small crystals that 
are normally present in sulfated dolomite. Also, in both of these samples, 
calcium silicate was formed as a possible minor constituent, instead of 
the calcium-magnesium-silicate compounds found in the agglomerated dolomite 
samples. 

Because the DTA samples were small, $30 mg, the samples may not have 
been totally representative of nonhomogeneous Tymochtee dolomite. Larger 
samples will be used in future experiments, which will be.performed on 
another DTA apparatus. 

The last of these DTA experiments was performed with sulfated dolomite 
in a reducing atmosphere (100% H z ) .  The calcination weight loss at 600- 
700°C wnc followcd by further weight 1033, which continued to %lOOO°C. 
This weight loss was probably due to the reduction of CaS04 to CaS, as 
confirmed by X-ray diffraction analysis of the final product. This product 
contained CaS and MgO as the major constituents. No melting was observed 
up to 1300°C. 

Regeneration Using In S i t u  Combustion of Coal 

Cold tests of the bench-scale regeneration system were recently 
completed, and hot testing is under way. Test CS-3 was performed uslng 
coal to supply heat and the reductants with a bed temperature ranging 
from 1043'~ to 1077°C (1910-1970°F) and a sulfated additive feed rate 
ranging from 2.7 to 5.4 kg/hr (107-12 lb/hr). During one segment of 
this test, 5.2 kg/hr of sulfated Tymochtee dolomite (11.1 wt % S) was 
fed into the bed, which was at a temperature of 1063'~ (1945°F). The 
coal (Arkwright) feed rate was 4 lb/hr. The total reducing gas (H2, COY 
and CHI+) concentration in the dry effluent was 2.8%. It was assumed that 



Table 4. Qualitative Chemical Composition (obtained by X-Ray 
Diffraction Analysis) of Samples Taken from DTA 
 experiment^.^ 

React ion 
Atmosphere 
During DTA 

Pertinent Constituents 

Material Experiment Major Medium Minor 

Tyluochtee N2 
dolomite 

Tymochtee 
dolomite 

Air 

Sulfated N2 
Tyrnocht'ee . 
dolomite 

311lIated 
Tymocht ee 
dolomite 

Sulfated 
Tymochtee 
dolomite 

Air 

E2 

MgO CaO Ca(OH)2, possible 
CaC03 and other 
weak phases. 

CaO, MgO 

MgO 
CtlSOq (very 
crystalline) 

MgQ , 
CaS04 (very 
crystalline) 

CaS, MgO 

very minor: 
possible CaA1204 
or NaCa4A1203 

CaO, possible 
calcia silicate 

Can, pnssible 
calcium silicate 

a Final DTA furnace temperature was 1300°C. 

the sulfur from all of the fed coal was liberated as SO2. In calculating * 

regeneration, this amount was subtracted from the total SO2 in the effluent.. 
Based on the quantities of S02,and H2S in the effluent', an additive 
regeneration of %71% was calculated. A sample of regenerated material 
from this segment of CS-3 was arlalyzed for total sulfur and sulfide. 
It was found that the regenerated Tymochtee dolomite contained 1.8 wt % 
sulfur (the sulfated dolomite feed contained 11.1 wt Z S) and c0.1 wt % 
sulfide. Since CS-3 was a shakedown test, the results as reported are 
considered preliminary. 

Hot testing of the regeneration system has shown that good temper- 
ature control can be maintained in the modified regenerator. The bed 
temperature was varied between 1040°C and llOO°C, and total reducing 
gas concentrations up to 3% in the effluent were obtained. 

A regeneration experiment was performed (CS-5) to compare the regen- 
eration results obtained (1) in an earlier experiment in which CH4 was 
combusted i n  s i tu  (FAC-9A, Table 1) and (2) in this experiment with 
i n  s i t u  combustion of Arkwright coal. Both experiments were performed 
with a fluidizing gas veloicty of 0.91 m/sec (%3 ftlsec), a'solids residence 



time of Q30 min in the reactor, a bed temperature of 1040°C, and a 
fluidized-bed height of 46 cm (18 in.). The total reducing gas concentration 
in the effluent was %4%.in FAC-9A'and Q2% in CS-5. The experimental con- 
di.tions and the results for FAC-9A and CS-5 are given on Table 5. In 
FAC-9A, the's02 concentration in the wet effluent gas was 1.3% and the 
particle regeneration (based on the quantity of SO2 in the effluent) was 
38%. In experiment CS-5, the SO2 concentration in the wet effluent gas 
gas was 2.4% and particle regeneration (based on SO2 plus H2S) was 64%. 
The H2S for FAC-9A was not included because the H2S concentration was not 
continuously measured in that experiment. 

In CS-5, the H2S constituted 1.8% of the total sulfur in the effluent 
gas, and the sulfur released by the combustion of coal* constituted 11% of 
the total sulfur released into the effluent gas. An appropriate adjustment 
was made for sulfur in the coal in calculating the product particle regen- 
eration. The chemical composition of the regenerated product from CS-5 
will be reported upon completion of the analysis. 

Table 5. Experimental Conditions and Regeneration Results for 
FAC-9A and CS-5. 

Fluidizing Gas Velocity: 0.91 m/sec (3 ft/sec) 
System Pressure: 0.84 kg/cm2 (12 psig) 
Bed Temperature: 1040°C 
Nominal Particle Residence Time: 30 min 
Bed' height: 46 cm 
Additive: Sulfated Tymochtee Dolomite 

(a) 10.2 kt % S (FAC-9A) 
(b) 11.1 wt % S (CS-5) 

- - - - - - 

Measured 
Total S (as SO2 
Reducing and/or H2S) Particle 

Exper- Regenerator Additive Gas Con- in the Wet Regen- 
imen t Diameter Combustion Feed Rate centration Effluent eration 
No. (cm> Fuel (kg/hr) (%I Gas (vol %) 

CS-5 10.8 Arkwright 5.0 2 2.4 
b 64 

Coal 

a Only SO2 was monitored continuously. 

H2S and SO? were monitored conrinuausly. 

* 
Carbon analysis was not completed, and it was assumed that all sulfur 
in t h e  ~ n a i  fed to the regenerator was'rcleased. 



Based on t h e  f lue-gas a n a l y s i s ,  t h e  e x t e n t  of r egene ra t ion  i n  CS-5 
was g r e a t e r  than  i n  FAC-9A. These experiments d i f f e r e d  i n  only  two b a s i c  
a s p e c t s :  f i r s t ,  t h e  kind of  combustion f u e l  (CH4 i n  FAC-9A and c o a l  
i n  CA-5) and second, t h e  bed diameter .  It is  no t  be l ieved  a t  t h i s  t ime 
t h a t  t h e  d i f f e r e n c e s  i n  r egene ra t ion  were due t o  d i f f e r e n c e s  i n  t h e  f u e l .  
The d iameter  of t h e  f l u i d i z e d  bed was 7.6 cm i n  FAC-9A and 10.8 cm i n  
CS-5. The l a r g e r  d iameter  i n  CS-5 improved the  l e n g t h  t o  diameter  r a t i o  
(LID = 4.2 i n  CS-5 and 6 . 1  i n  FAC-9A) of t h e  f l u i d i z e d  bed. This ,  i n  t u r n ,  
probably improved t h e  q u a l i t y  of f l u i d i z a t i o n  i n  CS-5. The q u a l i t y  of 
f l u i d i z a t i o n  might p l a y  a n  important  r o l e  s i n c e  tlie r egene ra t ion  r e a c t i o n s  
a r e  r e l a t i v e l y  f a s t  and good so l id-gas  c o n t a c t  is  important .  

DEVELOPMENT OF SUPPORTED ADDITIVES 

A r e sea rch  program i s  under way t o  i n v e s t i g a t e  t h e  u t i l i t y  of s y n t h e t i c  
supported addi t iGes  f o r  t h e  r educ t ion  of t he  SO2 con ten t  of t h e  combustion 
gas i n  t h e  f luidized-bed c o a l  combustor. It is  proposed t h a t  t h e s e  sup- 
po r t ed  a d d i t i v e s  would be used i n  p l ace  of l imes tone  o r  dolomite.  I n  
t h e  c u r r e n t  s t u d i e s ,  calcium oxide supported on a-alumina is  under 
i n v e s t i g a t i o n .  R e s u l t s  a r e  r epo r t ed  on t h e  process  used t o  prepare  t h e  
supported a d d i t i v e  and on t h e  k i n e t i c s  of t h e  s u l f a t i o n  and r egene ra t ion  
r e a c t i o n s .  The r e s u l t s  of. c y c l i c  su l f a t ion - regene ra t ion  experimerits are 
a l s o  repor ted .  

P repa ra t ion  of Syn the t i c  Addi t ive  

A method of p repa r ing  CaO i n  a-A1203 support  a t  v a r i o u s  CaO concen- 
t r a t i o n s  has  been developed and is  descr ibed  below. 

The p e l l e t s  of t h e  alumina support  a r e  placed i n  an  aqueous calcium 
n i t r a t e  s o l u t i o n ,  r e f luxed  f o r  8  h r ,  and then  cooled t o  25°C f o r  4  h r .  
The p e l l e t s  a r e  removed from t h e  s o l u t i o n  and s lowly heared t o  t h e  hear- 
t r e a t i n g  temperature of e i t h e r  800 o r  110OUC, where they  a r e  he ld  f o r  
one hour.  Heating is  allowed t o  proceed very  slowly around 100°C, 132OC, 
and 5 6 l 0 c  s i n c e  t h e  e v o l u t i o n  of B20 and t h e  decomposition of Ca(N0i)2'4H20 t o  
CaO occur  a t  t h o s e  temperatues.  F igure  7 shows t h e  percent  CaO i n  a-A1203 
suppor t  f o r  v a r i o u s  concen t r a t ions  of Ca(N03)2.4H20 i n  aqueous s o l u t i o n s .  

S u l f a t i o n  S tud ie s  

From chemical a n a l y s i s  r e s u l t s ,  t h e  calcium u t i l i z a t i o n  dur ing  
s u l f a t i o n  of p e l l e t s  con ta in ing  6.6% CaO i n  a-A1203 i s  presented .  The 
s u l f a t i o n  k i n e t i c s  of llOO°C hea t - t r ea t ed  p e l l e t s  con ta in ing  6.6 i n  a-A120j 

. was determined and w a s  compared w i t h  t h e  r a t e  f o r  t h e  800°C hea t - t r ea t ed  
p e l l e t s .  Also, t h e  e f f e c t  on t h e  s u l f a t i o n  r a t e  of water  i n  t h e  gas was 
determined. A mathematical equat ion  was developed t h a t  p r e d i c t s  t h e  
r a t e  of s u l f a t i o n .  F i n a l l y ,  t h e  r a t e  of s u l f a t i o n  was determined f o r  
s y n t h e t i c  a d d i t i v e s  con ta in ing  v a r i o u s  concen t r a t ions  of calcium oxide.  

Calcium U t i l i z a t i o n .  Wet .chemical ana lyses  f o r  calcium and s u l f u r  
have been performed on s u l f a t e d  6.6% CaO i n  a-A1203 p e l l e t s .  These r e s u l t s ,  
a long  w i t h  TGA weight change d a t a  obta ined  dur ing  s u l f a t i o n  experiments ,  
helped determine t h e  e x t e n t  of s u l f a t i o n  of t h e  sorbent  under d i f f e r e n t  



Ca(NO,), -4H,O/H,O WEIGHT RATIO 

Fig. 7 .  CaO Concentrat ion i n  a-A1203 a s  a Function of 
P repa ra t ion  Solu t ion  Concentrat ion.  

cond i t i ons .  Table 6 compares t he  percent  calcium u t i l i z a t i o n  (percent  
s u l f a t i o n )  computed from t h e  chemical ana lyses  wi th  t h e  u t i l i z a t i o n  
es t imated  from t h e  weight change which occurred dur ing  s u l f a t i o n .  The 
percent  s u l f a t i o n  (or  calcium u t i l i z a t i o n )  based on chemical ana lyses ,  is, 
shown i n  column 2; t h e  average calcium concen t r a t ion  i s  4.27%, which i s  
below t h e  y a l u e  of 4.71% Ca (6.6% CaO) which had been es t imated  from t h e  
ga in  i n  weight of t h e  p e l l e t s  a f t e r  loading  wi th  C ~ O .  Column 4 g ives  
t h e  percent  calcium u t i l i z a t i o n s  c a l c u l a t e d  from t h e  weight changes which 
occurred due t o  CaO conver t ing  t o  CaS04. Column 5 p r e s e n t s  t h e  percent  
d e v i a t i o n  between t h e  two methods of c a l c u l a t i n g  t h e  percent  calcium 
u t i l i z a t i o n .  F a i r  agreement (a va r i ance  of 6.1%) w a s  found between t h e  
two methods of c a l c u l a t i n g  t h e  percent  calcium u t i l i z a t i o n .  The v a r i a n c e .  
was 4.6 when Run 40 was excluded from t h e  c a l c u l a t i o n s .  The 80-90% 
calcium u t i l i z a t i o n  a t  900°C is  only s l i g h t l y  dependent upon SO2 concen- 
t r a t i o n .  This  r e s u l t  c o n t r a s t s  wi th  t h e  experimental  TGA r e s u l t s  f o r  ' 

dolomite ,  which ind ica t ed  t h a t  t h e  percent  u t i l i z a t i o n  i s  s t r o n g l y  dependent 
upon t h e  SO2 concent ra t ion .  

The percent  calcium u t i l i z a t i o n  a t  750 and 800°C were 63 and .72%,  
r e s p e c t i ~ ~ e l y ,  which va lues  a r e  somewhat lower than  t h e . 8 0  t o  100% conversions 
found i n  t h e  850 t o  1050°C temperature range. 

S u l f a t i o n  Rates  f o r  P e l l e t s  Heat-Treated a t  800 and 1100°C. P e l l e t s  
t h a t  lla3 been hea r - t r ea t ed  (H.T.)  t o  800°C and t o  1100°C were s u l f a t e d  



Table , 6 . ,  Calcium and s u l f u r  Content of Su l f a t ed  6.62 CaO i n  a-A1203 .Sorbent 

Run ~a ' ~ o n c ,  Sulf  at'iori , Sulf  a t i o n  Devia t ion ,  Operat ing 
~ 0 1 . .  3 v s  Condit ions Chem. Analysis  Computed from Computed .from 

(wt X )  Chem . Anglys is W t  Change Col. .4 (%) 
(%> (%) 

W51 4.'22 82 ..3 82.4 0.0% . 0.05% SO2 900°C 
V50 4.39 91.4 91.2 -0.2% 0.1% SO2 900°C 
W49 4.29 86.5 88 -4 +2.1% O.2%'so2 900°C 
W23 . . 4.27 98.1 94.1 -4.1% 0.3% SO2 9OO0C 
W23 (repeat . )  ,4.06. 94.2 98.9 +5.0% 0.3% SO2 9OO0C 
W39 4.26 75.4 82.3 +9.2% . 1% SO2 9OO0C 
W40 4.19 88.3 100.6 +13.9% 3% SO2 9OO0C 

10 

Av . . . 4.27 84.4 85.7 - va r i ance  6 .l% (4.6%) a 

a 
Excluding Run W40. 



on .the TGA unit at 900°C, using 0.1, 0.3, and 1% SO2 with 5% 02. The extent 
of sulfation of the.80O0C and 1100°C. H.T. pellets as a function of time and 
SO2 concentration in.the gas stream is given in Fig. 8. The sulfation rate . 
for the .800°C H.T. pellets was 1.5 times higher than for the 1100°C H.T. 
pellets for all SO2 concentrations in the gas stream. It is speculated that 
the lower rate for the llOO°C H.T. pellets is due to the formation of more 
stable aluminate complexes (CaA1204,CaA1407) at 1100°C than at 800°C 
(Ca3A110018~CaA112021) 

Effect of.H20 Concentration in the Feed Gas on Sulfation Rate. Yang 
et U Z . ~  found a beneficial effect of water vapor on the sulfation rate of 
dolomite, the concentration of H20 being immaterial. The rate of sulfation 
of the pellets at 900°C was determined with reactant gases containing 0.3% SO2 
- 5% O2 and 0, 0.1, 0.47, and 1.27% H20 (est) . The sulf ation rate was inde- 
pendent of the H20 concentration in the feed gas. 

: Mathematical Analysis of Sulfation Rate. A mathematicl equation was 
developed that correlates the.rate'of sulfation of the 6.6% CaO in a-A1203 
sorbent with CaO concentration in the additive, SO2 concentration in the feed 
gas, and .temperature. This equation is: 

where C = 0.025 for 800°C heat-treated sorbent 
C. = 0.0172 for 1100°C heat-treated sorbent 
t = time, sec 
T = temperature, OK 
[SO2] = conc. of SO2, mol % 
[CaO] = conc'. of CaU, mol/m2 of surface area 

The reaction was found to be 0.7 order in'S02, first order in CaO concentration, 
independent of 02 concentration when. oxygen is present in stoichiometric excess, 
pnd i n d e p e n d e n t  nf, ' ~ ~ 0  concentration. 

The temperature dependence of the reaction was determined by measuring 
the rate over a temperature range'of 750 to 1050°C, using a 0.3% SO2 -5% 02 
gas mixture. A gas-solid reaction can be either 'diffusion-controlled or chemical 
reaction-controlled; for some such reactions, diffusion control occurs at the 
higher temperatures. In these experiments, the sulfation rate increased with 
temperature up to 900°C; at higher.temperatures, it was independent of tempera- 
ture. The expression for the overall rate constant, koverafl, which is shown 
below, takes i n t n  a.r.r.nlmt -both d i f f u s i o n  control and chemlca reaction control .5 

. . - 
When D ~ ~ 2  >> I -  koverall - kr; when 

. . ,. . . 
- - k >> D r $02 overall D ~ 0 2  



TIME, min 

Fig. 8. Effect of Heat-Treatment Tem2eratur~ 
cn Race of Sulfation at 900°C. 



where koverall ' = experimentally measured rate constant, sec- 
1 

D 
so2 

= SO2 diffusion coefficient, cm2/sec 

6 = diffusion length, cm 
k = chemical reaction rate constant, sec-' r 

By use of this equation and the experimentally determined sulfation rates at 
various temperatures and with the assumption of no activation energy for SO2 
diffusion, Equation 1 was developed. 

Figure 9 gipes a comparison of calculated (Eq. 1) and experimental rates 
of sulfation of .6.6% CaO in a-A1203 at 900°C as a function of SO2 concentra- 
tion. The gas also contained 5% 02, and the remainder was nitrogen.. Agree- * ment is good. Figure 10 shows a comparison of the same data as a function 
of temperature. Agreement is satisfactory at low conversion; however, at 
conversions above 50%, the experimental rate is much lower than the predicted 
rate for temperatures below 900°C. 

Figure 11 gives an "activation energy" curve for the experimental and 
predicted sulfation rates. The temperature dependence of the rate decrease 
rapidly above 900°C. 

Sulfation Rate as a Function of Calcium ~ o a d i n ~  in Support. In ,Fig. 12 
the percent conversion of CaO to CaS04 is given as a function of time for 2 
to 16.5% CaO-in a-A1203 heat treated at 1100°C. The rate of sulfation, when 
measured as a fraction of the maximum possible sulfation, decreases with 
increasing CaO concentration. However, as shown in Table 7, the sorbent 

Table 7. Sorbent Weight Gain during Sulfation for Various Calcium Oxide 
Concentrations. 

Sulfation Conditions: Feed Gas, 0.3% SO2, 5% O2 
Temp, 900"~ 

Weight gain, g/kg of additive (llOO°C H.T.) 

Hours into 2% 3.3% 5.4% 6.6% 8.3% 10.5% 14'.8% 16.5% Tymochtee 
Run ' CaO Cao CaU CaO CaO CaO CaO CaO Dolomite 

0.5 18.0 30.2 27.5 34.9 34.4 31.5 32.6 24.3 93.4 
1 21.0 38.1 40.6 48.1 51.8 49.3 49.0 43.9 
2 22.5 42.9 53.2 76.7 74.7 77.7. 74.0. 72.6 161.2 
3 23.7 44i6 '60.7 84.4 88.6 , 95.3 94.7 96.0 191.2 
4 -- 45.4 611.5 88.2 96.7 109.2 112.7 112.0 213.1 
5 -- . .  -- . . . . . . 6.7.0 -- . . 

' '100.7 119.4 126.4 126.4 230.0 
6 - - -- -- - - 162.9 2 6  136;3 1/10 243 .O 

Max 
possible 
wt gain 28.6 47.1 77.1 94.3 119.0 150 211.4 235.8 546.0 

* 
The various constituents of the feed gas were monitored with rotatmeters 
and were mixed to give the proper feed gas compositions. Feed gas composi- 
tions were verified by a mass spectrometric method, and a gas chromatographic 
method for this determination was developed by M. Homa of the Analytical 
chemistry Laboratory, Chemical Bngineering Division. 
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Fig. 9. Comparison of Predicted and Experimental Sulfation 
Rates og 6.6% CaO in a-A120j as a Functicn of SO2 Concentration. 
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Fig. 10. Comparison of Predicted and Experimental Rates 
of Sulfation of 6.6% CaO-ct-A.l2O3 with 0.3% SO2 
as a Function of Temperature. 
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Fig. 11. Comparison of Experimental'and 'Predicted Rates 
of sulfation of 6.6% Ca0-a-A1203 .'. 
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weight gain at any given time during sulfation is usually higher for the 
supports containing more GaO. The SO3 weight gain for Tymochtee dolomite is 
also given for comparison. It captures approximately twice as much SO2 as 
does the 16.5% CaO in a-A120j sorbent for any given residence time. Figure 
13 shows the sorbent weight gain as a function of CaO concentration.in a-A1203 
at the end of 1, 3, and 6 hr; this figure is a plot of the data in Table 7. 

Regeneration of Supported Additives 

The rate of regeneration of the sulfated synthetic sorbent was determined, 
and an equation was developed that predicts the regeneration kinetics as a 
function of reducing gas concentration, CaS04 concentration, and temperature. 

Regeneration Rate as a Function of Temperature. Regeneration experiments 
over a temperature range of 800 to 1200°C, using 1% H2 in the gas stream, have 
been completed. The results tor 1ZV0. blOU. 1000. and,SUUeC (Fig. 14) show 
that the regeneration rate increases with temperature. . 

The composition of the regeneration reaction product is a function of 
temperature, as shown in Table 8. X-ray diffraction analyses indicate that 

Table 8. Product of the Regeneration Reaction 
As a Function of Temperature. (0b tained 
by X-ray Diffrac..tion Analyses) 

Regeneration 
Temp (OC) 

Product 

1200 CaV 
1150 CaU 
1100 CaO 
1050 Mostly CaO-Little CaS 
1000 Medium quantities of CaO and CaS 
950 Mostly CaS-1-itt1.e CaO 
900 MusLly CaS-li~~le CaO 
850 CaS 
800 CaS 1 

above llOO°C, the only product is CaO, and below 900°C, the entire product 
is CaS. In the intermediate temperature range of 900 to 1050°C, the product 
is a mixture of CaO and CaS, with CaO concentration increasing with tempera- 
ture. 

Mathematical Analysis 'of the Regeneration Kinetics. The experimental 
regeneration kinetic data were analyzed, using the following equation: 

regeneration rate = 
d [ C ~ S O ~  ] 

dt = -~[R.G.]~[C~SOL,]~ exp (-E~/RT) 



CaO, W T  'I0 IN a-Al,O, 

Fig.  13. Sorben t  Weight Gain a s  a Func t ion  of Calcium Loading of Sorben t .  



TIME, min 

Fig. 1 4 .  R e g e n e r a t  ;an of S u l f a t e d  6 .62  ' c ~ c P - u - ~ . I . ~ o ~  P e l l e t s  
Usirag 1% Hz-N2 



where [CaS04] = CaS04 conc, moles/m2 
[R.G. ] = reducing gas conc, moles/m3 
t = time, sec 
Ea = activation energy, cal/mole 
T'='temperatue, OK 
R = gas constant 

.' x, y, k = constants 

A linear dependence of the log of the experimental regeneration rate as 
a function of 1 / ~ ,  [R.G. 1, and [CaS04] was found. Therefore,. Ea, k, x, and y 
could be determined. The results are shown below for each reducing gas: 

d[CaSO4] 
dt = - 1.08 [CO] O *  [CaS04] exp (-14,900/~~) 

The order of the reaction with respect to the reducing concentration is 0.8 
for all reducing gases; however, the regeneration rate is three times lower 
for CO compared to H2 or CH4. The activation energy was determined from the 
experimental data for hydrogen presented above; the activation energy for,CO . 
was assumed to be the same. Figures 14, 15, and 16 give a comparison of the 
experimental and calculated (Eq. 3, 4, and 5) results. . (Earlier versions of 
Fig. 15 and 16 were presented in Reference 6.) The agreement of the experi- 
mental and calculated results is good for the regeneration rate as a function 
of temperature and hydrogen concentration (shown in Figs. 14 and 15, respec- 
tively). 1t.should be noted that the activation energy was found to be 
independent of the product formed. Figure 16 presents the regeneration rate 
as a function of CO concentration; agreement of experimental and theoretical 
results was poor only at the lowest CO concent'ration of 0.1%. 

Cyclic Sulfation-Regeneration Studies Using llOO°C H.T. Pellets 
* 

The sulfation rate of 800°C H.T. p.ellets under cyclic sulfation-regenera- 
tion operation was reported earlier.6 The data showed that the sulfation rate 
for the second cycle was much lower than for the first cycle. It was specu- 
lated that.this was due to the formation of different calcium aluminates during 
regeneration at llOO°C (3Ca0.5A1203 and Ca0.6A1203 form at 800°C, whereas 
CaO-Al2O3 and Ca0.2A1203 form at llOO°C). Therefore, in the current work 
pellets containing 6.6% CaO were heat-treated at llOO°C before undergoing 
five sulfation-regeneration cycles. 

As shown in Fig. 17, the rate of sulfation of the pellets was the same 
for the five cycles (100% sulfation in each cycle was assumed). In Table 9 
the percent calcium utilization during sulfation and percent conversion of 
CaS04 in a-A1203 to CaO during regeneration are given. Based on the assumption 
that the pellets contain 6.64% CaO, calcium utilization was greater than 96%. 

* 
The final s t e p  in impregnating the pellets with calcium oxide is heat-treating 
the sorbent at a proper temperature to form stable calcium aluminates that 
react with SO2 and can be re-formed during regeneration. 
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Fig. 15. Regeneration of Sulfated 6.6% .Caea-A2.i03 .Pellets 
Using 3ydrogen at 1100'~. 
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Fig. 16. Regeneration of Su l f a t ed  6.6Z Ca0-a-A1203 P e l l e t s ,  
Using Carbon Monoxide a t  1100'~.  * 
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Table 9. Calcium Utilization and Regeneration 
during sulfation-~egeneration Cyclic 
Experiments Using 110O0C H.T. Pellets 

. . 

Cycle Sulfat ion (%) ' Regeneration(%) 

A minimum of approximately 50 cycles is probably needed to determine if 
any structural degradation will occur due to the phase changes occurring 
because of the internal chemical reactions. The purpose of this cyclic test 
was to show that keproducible and predictable sulfation rates could be obtained 
when the synthetic additive was heat-treated at llOO°C. This reproducibility, 
not found for the 800°C heat-treated sorbent, was found for the llOO°C 
heat-treated sorbent. 



SULFUR EMISSION CONTROL CHEMISTRY 

Petrographic Changes Occurring in the Half-Calcination of Dolomite No. 1337 

The half-calcination process of dolomite involves the reaction: 

CaCO3*MgC03 + heat + CaC03 + MgO + C02 
dolomite calcite 

Rock 'particles of dolomite, when heated under a partial COz pressure, are 
transformed into particles containing microscopic crystals of calcite and 
submicron crystals of MgO. These half-calcined particles may be'used for 
the sorptive removal 0.f SO2 in coal-fired furnaces. 

In order to study the nature of the changes which occur during the half- 
calcination process. dolomite No. 1337 samp1.e~ were h~.ated iind~r ~ r a r i  niis 

conditions in a TGA to yield a series of samples containing various amounts 
of calcite. The TGA results are summarized in Table 10. Polished sections 
of the treated samples were examined in reflected polarized light and com- 
pared with those of untreated dolomite. 

Table 10, Half-Calcination Experiments on Dolomite No, 1337 

a 
Sample % Calcite . . Conversion 
No. Treatment (from TGA results) 

HII-32A 100% CO,, '640°C, '60-,1ir 5 0 
HII-368 100% CO ,, 640°C,. 120 hr 7 5 
BRH WIW-2 40% C02, 800°C 0.3 hr 100 
HII-37A 40% C02, 800°C 6 hr 100 
HTT-77R kn% mp, xnnUc 76 h r  1 nn 

- . . .  

a 
Untreated dolomite = 0%; all dolomite converted to calcite = 100% . . 

Untreated Dolomite. Crystals in any one particle are equigranular and 
coarse-grained, b-<f-& average size varies hetween 0. 04 and 0 ,3  mm. Grain 
boundaries are sharp and optical extinction is uniform across each grain. 
Occasionally, a grain may contain small well-defined occluded grains in 
different crystal orientation. 

HII-32A. - . - . - .- Dolomite grain boundaries become slightly diffuse, and the 
extinction across grains is interrupted by patchy inclusions of irregularly 
shaped grains in different crystallographic orientation from the surrounding 
grains. The section is then mildly etched with 0.02E l C 1  for five seconds. 
This treatment serves to distinguish calcite from dolomite; dolomite surfaces 
are unaffected, but calcite surfaces become etched. A comparison of the sec- 
tion before and after etching shows that the onset of calcite formation occurs 
both along dolomite grain boundaries and within the dolomite grains as patchy 
areas. There is an excellent correlation in the shapes of the etched areas 
with those of patchy inclusions observed in polarized light on the unetched 



section. Calcite growth may begin from the edge of dolomi'te grain inward but 
may also begin within a grain. 

HII-36A. This.sample, heat. treated for 60 hr longer than the previous 
sample, shows all of' the above effects but to a greater degree. Original 
dolomite grain boundaries are.stil1 present but are more diffuse. An etched 
section under the microscope appears to be 75% converted to calcite, in 
agreement with the TGA results. MgO is too fine-grained to be visible in 
reflected light. 

BRH-WIW-2. Calcite crystals have grown to 5 pm in diameter and form 
.a mosaic-like texture. Some preferred orientation is present; the direction 
of the dominant component changes from one area to another. . These well- 
defined areas correspond dimensiomlly to the grain outlines of the original 
dolomite crystals, even though each dolomite grain has been completely trans- 
formed to many calcite crystallites which assume some unknown,,but preferred, 
orientation from the original dolomite grain. This preferred orientation 
was also observed in X-ray powder patterns. 

As noted above, MgO is too fine-grained to be seen in polished section, 
but its distribution could materially have an effect on subsequent sulfation 
reactions since it is more resistant to sulfation than is CaO or CaC03. It 
was found, however, by some preliminary SEM studies on this sample, that MgO 
is uniformly distributed throughout the half-calcined particles. It does 
not migrate or form at grain boundaries of calcite or at relic grain boundaries 
of dolomite but is occluded in the calcite structure. These SEM results 
suggest that MgO will not adversely affect subsequent sulfation reactions. . 

HII-37A. This sample, like the former, has been completely recrystallized 
into calcite, but, unlike the previous sample, relic dolomite grain boundaries 
have been completely obscured by recrystallization into randomly oriented 
calcite crystals which have an average diameter of 20 pm. The X-ray results 
confirm this loss in preferred orientation. 

HII-37B. The 20 hr additional treatment has had no major effect except 
that there is a slight indication of enhanced calcite crystal growth. 

The examination of the above samples by petrographic methods has yielded 
some significant results. It has been shown that dolomite crystals are 
transformed to calcite along grain boundaries, as well as within dolomite 
crystals. This suggests that greater efficiencies in the half-calcination 
process may be achieved by selecting finer-grained starting material from the 
.quarry, if- this is practical. The results also suggest that since sulfation 
is a surface-controlled process, partially transformed half-calcined samples 
might be more readily sulfated along avenues of fine-grained calcite than 
through a tight interlocking network of larger calcite crystals in completely 
transformed samples suck! asHII-37Aor HII-37B. The validity of this sugges- 
tion will be tested by experiment. 

Regeneration by the CaSOb-CaS Reaction 

Initial results from the study of the solid-solid reaction 



given in prior reports, l S 6  indicated that reaction 2 is a potentially feasible 
candidate as a regeneration scheme. Starting material for reaction 2 in 
these studies was prepared by partial reduction of sulfated dolomite No. 1337. 
TGA and X-ray diffraction analyses of'the composition of sulfated and partially 
reduced stones (starting material for reaction 2) were shown to be essentially 
in agreement. This suggested that the progress of reaction 2 can be monitored 
by b.oth of these techniques during kinetic experiments. 

In this report, results of the first kinetic experiments of reaction 2, 
where the starting material is prepared by partial reduction of sulfated 
dolomite, are presented. In addition, preliminary results are presented on 
a second method of carrying out reaction 2, i.e., by performing the solid- 
solid and reduction reactions simultaneously. 

Solid-Solid Reaction Kinetics (Partially Reduced Starting . .~ .- ...,, Materiall. ...-- The 
experimental procedure foiiowed was simi,la.r to that used in the earlier study. 
A large stock-supply of sulfated dolomite No. 1337 was prepared by half-cal-- 
cining the stone and subsequently sulfating at 750'~ in a 4% SO2-5% 02 simulated 
t h e  gas mixture until the weight ~)TOCP.SS halted. The percentage of 
sulfation achieved was determined by performing a reduction experiment on an 
aliquot of the sulfated stones at 880°C with a 3% H2 in He mixture. A stock 
supply of partially reduced stones for use in the kinetic experiments was 
prepared by a reduction reaction at 880°C, using a 3% H2 in He mixture. This 
material was used in all kinetic experiments performed at 945OC under 1-atm 
partial pressure of helium flowing at a rate of 300 cclmin to remove the SO2 
formed. Each kinetic experiment was performed by placing the starting material 
in the TGA apparatus, which was at 945OC with the helium purge flowing, and 
monitoring the weight change process until the experiment was halted. Kinetic 
runs were performed for reaction times of 1 1 4 ,  112, 1 ,  2, 5 1.17, and 18 hr. 
X-ray diffraction analyses were obtained on aliquots of 30 to 50 stones from 
material sampled at the end of each kinetic experiment. 

The results of these experiments are summariezed in Table 11. The first 
column identifies the experiment, and the second column gives the sample 
history. Columns three through seven list the results based on analysis of 
TGA measurements. The third column lists the percentages of the available 
material in the sample that have been converted as the result of the history 
of the samples. The fourth through sixth columns give the composition of the 
samples as percentages of "maximum weights possible" of CaO, CaS04, and CaS, 
respectively ("maximum weight possible" refers to the weight if all the calcium 
were present as a pure species, e.g., in column 4, the pure substance would be 
CaO, with no calcium existing in the form of sulfate or sulfide). The seventh 
column lists calcium species material balances as total percentages of calcium 
species existing in the stones. The X-ray diIIraction results are given in 
the eighth through eleventh columns, with columns eight through ten listing 
the percentages of maximum weights possible of CaO, CaS04, and CaS, respec- 
tively, and the last column giving the material balances for the calcium 
species. 

From Table 11, it is apparent that for each experiment, extremely good 
agreement exists for TGA and X-ray analyses of CaO and CaS04 concentrations 
in the material (columns 4 and 8, and columns 5 and 9, respectively). The 
values are in good agreement, and values from both techniques show a similar 



Table 11. Results of CaS04-CaS Reaction Kinetic Measurements at 945OC where 
Starting Material was Prepared by Partial Reduction of Sulfated Dolomite 

St0r.e composition - TGA Results Stone Comuosition - X-Ray Results 
% % % . %  % % 

% Maximum Maximum Maximurr! Maximum . Maximum Maximum 
Available Weight Weight Weight Weight Weight . weight 

Expt. Sample Material Possible Possible Possible . C % Ca Possible .Possible Possible E % Ca 
No. History Converted of CaO of CaS04 of CaS Species of CaO of CaS04 of CaS Species 

Sulfated 91% of 
' I 1337 CaC03 16 84 0 100 17 9 0 0 107 

Dolornits Sulfated 

Partially 
Reduced 36% of 

I1 Stones CaS04 
16 5 3 31 100 2 3 60 20 103 . . 

t = 0 Reduced 

20% of 
0.25 hr CaS04 I11 
Reaction Converted 30 43 27 100. .2 9 49 16 , 94 ' 

to CaO 

26% of 

IV 
0.50 hr CaS04 
Reaction Converted 

34 4 0 26 100 29 47 8 84 

to CaO 

29% of 
1.0 hr CaS04 

V 36 4 6 Beacticn Converted 38 
2 6 100 31 10 87 . . .  

to CaO 

32% of 

VI 2.0 hr CaS04 
Reaction Converted 

38 3 7 2 5 100 27 50 7 84 

to CaO 

40% of 

VII 
5.5 hr CaS04 
Reaction Converted 

45 3 2 23 100 35 38 5 78 

to CaO 

VIII 
18.0 hr CaS04 
Reaction Converted 

4 3 33' 24 100 

to CaO 



trend of change as the reaction proceeds. Similarly to t.he earlier reported 
results ,' the results of the two techniques for the amount of CaS do not agree 
as well as 'for the CaO and CaS04. However, there is agreement for the trend 
of change as the reaction proceeds. 

The chemical kinetics of this reaction are summarized in Fig. 18, where 
the percentage of CaO in the stones is plotted against reaction time. The 
percentage of CaO values'in this figure are each an average of the values from 
the TGA and X-ray analyses as listed in Table 11. The CaO content of the 
stones increased from 20% to. 45%. Therefore, the yield of the reaction (amount 
of CaO formed as a result of reaction) is not as great as that obtained in s,ome 
earlier reported experiments, where it was shown that yield is dependent on the 
composition of the starting material. Kinetic experiments are planned in which 
the composition of the,starting material will be varied. The point to be 
emphasized is that the rate of the solid-solid reaction is surprisin~lby.,high. , 
that i a ,  thc CaO content increases from 20% t6. 40X i l . 1  less Lhan six hours or, 
stated in another manner, .the reaction has reached 80% completion in less than 
six hours. Such a reaction rate is comparable to sulfation reaction rates' 
where the SO2 concentration in the simulated flue gas is low. 

1 

TIME, hr . 
Fig. .l8. CaO content as. a Function of ~eaction' ~ime. 

Solid-Solid ~eaction--~imultaneous Reduction Reaction. Three methods , . 

may be considered for the study of reaction 2 :  

(1) The sulfated material can be reduced to the proper starting mole 
ratio of 3CaS04/CaS (two-step process), as, previously reported. 



(2) The sulfated material can be reduced while the CaS04-CaS reaction 
is proceeding simultaneously. This method requires the ability to control 
the conditions for the reduction reaction so that its rate is in balance with 
the CaS04-CaS reaction (one-step 'process). 

(3) CaS can be added directly to the sulfated material to obtain the 
proper stoichiometry for the starting material (two-step process). 

Preliminary results are reported here on method 2. 

The experimental procedure was as follows: An aliquot of the stock supply 
of sulfated dolomite No. 1337, described earlier as sample I in Table 11, was 
placed in the TGA, which was at 950°C and under helium flow, for stabilization. 
Following this, the flow of H2 in He gas mixture was started and the weight 
change was monitored. The composition.of the stones at the end of the experi- 
ment was determined by X-ray diffraction analysis of aliquots of 30 to 50 stones. 

The results of initial experiments indicated that both reactions were 
occurring simultaneously when a reducing gas mixture containing less than 1% 
H2.was used. However, reducing gas mixtures with higher concentrations of 
hydrogen resulted primarily in the formation of CaS, i.e., the reduction 
reaction was the dominant process. Yields of CaO as high as .80% (or approxi- 
mately a 60% increase in CaO content) were obtained in these initial. 'experi- 
ments. Therefore, it can be concluded that method 2 is at the least as 
attractive as method 1 from the stand-point of potential technical application. 
In addition, it is believed that method 2 offers a means by which information 
on the reaction mechanism(s) of reaction 2 might be obtained. 

Table 12 lists the results of additional recent method 2 experiments, 
which were performed after calibration of the rotameters used to blend the 
hydrogen in helium gas mixtures. All experiments were performed at 950°C and 
were allowed to go to completion. The first column in Table 12 lists the 
experiment number; the second column, the reducing gas composition; the third, 
the reducing gas flow rate; and the fourth, the reaction time until the weight 
ceased to change. Columns five, six, and seven list the stone compositions at 
the end of the experiments as percentages of maximum weights possible for CaO, 
CaS04, and CaS, respectively. The last column lists calcium species material 
balances as total percentages of calcium species existing in the scones. 

These data confirm the results of the initial experiments in illustrating 
that both reactions occur simultaneously. High yields of CaO are again evident 
(as large as approximately a 45% increase in CaO content). The reactions pro- 
ceed until all CaS04 is consumed. Yields of CaO are similar when 0.10% H2 or 
10% CO is used as a reducing gas. 

A number of points related to these results are surprising and difficult 
to explain. For example, in contrast to the initial experiments, these resulrs 
suggest that CaO was formed at hydrogen concentrations as high as 2%. In 
addition, it is difficult to establish a firm relationship between the yield 
of CaO and the concentration of hydrogen used as a reducing gas. In general 
it can be stated that the highest CaO yields are associated with the lower 
hydrogen concentrations. However, Table 12 shows no obvious smooth correla- 
tion. Figure 19 is a plot of CaO yield us. logarithm of the hydrogen concen- 
tration (moles/cm3) and might be interpreted to suggest a logarithmic 



. . Tabl? 12. CaSQ4-CaS Reaction--Simultanec~-JS 
Reduction Reaction Experiments 

Stone Composition - X-Kay Diffraction Results 
% % % 

I Maximum ;Haximum Maximum 
Reducing Reducing React ion Weight Weight Weight 

Expt. Gas Gas Time Possible lossible Possible C % Ca 
No. Composition Flow Rate (hr) of CaO of CaS04 of CaS Species 

(cm3 /mi*) 

- 
IX' . 2. 0% H2' in He 300. ca. 213 33 0 - 40 73 

. .  X , . 1.1% H2 inHe ' 300 ' ca. 1 2 9 0 51 80 

XI 0.58% H2 in He 300 ca. :. 3 2 0 5 1 83 
- 

XI1 0.10% H2 in He 300 ca. 4 4 9 0 3 8 87 

XI11 

, XIV . 

300 ca. 12 

300 ca. 7 

300 ca. 21 

600 ca, 20 

a 
Starting material for other experiments.described in this table. 

. 



LOG,o [H,], WHERE H, CONCENTRATION IS IN MOLES ~ , / c r n ~  

Fig. 19. CaO Content as a Function of Logarithm 
of Hydrogen Concentration. 



relationship. This interpretation is not being made, however, until the 
results of more experiments become available. These data should be considered 
preliminary until more experimental data can be obtained. 

Further studies are planned to (a) determine if these results are repro- 
ducible, (b) perform experiments at 950°C over a wider reducing gas concentra- 
tion'range, and (c) perform simultaneous experiments as a function of reaction 
temperature. These studies are intended to provide information on questions 
not answered by the preliminary results reported herein, as well as information 
on the reaction mechanisms involved. 

Reaction of Calcium Sulfate with Calcium Sulfide, Vacuum Roasting 

Additional work is being done to determine if the so.l.id-solid reaction, 
3CaS04 + CaS + 4Ca0 + 4S02, is feasible as a regeneration scheme. 

Prcviouo clrpcrimcnts (GAS 1 through CAS-16) testell L l l e  exLe11L ul: L l ~ e  
desulfurization of sulfated dolomite under various conditions, using a nitrogen 
purge stream to remove the SO2 product. In the mnst recent investigations, the 
SO2 product was removed by vacuum pumping. In two experiments (CAS-17 and 
CAS-19), fully calcined sulfated dolomite particles (from the VAR-3 combustion 
experiment performed previously in the ANL 6-in.-dia, fluidized-bed combustor) 
were reacted with a stoichiometric excess of CaS at 1000°C. 

In each experiment, ~ 9 0  g of sulfated dolomite (~52% CaS04) and ~ 2 3  g of 
CaS were mixed and then placed in a boat inside a quartz tube reactor, which 
was evacuated and then heated to 1000°C. During CAS-17, the initial "vacuum- 
roasting" experiment. the pressure inside the reactor was allowed tn i-ncrease 
to ~ 6 5 0  torr, and the reactor was then evacuated; there were a total of four 
pressure buildup and expansion cycles. In the other experiment (CAS-19), the 
heated reactor was continuously evacuated. 

Samples from the two experiments have been submitted for wet chemiial 
analysis to determine the degree of CaSU4 decomposition. An approximation 
of the extent of reaction, however, can be obtained on the basis of weight- 
loss data. Table 13 lists the reactants, the raction time and conditions, 
the weight loss, and an estimate of the SO2 production and reaction complete- 
ness based on weight loss for CAS-17 and CAS-19. To allow comparison, the 
same parameters are listed,for CAS-12, the experiment in which SO? was most 
successfully removed using a nitrogen purge. 

Wet-chemical analytical results should provide more definitive informa- 
tion on the extent of regeneration. However, the extent and rate of the 
reaction may be higher with the vacuum-roasting technique than with the 
nitrogen purge approach. 



Table 13. Reaction of calcium Sulfate with Calcium Sulfide 
in Experiments CAS-12, -17, and -19 . 

Reaction Temperature: 1000CC. 

Based on Wt Loss 
:SO, Duration of ~eactant So2 React ion 

Exp . Removal React ion, Wt Loss, . Produced,. . Completeness, a 

No. Reactants Method'. hr g millimole . ' % 

CAS-12 fully N2 Purge 
calcined 
.sulfated' 
dolomite 
(89.2 g 
from VAR-7) 
(35% CaS04) 
and CaS 
(23.2 g) 

CAS-17 same. as Vacuum , . 2.6. ' -  5.3 
. . above, pumping, 

except inter- 
dokmite mittent 
from 
VAR-3 
(52% CaS04) 

CAS-19 same as Vacuum 5 
CAS-17 a pumping, 

continuous 

%eight loss due to elemental sulfur productio? was found in all cases to be. less than 0.4 g. 

b ~ n  7-hr intervals - not continuous heating. 



COAL COMBUSTION REACTIONS 

The Determination of Inorganic Constituents in the Effluent Gas from Coel 
Combust ion 

Some chemical elements carried by combustion gas are known to cause 
severe metal corrosion. The objective of this study is to determine quantita- 
tively which elements are present in the hot combustion gas of coal, either 
in volatile or particulate form, and to differentiate between volatile and 
particulate species. Identification of the compound form and amount of parti- 
culate species and determination of the amount and the form of condensable 
species are desirable. 

The designlpreliminary safety yeview of the laboratory-scale batch fixed- 
bed combustor was held. The conce*rual design of t h e  rombustor was presented 
in a prcviouo rcport. The purpose of thih zevlew was to derermine if thc 
design of the fixed-bed combustor will meet safety requirements. At the review 
meeting, the preliminary detailed design and engineering drawings of the com- 
bustor, specifications for fabrication of the combustor, and stress calculations 
for supporting the safety consideration of the design were presented. 

Several constructive recommendations pertaining to design and operational 
safety were made by the designlpreliminary safety review committee. Based on 
these recommendations, the design has been revised slightly as described in 
the following sections. Also, information about the maximum allowable stress 
for 310 stainless steel7 has been applied to further evaluation of the safety 
of this design. These data show that the maximum allowable stress for 310 SS 
at 900°C (1650°F) is at least 400 psi. The value is double the stress value 
obtained from extrapolation o f  the stress data given in the ASME Boiler and 
Pressure Vessel Code and on which the design of this combustor was originally 
based. 

The thermal stresses from heating and from axial thermal gradients at 
both the intersection'of the preheating and combustion sections and the inter- 
section of the filtration and cold trap sections have.been considered. The 
possibility of thermal stresses at both intersections has been removed by the 
following revisions of the design: 

At the preheating section, the cooling coils have been entirely 
removed. Tnstead, a 118-in.-thick Fiberfrax ins111 a t i  nn 1 ayer w i  11 
be inserted between the internal heater and the inner wall of the 
pipe. This insulation layer will decrease heat flow radially. 
Heat transfer calculations indicate that the wall temperature of 
che pipe at this section will be only about 260'~ (500'~) and that 
the temperature difference between the inner wall and the outer 
wall will be about 28OC (50°F). The thermal stresses due to this 
thermal gradient have been computed and are shown to be insignifi- 
cant when compared with the maximum allowable stress nf t h e  materi- 
al at that temperature. In addition, since no restraint to thermal 
expansion is imposed on the pipe at this section, no thermal stresses 
due to axial thermal gradients are expected. 

2. At the cold trap section, the number of turns of cooling coils 
has been reduced; therefore, there is an Q 7-in. transitional section 
between the end,of the hot filtration zone and the point where the 
cooling coils start. Heat transfer calculations show that the 



average wall temperature at the point where the cooling coils start 
will be about 150°C (300°F). The 310 stainless 'steel is strong 
enough at this temperature to withstand the thermal stresses caused 
by a thermal gradient at the wall as large as 50°C (90°F). The 
thermal gradient will not reach 50°C at. this section of the pipe. 

.3. Two more metal supports have been added to hold both ends of the 
combustor where heavier loads are located. There are a total of 
five mechanical supports along this 6 112-ft-long combustor.. Be- 
cause there is a rather short spanbetween supports, the mechanical 
support stresses are negligible in comparison with other types of 
stresses. For example, the filtration section has the greatest 
span; therefore, the maximum flexural stress due to a bending 
moment is expected at this section. Stress calculations indicate 
that this maximum flexural stress is only in the order of a few 
pounds per square inch. 

The flat head of the cdld trap has been redesigned, in accordance with 
Paragraph UG-34, ASME code, to ensur,e good j bints between the head and the 
shell. A working table on which the combustor will be rested has been so 
designed that the axis of the combustor body is tilted 5" downward towards 
the gas discharge end; and connections wi1.l be so oriented that water will 
drain. out with minimum accumulation. 

The design of the combustor has been considered to be adequately safe 
upon modification as recommended by the review committee. 

Two furnaces used for heating the filtration section and alumina com- 
bustion boats have been received, as scheduled.   he inclined table designed 
for the combustor has been constructed. Work on setting up water and electricity 
facilities is continuing. The induction heating unit and the furnaces will be 
tes.ted as soon as these facilities are ready. 

Systematic Study of the Volatility of Trace Elements in Coal 

Knowledge of the vaporization characteristics of trace elements in coal 
and of the rate of their volatilization is important for combined-cycle turbine 
operarion. The purpose  of this study is to 0btai.o d a t a  on the volatility of 
these elements under practical coal combustion conditions. This study is also 
intended to obtain data supporting "The Determination of Inorganic Constituents 
in the Effluent Gas from Coal Combustion" (above). 

Several coals from different.locations have been prepared for this vola- 
tility, study. The proximate analyses of these coals are shown in Table 14. 
Their ASTM ranks (obtained Irout 1974 Keystone Coal Industry Manual) axe also 
included. 

The first series of preliminary experiments has been completed. The pur- 
pose of these experiments is to determine required experimental conditions, 
such as the ashing time and the range of the ashing temperature, in order to 
obtain desired volatility data. Some results are presented in this report. 

. . . . : 
In this series of exyeria~er~ts, %3-g ash samples were heated in a tubular 

furnace to a temperature between 540°C and 990°C for 24 hr in an .airflow of 
' 0.6 scfh. 



Table 14. Proximate Analyses of Coals Chosen for this Study 

No. Source of Coal 
% ASTMa 

H20 Vol. Mate. Ash Fixed.Carbon rank 

1 Herrin (No. 6) Coal 
Montgomery County, Ill. 7.41 35.39 15.41 41.78 Hvcb 

2 Herrin (No. 6) Coal 
Franklin County, Ill. 5.19 34.66 7.41 52.74 I1vc.b 

3 Harrisburg (No. 5) Coal 
Saline County, Ill. 4.15 34.41 7.82 53.62 Hvcb 

4 Pittsburg Seam Coal 
Montour 110 Mine Hvab or 
Allegheny County, Pa. 1;64 36.44 7.83 54.09 Hvbb 

aObtaincd from "1374 I<~ystsri~c Cual IlldusL~y Pla~lual," published by Mining 
Informational Service, McGraw-Hill, New York. 

In this series of experiments %3-g ash samples were he'ated in a tubular 
furnace to a temperature between 540°C and 990°C for 24 hr in an airflow of 
0.6 scfh. 

The samples were prepared by ashing -200 mesh Illinois Herrin No. 6 
Montgomery County Coal in an airflow of 9 literslmin for 48 hr at an average 
temperature of 340°C in a muffle furnace. The samples were held in a high- 
purity (99.7%) recrystallized alumina combustion boat (1 7/8 x 1 7/16 in. 
x 518 in.) during heat treatment. The combustion boat was preheated to 1000°C 
for several hours before use. 

The 340°C ash sample was chosen as a starting material, instead of coal, 
in this study for the following reasons: (1) when coal is rapidly heated tn 
a high temperature, a violent combustio~l occurs ; re.sulting in a mechanical 
loss of eample material. (2) for each experimenr, a greater amount of ash 
residue can be obtained by the use of a 340°C ash sample as a starting material 
than by the use of coal. Most of the trace elements of interest in coal would 
remain in the ash obtained at 340°C.. 9 ~ , 1 0  . ' 

In each experiment, the sample was weighed before and after heating to 
determine the weight loss due to heating. This information is necessary for 
computing all elemental analyses on the same basis. The weight loss as a 
function of temperature is given in Table 15 and plotted in Fig. 20. These 
results clearly indicate that the weight loss increases with increasing heating 
temperature; the weight loss curve flattens at about 850°C. The weight loss 
is considered to be due to further oxidation of the residual carbon (5.61%C 
in 340°C ash), dehydration reactions, and the evol-i.ition of C02, S02, ,and S03, 
etc. as a result of the decomposition of carbonates and sulfates in the ash. 
The oxidation of pyrites, which constitute about 23% t - weight of the mineral 
matter OF Illinois coals, may also play a role in the weight loss during this 
period of heating.1° The upturn of the curve at about 900°C indicates the 
start of a further weight loss due to the evolution of compounds which have 
appreciable vapor pressures in this temperature range, such as chlorides, 
sulfates, l 1  and oxides. 12 



Table 15.. Effect of Temperature on Weight Loss of 340°C Ash 

Experimental Conditions: 0.6 scfh airflow and 24-hr heating time. . . 

Heating Wt of Wt Loss as a Average 
Temperature Sample Result of Heating Weight Loss. Wt Loss 

. (%) (%I (:CO) ( g )  (8). 

a 
This ash was prepared from 1llinoi.s Herrin No. 6 coal from ~ o n t ~ o m e ; ~  County. 



HEATING TEMPERATURE, O C  

Fig. 20. Effect of Temperature on Weigh-t Loss of 340°C Ash. 

Coal Sample: 1l.linois Herrin No. 6 Coal from Montgomery County 
Experimental Conditions: 0.6 scfh airflow; 24-hr heating time 

In Table 16 are li~ted the obocrvcd eltn~e~iLal coricenrraeions in residues 
corrected I u r  the weight losses, i.c,, on the bas i s  of the same initial cample 
weight of the 340°C ash. For tho olcmcnts Al,'PJI, dud Phi, chere is apparently 
an unreasonably large jump in concentration for samples obtained above 740°C. 
This may be related to the three samples heated to 340, 542, and 640°C being 
analyzed at the same time, and the other four samples (740, 840, 940, and 
990°C samples) being analyzed at annther timo. Thc reason f t : , ~  Lllr change itl 
concentrations is not known. Further checking is required. 

Within the limits of experimental and analytical errors, the results 
generally indicate that the elements being investigated, except probably 
Co and V, are retained in the ash up to 990°C. Previous workers9 9 have 
reported a similar finding at lnwer temperature ranges. This general con- 
clusion, therefore, indicates that it will be necessary to heat the ash samples 
to higher temperatures to obtain volatility data for these elements. 

Atomic absorption (AA) is known to be an excellent method for the analysis 
of trace elements. However, this capability is greatly offset by the disad- 
vantages of tedious s'ample preparation and its one-element analysis (namely, 
only one element is analyzed each time). For this study, because of the 
quantity of samples and the number of elements being investigated., a multi- 
element analytical method is urgently needed. X-ray fluorescence seems to , 

be a good analytical method insofar as this study is concerned. This method 
is being developed at the Chemical Engineering Division, ANL. X-ray fluores- 
cence can be used as a major analytical tool and AA as a supplemental analysis 
method for double-checking of results. 



a 
Table 16.- Elemental Concentration of High-Temperature Ash Corrected 

f o r  Weight Losses a t  the  Temperature 

Heating Temperature, (CO) 

I:: 
4.920.2 4.320.2 

0.620.1 0.620.1 

' N . C .  

h2?3 - N.C. 
b 

5.420.3 8.120.4 

11.120.6 11.220.6 

0.8720.04 N.C. 

0.3320.02 N.C. 

1.2120.06 N. C. 

4.220.2 N.C. 

0.520.1 N. C. 

%ach p rec i s ion  i s  based on an es t ima te  of t h e  p rec i s ion  of measurement obta inable  
with standard so lu t ions .  

b ~ . ~ .  - t o  be  completed. 



BENCH-SCALE, PRESSURIZED-FLUID-BED COMBUSTION EXPERIMENTS 

Reported here are (1) additional results of four combustion experiments 
(using Arkwright coal and Tymochtee dolomite) to measure the effects of coal 
and additive particle size on combustor response variables, (2) the results 
of two replicate experiments investigating the sulfur-retention capability 
of lignite ash that has a high calcium content, (3) the results of a replicate 
experiment duplicating the operating conditions of previously reported VAR- 
series experiments, and (4) a brief explanation of operating problems and 
required maintenance. 

Equipment 

The major items of the ANL bench-scale equipment are coal and additive 
feeders, a preheater for the fluidizing gas, a 6-in.-dia fl~~idized-bed com- 
bustor, a 3-in.-dia regenerator, cyclones and filters, and gas sampling and 
analyzing equipment. The combustor and regenerator are designed for operation 
at pressures up to 10 atm. The temperatures of the combustor and regenerator 
are controlled by electrical heaters and cooling coils. The gas-a~lalysis 
system provides on-line measurement of the flue gas-components SO2, NO, NOx, 
CH4, C02  and O2 on a continuous basis. The system is thoroughly instrumented 
and is equipped with an automatic data-logging system. 

Combustion Efficiency and Additive Utilization Values for Particle-Size 
(PSI-Series) Experiments 

Preliminary results of four combustion experiments to measure the effects 
of coal and additive particle size on combustor response variables were pre- 
sented in a previous repoxta6 S u l . f ~ . ~ . r  retention was reported to increase w i t h  
decreasing additive particle size. No effect of additive or coal particle 
size on NOx emissions was indicated. Table 17 summarizes the previously reported 
results and presents 'additional,results on. cnmbustinn efficiency and additive 
utilizatiol~. 

Combustion efficiency for the four experiments ranged from 89 to 93% with 
no consistent effect of either coal or additive particle size indicated. At 
the high level of coal particle size, however, the combustion efficiency was 
considerably lower with the finer size fraction of additive. A finer bed 
LuaLerial would be expected to result in a lower residence time of the coal 
particles in the bed and hence, a lower combustion efficiency. The results 
are inconclusive on this point, however. 

Additive utilizations for'bed and bed overflow material (at steady state) 
are a100 givcn in Table 17. As expected, the levels of utilization increase 
with increased sulfur retention. The measured utilizations (by chemical 
analysis) are generally lower than the calculated utilizations, indicating 
that the. finer additive particles elutriated in the off-gas are more highly 
sulfated than the coarser material. 

Combustion of Lignite in Fluidized Bed of Alumina 

Combustion experiments LIG-2D and LIG-2-R were made to duplicate all 
operating conditions but one of a previous combustion experiment, LIG-1. 



~abie 17; Operating Conditions and Results of Combustion Experiments to Measure - 
the Effects of Coal and ~dditive Particle Size .on Combustion Response . 

Variables. 

Excess Air: %17% Combustor: PNL, &in. dia 
. . 

' Bed Temperature: 840°C (%1550°F) Additive: Tymochtee Dolomite 
Pressure: 810 kPa (8 atm) Coal: Arkwright (2.8 wt % Sulfur) 
Bed Height: 0.9m (3 ft) 

Response Variables 
Mass Mean Particle Gas Ca/S Sulfur Combustion Additive NO, level 

EXP ~iame'ter (pm) Velocity Mole . Retention' Efficiency. utilizationa in Flue Gas 
No. Coal' Dolomite (m/sec) Ratio (%> (%I (% >' (PP~) 

a 
Bed and overflow additive .at steady state. Utilization (%) = [(wt % S)(40/32) (100)]/(wt %.Ca) 

Values in parentheses are calculated utilizations in percent. 

Calculated utilization (%) = [l/(Ca/S Mole Ratio)][sulfur retention (%) + combustion efficiency (%) 
- loo%] 



Combustion in LIG-1 had been carried out in a fluidized bed by Tomochtee 
dolomite with a 1.1 Ca/S mole feed ratio, whereas LIG-2D and LIG-2-R were 
carried out in a fluidized bed of alumina. It has been proposed that sulfur 
is retained in the ash when lignite is burned, even at combustion temperatures 
as high as 1200°C (2000°F), due to the relatively high calcium content of most 
lignite coals. l 3  If the coal calcium content were to be included in the Ca/3 
mole ratio for experiment LIG-1, the effective Ca/S mole ratio would be 3.0. 
Sulfur retention for LIG-1 was 85%, which corresponds to a sulfur dioxide 
emission of %0.2 lb so2/106 Btu.14 

Operating conditions and results for experiments LIG-2D and LIG-2-R are 
given in Table 18. Bed temperature and flue-gas analysis data for the two 

0 

Table 18. Operating Conditions and Flue Gas Analysis for' 
C I - I I I ~ + ~ I I S  r -i 1311. Expu~orriments LIG-2D and LIG-2-R 

~bmbustbr: ANL, 6-ln. d ia  hxcess Alr: %I/% 
Bed Temp: 840°c (s1550°F) Coal: Glenharold lignite (0.56 wt % S) 
Pracouroc 810 14'2 ( Y  atm) Badt 30 mcoh alumina 
Bed Height: 0.9m (3 ft) 

Cual Feed Gas Flue Gas Analysis Sulfur 
Rate Velocity SO7 NO NO, CO C07 O2 ~ e t e n t i o p ~  

~ x p .  NO. (kg/hr) (mlsec) (ppm) (ppd (ppd ( P P ~  (%I (%> 

a 
Based on flue-gas analysis. 

Not available.  

exptriments are plotted in Figs. 21 and 22. ' Sulfur retentions (calculated on 
basis of flue-gas analysis) for experiments LIG-2D and LIG2-R were 89 and 86%; 
respectively. These values compare extremely well with the value of 85% cal- 
culated for experiment LIGl made with an additive bed. These experiments 
confirm the premise that sulfur is retained by the ash during the combustion 
of lignite. 

Replicate of VAR-Series Experiment 

An additional replicate (VAR-6-3R) of one of the VAR-series experiments 
(VAR-6) was made to check the operation of the combustor and analytical instru- 
mentation and verify the reliability of comparing current experiments with 
experiments performed previously. Operating conditions for experiment VAR-6-3R 
duplicated the operating conditions of replicate experiments VAR-6, VAR-6-R, 
and VAR-6-ZK, the results of which have been reported previously. ' Operating 
conditions and results for the four experiments are given in Table 19. Bed 
temperature and flue-gas composition curves for experiment VAR-6-3R are given 
in Fig. 23. 
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Table 19. Operating Conditions and Flue-Gas Compositions 
for VAR-6 Replicate Experiments 

Combustor: ANL, 6-in. dia Excess Air: %17% 
. Bed Temperature: 840°C (1544OF) Additive: Tymochtee Dolomite 

Pressure: 810 W a  (8 atm) Coal: Arkwright (2.8 wt % Sulfur) 
Bed Height: 0.9 m (3 it) 

Ca/S ' Gas Flue-Gas Compositions 
FeedRates(kg/hr) Mole Velocity SO2 O2 C02 NO' CO 

Exp. No. Coal ',Dolomite Ratio (m/sec) (ppm) (%) (%) (ppd ( P P ~  

--- - -- - - 

VAR- 6 13.5 4.7 2.0 1.10 170 3.0 18 190 32 

VAR-6-R 13.3 4.8 2.0 1.10 210 2.9 18 180 33 

The results of experiment VAR-6-3R are very encouraging. With the 
exception of the concentration.of NO in the flue .gas, the results of VAR-6-3Ei 
agree very well with the previously performed experiments in:the VAR-series. 
Solid samples are currently being analyzed and will also be used to compare 
past and current operation of the combustor. This reproducibility of results 
helps to establish the VAR-series of experiments as a basis for comparison 
for future experiments in the ANL, 6-in.-dia combustor. 

Combustor Maintenance 

During startup of a test run, a temperature excursion in the ANL 6-in.-dia 
combustor was experienced which severely damaged several of the thermocouple 
.wells, <feed lines, and overflow lines. As a result, the distributor section 
was removed from the combustor and all lines penetrating the distributor were 
replaced. The combustor was out of service for a period of two and one-half 
weeks. Cause of the excursion was determined to be an excessive accumulation 
of carbon in the bed during startup and prior to ignition, resulting in highly 
reducing conditions, hot spots, and bed agglomeration. 

During a subsequent startup, an external cooling coil began leaking (in 
a flexible section), forci~ig termination of the experiment. Several days of 
operation were lost as a new flexible section was installed. 
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SEPARATION OF COMBUSTION AND REGENERATION SYSTEMS 

The pressurized, fluidized-bed combustor and the regenerator originally 
utilized several components in common. Due to the dual function of these 
components, the two uni6s could no.t be operated simultaneously; The equip- 
ment common to both units included the inlet' and outlet surge tanks, the 
gas preheater, the additive solids-f eeder , the of f-gas system (cyclones, 
filters, pressure-control valve, etc.), and the off-gas analysis system. 

Modifications of the two systems and installation of additional equipment 
were undertaken to physically separate the combustor from the regenerator and 
to provide each unit with its own auxiliary equipment. The purpose of the 
modifications is to permit concurrent' investigations of the combustion process 
and the regeneration process, thereby increasing research capabilities relating 
to both processes. 

Alterations to the combustion system equipment were completed earlier - . 

(report FE-1780-2), and the combustor was returned to service. During the 
past quarter, the necessary regeneration system modifications were completed 
and experiments in the new regeneration system were initiated. Thus, the 
task of separating the tpo systems has been completed and will not be discussed 
in future reports. 

The major components of the new regeneration system .are shown schematically 
in Fig. 24. The only, major component which has not been received as yet is 
the gas preheater. For initial regeneration experiments, a resistance-heated 
section of the fluidizing-gas inlet line is being used in lieu of the gas pre- 
heater. 

The regenerator vessel was rebuilt and modified. The inside diameter of 
the reactor was increased from 7.62 cm (3.0 in.) to 10.8 cm (4.25 in.), and 
the.interna1 product-overflow pipe (formerly used to control the fluidized-bed 
height) was replaced with an external (to the fluidized bed> overflow pipe. 
Coal and the.sulfated additive are fed separately for independent control of 
feed rate to a common pneumatic transport line which conveys the' solid feed. 
materials into the bottom of the reactor. 



Fig. 24. Schematsc Diagram of New RegeneratLon System. 



QUALITY OF FLUIDIZATION AND MINIMUM 
FLUIDIZATION STUDIES 

. . 

Introduction / 

Recently, we reported15 the minimum fluidization velocities for a fluidized- 
bed of partially sulfated dolomite particles of a size distribution in the range 
of about 1410-88 pm as a function of temperature (70-800°F) and pressure (26-121 
psia). Additional similar experiments have not been completed on a fresh unsul- 
fated dolomite bed with a particle size range of about 2000-88 vm (series A) or 
about 2000-44 pm (series B); the results are reported here. 

These'experiments are being done to gain a better understanding of the 
quality of .fluidization and to correlate minimum fluidization velocities with 
(1) particle size distributions of the solids making up the bed, (2) bed .tem- 
perature, and (3) reactor pressure. The results of these experiments, which 
consisted of the measurement of pressure drops across the bed and across the 
density probes as a function of fluidizing air velocity (u) for each condition 
of bed temperature (T) and'combustor pressure (P), have been interpreted to 
determine the minimum fluidization velocities of the partially fluidized bed 
(umf), the height of the bed at minimum fluidization of the partial bed (hf) 
and the degree of segregation in the fluidized bed ( s ) .  . The. measure of the 
last'quantity is taken as .the weight fraction of the bed not fluidi'zed. An 
approximate procedure is, also proposed 'for determining the minimum fluidization 
velocity for the entire bed from measurements of the pressure drop across the 
bed as a function of the fluidizing velocity. 

Equipment and Procedure 

The combustor consist. of a 6-in.-dia, schedule 40 pipe (Type 316SS), 
approximately 11 ft long. In these experiments, the reactor was charged with 
a known amount of dolomite and then'operated in a batch fashion. The pressure 
drop across the bed was measured with two probes located 518 in. and 114 'in. 
above the distributor plate. The two density probes were separated by a 
distance of 5.75 in.; the lower probe was located 10 in. above the gas distri- 
butor plate. The two differential pressure signals were recorded using a 
Taylor pneumatic,transmitter-recorder system. The different components immersed 
in the bed.occupied about 15 percent of the combustor cross section. A Hewlett- 
Packard 2010C data acquisition system was used to record the temperatue and 
pressure. 

Minimum Fluidization Velocity of a Segregated Bed 

A series of six runs (A4 through A8) was performed on a sample of dolomite 
of the size range given in Part (a) of Table,20. The particle size distribution 
and the computed average particle diameters from the following relation, before 
and after the series of runs were completed, are listed in Table 20: 

Here, x is the weight fraction of particles in a small size range i of mean 
diameter d and d is the average particle diameter for the enti.re size range. P ' . p 



Table  20. P a r t i c l e  S i z e  ~ i s t r i b u t i o n  of Fresh Unsulfated Dolomite Before 
and A f t e r  t h e  Runs of S e r i e s  A 

P a r t ( a ) :  Runs A4 through A8 

US S ieve  
. . . .  

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

No. (mm) Before Af t e r  

+10 '2.00 0.0024 0.0000 

Average P a r t i c l e  Diameter (urn) 1177 1047 

P a r t  (b) : Run A9 

US Sieve  ; S i z e  Range Weight F r a c t i o n  i n  S i z e  Range 

-7 

N o .  (m) A f t e r  t h e  ~ u 6  

Average P a r t i c l e  Diameter (pm) 1122 

A t  t h e  beginning  of s e r i e s  A, 8.093 kg of dolomite  was. charged t o  t h e  
combustor; 7.403 kg was recovered a f t e r  t h e  s e r i e s  was completed. Thus, 
about  9% of t h e  feed 'was e l u t r i a t e d .  The computed average p a r t i c l e  diameter  
from t h e  a n a l y s i s  of t h e  f i n a l  bed i s  about  89% of t h e  computed average d ia -  
meter  of t he  i n i t i a l  bed p a r t i c l e s .  



In these experiments, the pressure drop across the bed, AP, increased as 
the fluidizing-air velocity was increased, until a value of the air velocity 
was reached where the pressure drop remained constant with increasing fluidizing- 
air velocity. At this AP,'the bed was partially fluidized. The fluidizing-air 
velocity at which AP becomes constant is referred to as the minimum fluidization 
velocity for the partial bed and is denoted by urn£. As the fluidizing-air 
velocity was further increased, the pressure drop again increased and more and 
more of the bed was fluidized. At some value of the fluidizing air velocity, 
the pressure drop again became constant and did not change with further increases 
in the air velocity. At this stage, the entire bed was fluidized and the fluidi- 
zation factor, Q, defined as the ratio of the pressure drop across the bed to 
the weight of the bed per unit area, was unity. The fluidizing-air velocity at 
which AP = (W/A) and consequently the fluidization factor is unity is referred 
to here as the minimum fluidization velocity for the total bed and is denoted 
by Ur;lf.' Figure 25 shows (qualitatively) pressure drop across the bed, AP, 
with increasing fluidizing air velocity, as well as the minimum fluidization 
velocities u,,,f and 

Fig. 25. Qualitative Dependence of the Pressure Drop Across 
the Bed, AP, on the Fluidizing Gas Velocity. 

The value of AP when the fluidization factor, Q, is,unity and the entire 
bed is fluidized will be denoted by APmfeb. Similarly, the pressure drop value 
corresponding to the partial fluidization of the bed is indicated by APmfpb. 
The degree of ,segregation, S, may be computed from the following relation: 



A l t e r n a t i v e l y ;  S may b e  de f ined  i n  terms of t h e  weight of bed f l u i d i z e d ,  W',  
and t h e  t o , t a l  weight of t h e  bed, W,  such t h a t  

(W -. W') S = .  

and 

Q and S a r e  i n t e r r e l a t e d ,  such t h a t  

For an  e n t i r e l y  f l u id i ze ' d  bed, t h e  f l u i d i z a t i o n  f a c t o r  is u n i t y  and t h e  degree 
nf s~g iegar in r i  i G  2 P Y f t .  

The experiments t o  b e  descr ibed  s u b s t a n t i a t e  t h e  procedure dep ic t ed  i n  
Pig. 25  f o r  de te rmining  Gf. It w a s  found t h a t  t h e  l i n e a r  p l o t  i s  a  good guide 
f o r  determing u&f a t  which AP = W/A. The p re s su re  drop remains cons t an t  f o r  a  
range of u  va lues  beyond umf, b u t  a f t e r  a  c e r t a i n  va lue  i s  reached,  more and 
more of t h e  bed is f l u i d i z e d  and AP r i s e s  wi th  u a t  a  h ighe r  r a t e  than  i t s  
i n i t i a l  rise i n  t h e  range u < urn£. The experiments sugges t  t h a t  t h e  occurrence 
of t h e  p a r t i a l  f l u i d i z a t i o n  of t h e  bed a t  u = umf only  in f luences  t h e  p a t t e r n  
of approach t o  t h e  f l u i d i z a t i o n  of t h e  e n t i r e  bed i n  t h e  reg ion  sf < u <  Ur;lf. 4 

The f i n a l  s t a t e  when t h e  e n t i r e  bed is f l u i d i z e d  is  t h a t  which would b e  obta ined  
by e x t r a p o l a t i n g  t h e  r a t e  of rise of t h e  AP ve r sus  u p l o t  i n  t h e  range u < %f. 
We sugges t  t h i s  a s  t h e  b a s i s  of a procedure f o r  p r e d i c t i n g  minumum f l u i d i z a t i o n  
v e l o c i t i e s  f o r  beds f o r  which t h e  degree of s eg rega t ion  i s  no t  h igh ,  t h a t  is  t o  
s a y ,  up t o  about  0.3 ( i . e . ,  w i t h  Q about  0.7 o r  l a r g e r ) .  

I n  t h e  above mentioned s e r i e s  of s i x  runs ,  t h e  p re s su re  drop f o r  t h e  f i n a l  
bed w a s  about 0.65 p s i ;  t h i s  va lue  was used i n  c a l c u l a 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  f o r  t h e  t o t a l  bed, u&. This  AP i s  t h e  expected va lue  f o r  each 
experiment i f  t h e  bed is  completely f l u i d i z e d ,  i . e . ,  i f  t h e  f l u i d i z a t i o n  f a c t o r  
(Q) i s  u n i t y  and t h e  degree of s eg rega t ion  (S) i s  zero .  The p re s su re  drop,  AP, 
a t  which f l u i d i z a t i o n  was i n i t i a l l y  observed wi th  t h e  bed p a r t i a l l y  f l u i d i z e d  
is  i n d i c a t e d  i n  Table 21 f o r  each run. The AP v a r i e s  from 0.55 t o  0.60 p s i .  
The temperatures  and p re s su res  f o r  each .o f  t h e  s i x  runs  a r e  given i n  columns 
two and t h r e e  of Table 21. The computed 'values of t he  bed he igh t  a t  minfmum 
f l u i d i z a t i o n ,  Lmf , from t h e  measured p re s su re  drops a c r o s s  t h e  bed .and t h e  
d e n s i t y  probes a r e  given i n  column fou r .  Column f i v e  l is ts  t h e  minimum f l u i d i -  
z a t i o n  v e l o c i t i e s  f o r  t h e  p a r t i a l  bed, %f, each of which i s  t h e  va lue  a t  t h e  
i n t e r s e c t i o n  of a  l i n e  r e p r e s e n t i n g  l i n e a r  f a l l  of p r e s s u r e  drop ac ros s  t h e  
bed a s  t h e  f l u i d i z i n g  a i r  v e l o c i t y  is  decreased and a  l i n e  r ep re sen t ing  t h e  
cons t an t  p re s su re  drop a t  h igh  flow r a t e s . .  

A s i n g l e r u n , A 9 ,  was performed wi th  a dolomite  feed  of a  similar s i z e  
range as i n  t h e  above runs ;  8.097 kg of t h e  bed was charged t o  t h e  r e a c t o r ,  



T a b l e  21. . S e r i e s  A: , Exper imenta l  Values  of u and Lmf a t  Var ious  
Temperaturesand P r e s s u r e s  mf 

Equipment: ANL 6-in.-dia r e a c t o r  . 

Bed- Charge: .  Unsu l fa ted  f r e s h  do lomi te  

Run T emp P r e s s u r e  u AP Q u ' Lmf m f mf 
No. (OF) ( p s i 4  ( i n . )  ( f t l s e c )  ( p s i )  ( f t l s e ' c )  



which corresponds t o  a p re s su re  drop of 0.71 p s i  a t  minimum f l u i d i z a t i o n  of 
t h e  t o t a l  bed. Af t e r  completion of t h e  run,  t h e  bed was analyzed f o r  s i z e  
d i s t r i b u t i o n .  These r e s u l t s  a r e  given i n  p a r t  (b) of Table 20 and correspond 
t o  a mean p a r t i c l e  diameter  of 1122 pm. The o t h e r  cond i t i ons  r e l a t i n g  t o  t h i s  
experiment and t h e  computed r e s u l t s  a r e  given i n  Table 21. I n  run A9, f o r  
which t h e  ope ra t ing  cond i t i ons  were approximately t h e  same as i n  run 6 ,  both 
umf and were l a r g e r  th.an were found f o r  t h e  l a t t e r  run.  This  i s  a t t r i -  
bu t ed  t o  t h e  d i f f e r e n t  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  f o r  t h e  two cases ,  a con- 
d i t i o n  t h a t  may a l s o  b e  r e s p o n s i b l e  f o r  a smaller percentage of t h e  bed be ing  
f l u i d i z e d  and a g r e a t e r  s eg rega t ion  of t h e  bed m a t e r i a l  i n  run A9. Because 
about  t h e  same amount of material w a s  f l u i d i z e d  i n  both c a s e s ,  a l a r g e r  flow 
rate, i.e., a h ighe r  v e l o c i t y ,  f o r  run A9 should impiy a g r e a t e r  va lue  f o r  
voidage o r  Lmf s i n c e  t h e . e f f e c t i v e  c ros s - sec t iona l  a r e a  of t h e  r e a c t o r  w a s  . 
cons t an t .  Th i s  i s  confirmed by measurements of Lmf, which was about 10% 
l a r g e r  f o r  run  A9 than  f o r  run  A6. 

The d a t a  of Table 21 i n d i c a t e  only  t o  some e x t e n t  t h e  e a r l i e r  ~ b s e r v e d ' ~  
e f f e c t s  of temperature (70-800'~) and p r e s s u r e  (26-121 p s i a )  on %f. It had 
been observed15 and umf is probably almost cons t an t  i n  t h i s  temperature range 
a t  a cons tan t  p r e s s u r e  and t h a t  i t  decreases  a t  cons t an t  temperature as t h e  
p r e s s u r e  i n c r e a s e s .  The t h r e e  runs  (A4-A6) a t  65OF only weakly e x h i b i t  t h i s  
t r e n d ,  b u t  runs  A6' through A8, w i t h  only s l i g h t  v a r i a t i o n  i n  t h e  AP and Q 
v a l u e s ,  d i s p l a y  t h i s  q u a l i t a t i v e  dependence more c l e a r l y .  E t  should be  noted 
t h a t  t h e  t r ends  of 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  p a r t i a l  bed, urn£, and 
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  t o t a l  bed, u& wi th  r e spec t  t o  T and 
P a r e  t h e  same. The method adopted h e r e  f o r  t h e  de te rmina t ion  of is  
regarded  a s  v a l i d  when (1) t h e  bed is  composed of p a r t i c l e s  of r e l a t i v e l y  uni- 
from s i z e  and (2) on ly  a sma l l  amount of s eg rega t ion  t akes  p l a c e  i n  t h e  bed 
(S .<. 0.3) 

The r e a c t o r  was next  charged wi th  11.970 kg of f r e s h  dolomite  of a wide 
s i z e  range having t h e  d i s t r i b u t i o n  g iven  i n  Table 22. Af t e r  a s e r i e s  of 
e l even  runs  (B-1 through B-10) was completed, t h e  dolomite recovered from t h e  
bed weighed 10.699 kg. The t o t a l  l o s s  i n  t h e  bed was thus  10.9%. The va lues  
g iven  i n  Table 23 f o r  runs  B-1 and B-1A were computed on t h e  b a s i s  of t h e  
p r e s s u r e  drop, AP, 1.05 p s i  corresponding t o  t h e  i n i t i a l  bed weight.  For t h e  
remaining runs ,  va lues  of Q were determined on t h e  b a s i s  of t h e  p re s su re  drop 
0.935 p s i  corresponding t o  t h e  r e s i d u a l  amount of dolomite i n  t h e  bed. The 
o p e r a t i o n a l  cond i t i ons  f o r  t h e  e leven  runs  a r e  given i n  columns two and t h r e e  
of Table 23, whi le  t h e  computed va lues  of Lm ( a t  AP of column s i x )  a r e  given 
I n  column tou r  and t h e  Q and I& va lues  a r e  f i s t e d  i n  columsn seven and e i g h t ,  
r e s p e c t i v e l y .  Some of t h e  s a l i e n t  f e a t u r e s  of t h e s e  d a t a  a r e  d iscussed  below. 

I n  run E 1, f l u i d i z a t i o n  s f  t h e  p a r t i a l  Led was observed f o r  AY - 0.00 p s i ,  
corresponding t o  umf of 1 .88 f t / s e c  (Run B-IA). A s  t h e  f l u i d i z i n g  a i r  v e l o c i t y  
w a s  i nc reased ,  t h e  p r e s s u r e  drop e x h i b i t e d  a s t e p  i n c r e a s e ,  and f l u i d i z a t i o n  of 
t h e  t o t a l  bed occured a t  Gf = 2.25 f t / s e c  f o r  AP = 1.05 p s i .  Since p a r t i c l e  
s i z e  a n a l y s i s  revea led  t h a t  t h e  sma l l e r  p a r t i c l e s  had been e l u t r i a t e d  dur ing  
runs  B - l  and B-IA, t h e  bed f o r  subsequent  runs  (B-2 through B-10) was regarded 
a s  c o n s t i t u t e d o f  p a r t i c l e s  of a r e l a t i v e l y  n a r r o w ' s i z e  range.  This  i s  a l s o  
t h e  j u s t i f i c a t i o n  f o r  u s ing  AP = 0 .935 . in  computing t h e  f a c t o r  r ep re sen t ing  
t h e  degree  of s e g r e g a t i o n  i n  t h e  f l u i d i z e d  bed. It should be  noted t h a t  %f 

- a n d  Gf decrease  i n  va lue  a s  t h e  p r e s s u r e  i n c r e a s e s ,  i n  conformity wi th  e a r l i e r  



Table 22. Particle Size Distribution of Fresh Unsulfated Dolomite 
Before and After the Runs of Series B 

US Sieve Series Size Range Weight Fraction in the Range 

No.. (am> Before - .. After.' 

Average Particle Diameter, pm 444 



Table 23 .  S e r i e s  B: Experimental  Values of u and Lmf a t  Various 
'Temperatures and P re s su re s  mf 

Equiprent :  _4NL 6-in .-dia r e a c t o r  
Bed Charge: Unsulfated f r e s h  dolomite  

Run Temp P re s su re  u AP Q u C  
m f  mf 

No. (OF) ( p s i a )  ( in.)  ( f  t . / sec)  ( p s i 1  ( f t l s e c )  



measurements. In contradiction to the earlier observations, however, results 
for these runs also indicate that umf increases with.temperature at a fixed 
pressure. This related.to the magn.itude of the fluidization factor, Q, and 
such trends may be quite ~ronounced for beds where the factor is much smaller 
than unity. We.thus infer that the temperature and pressure dependencies of 
umf also depend on the.factor Q of segregated fluidized beds. 

Quality of Fluidization of a Segregated Bed 

Various criteria developed for testing the quality of fluidization will. 
now be briefly referred to and examined in the context of our experimental 
data. It was pointed out in an earlier report15 that the simple criteria 
developed on the concept of interparticle forces in the vicinity of bubbles 
in terms of dimensionless groups, such as the Froude number16 and other 
groups 7 1 7 7  l 8  are of only limited utility in their present form for predicting 
the quality of fluidization of systems composed of multisize nonspherical 
particles such as those studied here.  eld dart'^ has reviewed some of the 
other criteria suggested to distinguish between bubbling (aggregative or 
heterogeneous) fluidization and nonbubbling (particulate or homogeneous) 
fluidization. Verloop and ~ e e r t j e s ~ ~  developed a criterion by considering 
bed elasticity and the occurrence of shock waves to distinguish between 
bubbling and nonbubbling fluidized.beds. This has been commented upon further 
by creasy21 and Geldard. l9 creasy21 modified it for a particle Reynolds number 
of less than 2, but   el dart l9 found that the criterion is poor in making pre- 
dictions for gas-solid fluidization. ~ i e t e m a ~ ~  suggests on the basis of 
measurements of the angle of repose that particles with a wide size distribution 
exhibit greater elasticity than do the systems of narrow particle size range. 
Verloop and ~eertj es2 have shown that if the experiments and their inter- 
pretation ar carried out with care, experimentally determined values of minimun 
fludization velocity by either the angle of repose or the pressure drop'method 
are about the same. It has been pointed out that the pressure drop method 
needs special care if reliable data is to be ~ b t a i n e d . ~ ~ , ~ ~  

  el dart's'^ criterion, developed for a large range of particles, is. 
directly applicable to our data. He classified the behavior of solids 
fluidized by gases into four different groups-characterized by density dif-. 
ference (ps - p ) and average particle size, dp. Our experiments come close g 
t o  h i s  category R, which includes particles in the average size and density 
ranges: 40 um < dSv < 500 um, 4 g/cm3 >' ps > 1.4 g/cm3. Here, dsv is the 
surface/volume diameter of the particle. Such particle systems, when fluidized, 
start bubbling at or only slightly above minimum fluidization velocity. The 
following relationship is found on the basis of experimental data. 19 

Here the constant Km has the units of frequency ( e .9 .  , sec-') and %s equal to 
100 when the superficial velocity of gas at minimum bubbling condition, Um, 
is in cm/sec and dsv is in cm. Combining the above relation with the minimum 
fluidization velocity expression given by Davies and Richardson, 26   el dart ' 
established the lower limit for group B powders. As can be observed-by 
referring to Fig. 3 of Geldart's paper19 for ps - , p g  _ 2.75 g/cm3, particle 



systems having a mean p a r t i c l e  s i z e ,  dsv, i n  t h e  range 80-600 pm w i l l  l i e  i n  
ca tegory  B and w i l l  b e  homogeneously f l u i d i z e d ,  wi th  bubbles  appearing a t  o r  
n e a r  t h e  minimum f l u i d i z a t i o n  v e l o c i t y .  P a r t i c l e s  of l a r g e r  s i z e  f a l l  i n  
group D ,  and t h e s e  can form s t a b l e  spouted bed. It would appear  t h a t  our  
f i r s t  s e r i e s  of experiments  (Runs 2 through 8) and those  of S e r i e s  A and B 
a r e  i n  accord wi th  t h e  c r i t e r i o n  of ~ e l d a r t l ~  f o r  smooth ( o r  t o t a l )  f l u i d i -  
z a t i o n .  It may b e  r e c a l l e d  t h a t  i n  S e r i e s  A and B experiments ,  because of 
s eg rega t ion ,  t h e  average d iameters  of t h e  p a r t i c l e s  f l u i d i z e d  i n  p a r t i a l l y  
f l u i d i z e d  beds a r e  much sma l l e r  t han  those  l i s t e d  i n  Tables  20 and 22. Fur- 
t h e r ,  our  p a r t i c l e  d iameters  a r e  based on s c r e e n  ana lyses  and, i f  converted 
t o  dsv, a r e  i n  Fhe range 80 t o  600 pm. 

Rowe, Nienow, and ~ ~ b i m ~ ~  have exper imenta l ly  examined t h e  mechanism by 
which mixtures  of s m a l l  (and/or  l i g h t )  and l a r g e  (and/or  heavy) p a r t i c l e s  
become segrega ted  when f l u i d i z e d  i n  e i t h e r  a two-dimensional bed o r  a c y l i n d r i -  
c a l  bed. The systems examined c o n s i s t e d  of b ina ry  combinations of near- 
s p h e r i c a l  p a r t i c l e s .  The d e n s i t y  d i f f e r e n c e s  induce seg rega t ion  much more 
e f f e c t i v e l y  than  do t h e  s i z e  d i f f e r e n c e s .  However, t h e  d i f f e r e n t  mechanisms 
t h a t  b r i n g  about  p a r t i c l e  mixing o r  s eg rega t ion  a r e  a l l  found t n  h e  a.s.sociated 
w i t h  bubbles .  These au tho r s  i n v e s t i g a t e d  t h e  s i z e  e f f e c t  i n  a two-dimensional 
bed wirh a 10% l a y e r  of l a r g e  p a r t i c l e s  (642 11m) arrange-d on the  top  of smal l  
p a r t i c l e s  (96 pm). Such a bed was found t o  begin .  f l u i d i z a t i o n  from th.e bottom, 
suppor t ing  a q u a s i s t a b l e  i n e r t  bed above i t ,  which col.l+asped; l a r g e  p a r t i c l e s  
t hen  f e l l  through bubbles  a t  an  a i r  v e l o c i t y  w e l l  below t h e i r  own f l u i d i z a t i o n  
v e l o c i t y .  The l a r g e  p a r t i c l e s  t hus  became p r e f e r e n t i a l l y  c o l l e c t e d  a t  t h e  
bottom and a c t e d  roughly as a porous d i s t r i b u t o r .  A l a r g e  propor t ion  of the 
l a r g e  p a r t i c l e s  w a s  found t o  be d i s t r i b u t e d  throughout t h e  bed, even a t  a 
v e l o c i t y  only one-fourth of t h e i r  minimum f l u i d i z a t i o n  v e l o c i t y .  

I n  t h e  l i g h t  of  t h e  above comments and t h e  r e s u l t s  of t h e  t h r e e  s e r i e s  of 
experiments w i t h  dolomite  p a r t i c l e s  of wide s i z e  ranges ,  some in fe rences  may 
b e  drawn f o r  systems composed of m u l t i s i z e  p a r t i c l e s .  Good mixing and f l u i d i -  
z a t i o n w e r e  found15 i n  t h e  f i r s t  s e r i e s  of experiments ( ~ u n s  2 through 81, i n  
which t h e  p a r t i c l e  s i z e  ranged mainly from 88 t o  1410 pm, wi th  one o r  two per- 
c e n t  of t h e  p a r t i c l e s  having s i z e s  above 1410 pm (U.S. Sieve 14) and below 
1 7 7  pm (U.S. S ieve  170) .  It thus  appears  t h a t  nonsphe r i ca l  dolomite  p a r t i c l e s  
of a wide s i z e  range,  a s  employed i n  our  experiments descr ibed  h e r e ,  mix and 
d i s p e r s e  w e l l  i n  t h e  f l u i d i z e d  s t a t e .  Probably,  t h e  cont inuous s i z e  d i s t r i -  
b u t i o n  i s  a f avo rab le  f e a t u r e  i n  comparison t o  d i s c r e t e  d i s t r i b u t i o n  (even when 
t h e  s i z e  may vary  by an  o r d e r  of magnitude) t o  b r i n g  about  f a i r l y  1.1nifor-m mixing 
accord ing  t o  t h e  mechanism observed by Rowe e t  UZ. 2 7  and r e f e r r e d  t o  above. 
When s i z e  range is  f u r t h e r  increased  a s  i n  t h e  S e r i e s  A (88-2000 pm) and S e r i e s  
B (44-2000 pm) experiments ,  r e l a t i v e l y  poor mixing i s  observed, and p a r t i a l  
s e g r e g a t i o n  occurs  a t  a i r  flow v e l o c i t i e s  where about 80-90% of t h e  bed m a t e r i a l  

* is  f l u i d i z e d .  

F l u i d i z a t i o n  of ' the p a r t i a l  bed w a s  also  ohse-rved by ~ n o w l t o n ~ ~  f o r  s e v e r a l  
bed m a t e r i a l s ;  p r imar i ly  c o a l  and coal-derived m a t e r i a l s ,  having a wide p a r t i c l e -  
s i z e '  d i s t r i b u t i o n  (74-2000 pm). These experiments were conducted i n  a cy l in-  
d r i c a l  column (with a 11.5-in. i n t e r n a l  diameter  and about a 40-in. packed-bed 
h e i g h t )  a t  ambient temperature over  a p re s su re  range of 15-1000 p s i a .  I t  was 
found t h a t  approximately one-third o r  less of t h e  bed was f l u i d i z e d  a t  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  p a r t j a l  bed while  t h e  remainder of t h e '  



bed was stagnant. At a higher gas velocity, the total bed was fluidized; this 
is referred to as the complete fluidization velocity by,Knowlton. 28 The mini- 
mum fluidization velocity for the partial bed was about 67 to 75 percent of 
the minimum fluidization velocity for the total bed. No segregation details 
of the bed in relation to the particle sizes are given by ~nowlton. 28 

Jolly and ~ o i ~ ~ ~  have examined the vast amovnt of published data on 
pressure drop in fluidized beds and have found that the fluidization factor, 
Q, varies between the limits 0.45 and 1.78. They have summarized reasons that 
can explain this large variation'in the factor, which implies that the observed 
AP does not equal the buoyant weight of the entire bed per unit area. The 
maldistribution of bed material is primarily responsible for the factor Q being 
smaller than unity. They also found29 that- the diameter of the fluidized-bed 
reactor definitely influences the observed pressure drop values. Q is less 
than unity for bed diameters of 6 in. and larger. The influence of particle 
size on AP for such large-diameter beds is relatively insignificant. Our 
experiments were performed in'the ANL 6-in.-dia fluidized-bed reactor, and the 
average particle diameter for the three series of experiments ranged from 444 
to 1177 pm. Results of ANL work on a dolomite bed composed of particles of a 
'wide size range suggest that the bed in a 6-in.-dia reactor can be entirely 
fluidized if the bed comprises particles within a range of about 88-1410 pm 
(average partir.1.e diameter, 704 l~rn), resulti-ng in Q = 1. Only a limited 
number of the investigations critically examined by Jolly and ~ o i ~ ~ ~  indicate 
fluidization of the entire bed, and none of these studies has been performed. 
with particles of mean size greater than about 600 pm. Thus, the present 
Argonne work further extends the range"for the particle size in a 6-in.-dia 
combustor for which pressure drop data have been reported and demonstrates 
that in a carefully designed reactor, fluidization of the entire bed of larger 
particles than studied before is possible. The present experiments also 
suggest that particle size influences the detailed mechanism of fluidization, 
even in.a 6-in.-dia reactor. For example, when a larger size range (44-2000 
pm) was used for the particles, partial segregation of the bed occurred at low 
flow velocities , only a part of the bed .was iluidized , and Q values ranged 
between 0.66 and 0.92. 

Experiments of Rowe, Nienow, and ~ ~ b i m ~ ~  (referred to above) shed light 
on the mechanism of segregation in a fluidized bed of a wide range of particle 
sizes. These workers 9 have performed additional experiments and have 
presented30 a simple quantitative theory for segregation of particles in a 
binary system in terms of a mixing index, M. It is defined such that its 
value is zero for a bed that is completely segregated about a horizontal plane 
and is unity for a completely mixed bed. They suggest that 

x' = f[u ..- u -115 
mf (F) (d~'dS) 

Here x' is the proportion of jetsam (the material that tends to sink, i.e., 
larger particles) in the upper part of the bed, u is the superficial gas 
velocity, ~ ~ f ( ~ )  is the minimum fluidization velocity of the flotsam (the 
smaller particles that tend to float), and dB and dS are the diameters of 
the larger and smaller particles, respectively. They could not determine 
th.e nature of the fi~nction, f, i.n Eq. 5. 



Two findings from the work of Rowe e t  aZ. 30 31 are of special importance 
in the fluidization of particles of varying sizes but having the same density. 
First, the velocity of the fluidizing gas is very important in mixing parLicles 
of different sizes in the fluidized bed; the extent of mixing depends on the 
excess of the fluidizing-gas velocity over the minimum fluidization velocity 
of the material forming the upper part of the bed. Secondly, they found that 
the presence of a small amount of fines in a bed of coarser particles lowers 
the umf very significantly, but that the addition of a large amount of coarse 
particles to a,bed of fines produces very little effect. Thus, if the fines 
are elutriated during an experimental run, the fluidization characteristics 
may undergo severe changes in terms of urn£ and the segregation behavior of . 
the bed. 

Wen and ~u~~ found that in a bed of particles of two sizes and the same 
density, uniform fluidizatfon takes place with very little particle strati- 
fication if the ratio of the particle diameters is less than 1.3. We have 
found in our experiments that in a multisize particle system (88-1410 um) 
where the ratio of largest to smallest particles was about 16 or less, homo- 
geneous single-layer fluidization occurred at minimum ,fluidization of the 
total bed. The presence of small particles in the bed probably contributed 
significantly to the observed uniform fluidization, according to the mechanism 
suggested by Rowe e t  az.  30 and referred to above. The conjecture concerning 
the role played by small particles during fluidization is backed by our 
experimentation inasmuch as about four to five times greater velocities than 
were actually used for multisize particle beds would be required for fluidi- 

. . 
zation of a bed that consisted only of particles of the largest size of 

' 

appreciable proportion in the bed (1410 um). , 

Wen and ~u~~ found that if the particle diameter ratio is greater than 
1.3 in a binary system, bed separation into two layers occurs. We have 
observed such a phenomenon in two multisize particle systems investigated 
by us and described above. The ratio of the smallest to the largest particle 
diameter was about 23 in series A experiments and about twice that in series 
B experiments. In our experiments, we observed partial fluidization of the 
bed, with about 10 to 15 percent of the bcd remaining unfluidizcd in series 
A and a still larger proportion in series B experiments. Apparently, the behavior 
behavior of fluidized beds of multisize particles differs quantitatively from 
that observed27, 0'32 with simple, fluidized beds of spherical particles of 
two sizes. On the basis of the coal combustion experiments performed at ANL 
on this 6-in.dia fluidized-bed reactor with fluidizing-gas velocities of 
2-3 ftlsec, it appears that a bed such as those employed in series A and B 
experiments will also be entirely fluidized at some higher flow rates. The 
prediction of minimum fluidizing velocities for such beds does not appear to 
be simple. At present, we propose the procedure based on Fig. 25 for its 
estimation. Useful information could be obtained by performing experiments 
in a fluidized bed which could be visually observed. 
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