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SUMMARY 

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

The 6-in.-dia,  p re s su r i zed ,  f luidized-bed combustor was r e tu rned  
t o  s e r v i c e  whi le  work t o  provide a n c i l l a r y  components f o r  a  s e p a r a t e  
r egene ra t ion  system cont inued.  Severa l  unsuccessfu l  a t tempts  were made 
t o  complete combustion experiment LIG-2, i n  which Glenharold l i g n i t e  
c o a l  was burned i n  an i n e r t  f l u i d i z e d  bed of alumina, The purpose 
of t h i s  experiment was t o  examine 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 ,  which has  a  h igh  calcium con ten t .  Most of t h e  ope ra t ing  
problems were minor and were r e l a t e d  t o  r e t u r n i n g  t h e  combustor t o  
operati .ng s t a t u s  a f t e r  i t  had been out  of ope ra t ion  f o r  a  long period 
of t ime. The most s e r i o u s  problem involved t h e  r u p t u r e  of an i n t e r n a l  
cool ing  c o i l .  Examination.of t h e  c o i l  i nd i ca t ed  t h a t  t h e  c o i l  had been 
burned th rough  a t  a  po in t  $14 i n .  above t h e  coa l  feed p o i n t .  The 
48-in.-high s tandpipe  had a l s o  been burned o f f  a t  about t h e  same l e v e l .  
Corrosion d i d  no t  appear t o  be a  f a c t o r  i n  e i t h e r  f a i l u r e ,  F a i l u r e  
was probably caused by h igh ly  i n t e n s e  and l o c a l i z e d  hot  s p o t s  r e s u l t i n g  
from poor f l u i d i z a t i o n ,  a s  evidenced by e r r a t i c  AP measurements of 
bed d e n s i t y  and t o t a l  bed p r e s s u r e  drop and e r r a t i c  temperature 
measurements and p r o f i l e s .  The c o i l  and s t andp ipe  were rep laced .  

Fur ther  a t tempts  a t  completing experiment LIG-2 were de fe r r ed  and 
four  combustion experiments (PSI-ser ies )  were completed t o  measure t h e  
eIIects 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 c  on combustor response 
v a r i a b l e s  such a s  s u l f u r  r e t e n t i o n  and NOx emissions.  Arkwright c o a l  
wi th  mass-mean p a r t i c l e  s i z e  l e v e l s  of $150 pm and $740 um and Tymochtee 
dolomite  w i th  mass-mean p a r t i c l e  s i z e  l e v e l s  of $370 u m  and $740 um 
were used i n  t h e  s e r i e s  of experiments (22 f a c t o r i a l  des ign ) .  The 
experiments were performed a t  843OC (1550°F), 8  atm, and $17% excess  
combustion a i r .  The c a l c u l a t e d  gas v e l o c i t y ,  designed t o  be  1.07 m/sec 
(3.5 f t / s e c ) ,  ranged from 0.73 to .  0.94 m/sec. P o s s i b l e  explana t ions  f o r  t h e  
incongruously low measured gas v e l o c i t i e s  a r e  (1)  unusual ly  poor combustion 
e f f i c i e n c i e s  o r  (2) unmeasured a i r  l e a k s  through t h e  p e r i p h e r a l - s e a l s  on t h e  
r o t a r y  va lve  c o a l  f eede r  i n t o  t h e  c o a l  t r a n s p o r t  air  l i n e .  

. . . . .  . . 

The l e v e l  of SO2 i n  t h e  e f f l u e n t  gas  ranged from a  low of 160 ppm 
(%93% s u l f u r  r e t e n t i o n )  i n  experiment PSI-3 ( f i n e  c o a l ,  f i n e  a d d i t i v e )  
t o  240 ppm (%89% s u l f u r  r e t e n t i o n )  i n  experiment PSI-4 ( f i n e  c o a l ,  coa r se  
a d d i t i v e ) .  The r e s u l t s  i n d i c a t e  a  s l i g h t  i n c r e a s e  i n  s u l f u r  r e t e n t i o n  
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 .  No s i g n i f i c a n t  e f f e c t  of c o a l  
p a r t i c l e  s i z e  on s u l f u r  r e t e n t i o n  w a s  observed. 

. .. 

No n o t i c e a b l e  e f f e c t  of c o a l  o r  a d d i t i v e  p a r t i c l e  s i z e  on NO l e v e l s  
i n  t h e  f l u e  gas (120 t o  150 ppm) was observed. Using a  r e c e n t l y  obtained 
chemiluminescence ana lyzr . r ,  NOx levels  of 160 t o  210 ppm were racorded.  
NO2 l e v e l s  (NOx l e v e l  - NO l e v e l )  were $40 t o  $60 ppm, which a r e  
cons iderably  h igher  than  t h e  a n t i c i p a t e d  NO2 l e v e l s  of 5  t o  10 ppm. 



Following t h e  completion of t h e  PSI-ser ies  of experiments ,  an  
a d d i t i o n a l  a t tempt  t o  complete experiment LIG-2 was unsuccess fu l ly  ended 
when t h e  c o a l  f eed  l i n e  plugged. Subsequently,  a  c rack  was discovered 
a t  t h e  h a i r p i n  s e c t i o n  of one of t h e  i n t e r n a l  coo l ing  c o i l s .  Th i s  
damaged s e c t i o n  w i l l  be  examined t o  determine t h e  cause of t h e  f a i l u r e .  u 

One-Step Regenerat ion of Addit ive 

Seve ra l  pre l iminary  r educ t ive  decomposition (one-step) r egene ra t ion  v 

t e s t s  have been performed i n  t h e  3-in.-dia u n i t ,  u s ing  p a r t i a l  combustion 
of c o a l  t o  supply  h e a t  and reducing gases .  The major c o n s t r a i n t  f o r  
t h e  e x i s t i n g  r e g e n e r a t o r ,  which w a s  n o t  designed f o r  c o a l  f eed ing ,  has  
been found t o  be i t s  sma l l  i n t e r n a l  diameter .  The volume of a i r  r equ i r ed  / 

f o r  t r a n s p o r t i n g  c o a l  i n t ~  t h e  f l u i d i z e d  bed was g r e a t e r  than  50% of t h e  
t o t a l  f l u i d i z i n g  gas  i n  t h e  r egene ra to r .  The t r a n s p o r t  a i r ' j e t t i n g  i n t o  
t h e  bed probably caused poor f l u i d i z a t i o n  of the  pa r t i . c l e s ,  A t h inne r  
r e f r a c t o r y  l i n i n g  h a s  been c a s t  i n  t h e  & x i s t i n g  r e g e n e r a t o r ,  en l a rg ing  
.the TD co 4.29 iil. (10.8 cm). This  should .improve f ' l u i d i z a t i o n  

Su l f a t ed  l imes tone  obtained from Pope, Evans, and Robbins (Test  620) 
was regenera ted  du r ing  t h e  p a r t i a l  combustion.of e i t h e r  B r i t i s h  c o a l  
(Welbeck) o r  Arkwright coa l .  During a  r e l a t i v e l y  smooth ope ra t ing  
segment of one t c s t  (1-hr du ra t ion )  with We:l.bec.k c o a l ,  a SO2 concen- 
t r a t i o n  of 2.92 I n  t h e  wet e f f l u e n t  gas  was reached. Bed temperature 
excurs ions ,  followed by p a r t i a l  agglomeration of t h e  s u l f a t e d  l imestone 
bed, terminated t h i s  experiment and some of t h e  o t h e r  coal-burning t e s t  
experiments.  Because none of t h e s e  test experiments reached a  s t eady  
s t a t e ,  no chemical ana lyses  of t h e  products  were made. 

S u l f a t i o n  and Regenerat ion of Supported Addi t ives  

Calcium oxide impregnated i r l  u-A1703 i s  being i n v e s t i g a t e d  as an 
a l t e r n a t i v e  t o  dolomite  and l imes tone  a s  an  a d d i t i v e  f o r  lowering the 
s u l f u r  d iox ide  l e v e l  i n  t h e  of f -gas  from f luidized-bed c o a l  combustors. 
I n  t h i s  program, t h e  c a p a b i l i t y  of t h e  supported calcium oxide  t o  r e a c t  
w i th  s u l f u r  d iox ide  and of t h e  r e s u l t i n g  calcium s u l f a t e  t o  be re -  
genera ted  is being s t u d i e d  exper imenta l ly ,  us ing  thermogravimetr ic  
ana1.ysj.s. 

The a-alumina p e l l e t s  con ta in ing  6.6% calcium oxide by weight were 
s u l f a t e d  a t  900°C, u s ing  concen t r a t ions  of s u l f u r  d iox ide  i n  t h e  gas 
s t ream ranging from 0.05-3%. Calcium u t i l i z a t i o n s  ranged from 74 t o  
90%, and t h e  t ime f o r  t h e  r e a c t i o n  t n  en t n  rnmpletion ranged from 4 t o  
10 h r .  

The oxygen concen t r a t ion  i n  t h e  gas  phase had only  a  smal l  e f f e c t  
on t h e  s u l f a t i o n  r a t e  when oxygen w a s  p re sen t  i n  s t o i c h i o m e t r i c  excess .  
However, when s u l f u r  d ioxide  was i n  excess ,  t h e  r a t e  was f i r s t  o rde r  
i n  oxygen concen t r a t ion .  



The s u l f a t i o n  r a t e  of t h e  p e l l e t s  increased  wi th  temperature up t o  
900°C, where i t  became independent of temperature.  Above 900°C, t h e  
r e a c t i o n  i s  probably d i f f u s i o n  con t ro l l ed .  

Tymochtee dolomite  and calcium oxide i n  a-alumina p e l l e t s  were 
s u l f a t e d  under s i m i l a r  experimental  cond i t i ons  t o  a l low comparison. The 
calcium oxide i n  a-alumina p e l l e t s  was 95% s u l f a t e d  i n  6  h r  a t  900°C, 
u s ing  0.3% s u l f u r  d ioxide  and excess  oxygen, whi le  t h e  dolomite w a s  
on ly  60% s u l f a t e d  i n  19 h r .  However, t h e  dolomite contained four  t imes 
a s  much calcium a s  t h e  p e l l e t s  d i d .  

Su l f a t ed  p e l l e t s  were regenera ted  us ing  v a r i o u s  reducing gases  (CO, 
H 2 ,  and CH4). I n  each c a s e ,  t h e  r e a c t i o n  was 0.8 o rde r  i n  reducing gas 
concent ra t ion .  The r a t e  was t h e  same f o r  hydrogen and methane and t h e  
r a t e  f o r  carbon monoxide was one t h i r d  t h e  former r a t e .  The a d d i t i o n  
of carbon d iox ide  (15% o r  more) t o  t h e  reducing gas lowered t h e  regen- 
e r a t i o n  r a t e  due t o  t h e  r e a c t i o n  of carbon d iox ide  wi th  hydrogen t o  form 
carbon monoxide. Comparison of o t h e r  d a t a  showed t h a t  dolomite  was 
regenera ted  a t  a s l i g h t l y  lower r a t e  than  was t h e  supported a d d i t i v e ;  
moreover, t h e  product of t h e  r e a c t i o n  when dolomite  was regenera ted  was 
50% Ca0-50% CaS and no t  100% CaO a s  w i th  t h e  supported a d d i t i v e .  

Ten c y c l i c  su l f a t ion - regene ra t ion  r e a c t i o n s  were performed on 
p e l l e t s .  A s u b s t a n t i a l  decrease  i n  s u l f a t i o n  r a t e  was found dur ing  t h e  
second cyc le .  The s u l f a t i o n  r a t e  increased  wi th  each succeeding cyc le  
up t o  cyc le  7 ,  where t h e  r a t e  became e s s e n t i a l l y  cons t an t .  The r a t e  of 
r egene ra t ion  was t h e  same i n  each c y c l e  i n  which t h e  same concent ra t ion  
of hydrogen was used. 

Su l fu r  Emission Control  Chemistry 

Resu l t s  a r e  presented  on s o l i d - s o l i d  r egene ra t ion  by r e a c t i o n  of 
CaS and CaS04. Yei lds  of CaO a s  high a s  68% a r e  r epo r t ed .  The r e s u l t s  
a l s o  suggest  t h a t  h igher  y i e l d s  of CaO occur  when t h e  CaS content  of 
t h e  dolomite s tones  i s  i n  excess  of t h e  s t o i c h i o m e t r i c  requirement f o r  
t h e  r e a c t i o n .  

In  o t h e r  wofk, two experiments have been performed i n  which spent  
dolomite a d d i t i v e  from a  combustion experiment was r eac t ed  wi th  CaS a t  
1025OC whi le  t h e  e f f l u e n t  gas  s t ream was monitored: t h e  r e s u l t a n t  s o l i d  
products  a l s o  were analyzed. I n  one experiment (CAS-10) i n  which 
una l t e r ed  (only p a r t i a l l y  ca l c ined )  s u l f a t e d  'dolomite was used. t h e  
r e a c t i o n  d id  no t  proceed we l l .  However, i n  t h e  o t h e r  experiment 
(CAS-12), a  gas  s t ream con ta in ing  10.5% SO2 was observed dur ing  r e a c t i o n  
of f u l l y  ca l c ined  dolomite p a r t i c l e s  w i th  CaS. I n  a d d i t i o n ,  pre l iminary  
e s t ima te s  of  product composition from the CAS-12 experiment i n d i c a t e  
t h a t  t h e  r e a c t i o n  went t o  a t  l e a s t  50% completinn. 

Specula t ion  a s  t o  t h e  r e a c t i o n  mechanism i s  a l s o  presented .  A 
p o s s i b l e  explana t ion  i s  t h a t  t h e  CaS removes t h e  oxygen generated by 
decomposition of CaSO4, promoting t h e  decomposition r e a c t i o n .  

, 



Coal Combustion Reac t ions  

The Determinat ion of Inorganic  Cons t i t uen t s  i n  t h e  Ef f luen t  Gas 
from Coal Combustion. Some chemical elements c a r r i e d  by combustion gas 
a r e  known t o  cause  seve re  meta l  cor ros ion .  The purpose of t h i s  s tudy  
i s  t o  determine q u a n t i t a t i v e l y  which elements a r e  p re sen t  i n  t h e  ho t  
combustion g a s  of c o a l ,  i n  e i t h e r  v o l a t i l e  o r  p a r t i c u l a t e  form, and t o  
d i f f e r e n t i a t e  between v o l a t i l e  and p a r t i c u l a t e  spec i e s .  The i d e n t i -  

. f i c a t i o n  of t h e  compound form and amount of p a r t i c u l a t e  s p e c i e s  and t h e  
de te rmina t ion  of t h e  amount and form of condensable s p e c i e s  a r e  of 
i n t e r e s t .  

The d e t a i l e d  des ign  and t h e  engineer ing  drawing of t h e  labora tory-  
s c a l e  ba tch  u n i t  combustor have been completed. A work p r o j e c t  f o r  con- 
s t r u c t i o n  has  been s e t  up, and t h e  f a b r i c a t i o n  s p e c i f i c a t i o n  of t h e  
combustor h a s  been w r i t t e n .  A design/preli .mi.nary s a f e t y  review of t h i s  
combustor i s  be ing  arranged.  

I n s t a l l a t i o n  of t h e  induct ion  h e a t i n g  u n i t  i s  cont inuing .  About 
95% of t h e  e l e c r r i c a l  work has  been done. 

Systematic  Study of t h e  V o l a t i l i t y  of Trace Elements i n  Coal. 
Knowledge of t h e  vapor i za t ion  characteristics of t r a c e  elements i n  c o a l  - 
and t h e  r a t e  of t h e i r  v o l a t i l i z a t i o n  is important  f o r  conlbzned cyc le  
t u r b i n e  ope ra t ion .  The o b j e c t i v e  of t h i s  s tudy  is t o  ob ta in  d a t a  on t h e  
v o l a t i l i t y  of t h e s e  elements  under p r a c t i c a l  c o a l  combustion and gas i -  
f  i c a t  i o n  cond i t i ons .  

Work has  been completed on t h e  e l e c t r i c i t y  and water  s u p p l i e s  f o r  
t h e  experimental  equipment. S e t t i n g  up of t h e  experimental  appara tus  
is i inder w a y -  

P r o p e r t i e s  of a  Dolomite Bed of a  Range of P a r t i c l e  S i zes  and Shapes a t  
. . .- 

Minimum Ff uid iza t  ion 

E a r l i e r  r epo r t ed  d a t a  from a  s e r i e s  of seven f l u i d i z a t i o n  expe r iy  
ments wi th  p a r t i a l l y  s u l f a t e d  dolomite  have been reexamined, and an 
improved c o r r e l a t i o n  has  been presented  i n  t h e  form of Ergtm's cor- 
r e l a t i o n .  The c o r r e l a t i o n  of Wen and Yu ( s u i t a b l y  modified) has  been 
t e s t e d  and found t o  b e  l e s s  a c c u r a t e  than  Ergun's c o r r e l a t i o n  f o r  
purposes of p r e d i c t i n g  minimum f l u i d i z a t i o n  v e l o c i t i e s  a s  a  func t ion  
of temperature and p re s su re .  

The minimum f l u i d i z a t i o n  a i r  v e l o c i t i e s  f o r  a  f r e s h  unreacted 
dolomite  bed of a  known p a r t i c l e - s i z e  d i s t r i b u t i o n  over a  range of 
temperature and p r e s s u r e  cond i t i ons  were determined. These were cor- 
r e l a t e d  on t h e  b a s i s  of t h e  Ergun r e l a t i o n .  Severa l  o t h e r  r e l a t i o n s  
developed f o r  p r e d i c t i n g  minimum f l u i d i z a t i o n  v e l o c i t i e s  were c r i t i c a l l y  
examined on t h e  b a s i s  of c u r r e n t  experimental  d a t a .  



Separation of Combustion and Regeneration Systems 

As originally installed, the pressurized, fluidized-bed combustor 
and the regenerator utilized several components in common. Due to the 
dual function of these components, the two units could not be operated 
simultaneously.. Modifications, as well as installation of additional 
equipment, were undertaken to physically separate the two units and 
permit concurrent investigations of the combustion process and the 
regeneration process. 

Alterations to the combustion system equipment were completed and 
the system was returned to service. Installation of the new regeneration 
system is near completion. Preliminary testing of the new system is in 
progress. The status of the items required to complete installation of 
the new system is presented. 



INTRODUCTION 

I n  t h i s  program, funded by t h e  Energy Research and Development 
Adminis t ra t ion  and t h e  Environmental P r o t e c t i o n  Agency, f luidized-bed 
combustion i s  be ing  s tud ied  a s  a method of removing from t h e  gas phase 
n e a r l y  a l l  a tmospheric  p o l l u t a n t s  ( s u l f u r  and n i t rogen  compounds) 
genera ted  du r ing  t h e  combustion of f o s s i l  f u e l s .  The concept involves  
burn ing  of f u e l s  such a s  c o a l  i n  a f l u i d i z e d  bed of p a r t i c u l a t e  l ime 
s o l i d s  t h a t  r e a c t  w i t h  t h e  s u l f u r  ,compound formed dur ing  c o a l  combustion. 
I n  another  s t e p ,  t h e  s u l f a t e d  l i m e  i s  regenera ted  f o r  r e u s e  i n  t h e  
combustor. 

This  q u a r t e r l y  r e p o r t  p r e s e n t s  in format ion  on p re s su r i zed ,  
. . . . . , . . . . .. . . 

31Gid%zed-bed combustion experiments intended t o  measure (1) the  e f f e c t  
of calcium i n  t h e  c o a l  minera l  ma t t e r  on s u l f u r  r e t e n t i o n  by combusting 
a high-calcium l i g n i t e  c o a l  i n  an i n e r t  f l u i d i z e d  bed of' alumina, and 
( 2 )  t h e  e f f e c t s  of c o a l  and a d d i t i v c  p a r t i c l e  s i z e s  on s u l f u r  r e t e n t i o n  
and NO, emissions.  R e s u l t s  of pre l iminary  r egene ra t ion  experiments 
c o n s i s t i n g  of i n  situ combustion of c o a l  i n  t h e  3-in.-dia r egene ra to r  
a r e  descr ibed .  S tud ie s  on t h e  s u l f a t i o n  and r egene ra t ion  of supported 

. . 
a d d i t i v e s ,  t h e  chemistry of s u l f u r  emission c o n t r o l ,  c o a l  combustion 
r e a c t i o n s ,  p r o p e r t i e s  of a dolomite bed of a range of p a r t i c l e  size.s 
and shapes a t  minimum f l u i d i z a t i o n ,  and s e p a r a t i o n  of t h e  combustion 
and r egene ra t ion  systems a r e  a l s o  d iscussed .  

BENCH-SCALE, PRESSURIZED, FLUIDIZED-BED 
COMBUSTION EXPERIMENTS 

'The 6-in.-dia,  p r e s s u r i z e d ,  f lu id ized-bed  combustor was returned 
t o  s e r v i c e  wh i i e  work t o  s e p a r a t e  t h e  combustion and r egene ra t ion  systems 
(d iscussed  i n  a fo l lowing  s e c t i o n  of t h i s  r e p o r t )  cont inued.  Reported 
he re  a r e  (1) a t t empt s  t o  examine 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 l g -  
n i t e  a s h  t h a t  has  a h igh  calcium content  by combusting Glenharuld l l g n i t e  
c o a l  i n  an i n e r t  f l u i d i z e d  bed of alumina and (2 )  t h e  pre l iminary  r e s u l t s  
of f o u r  combustion experiments (us ing  Arkwright c o a l  and Tymochtee dolo- 
mi te )  t o  measure 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  on re-  
sponse variables such as Sn2 r ~ r n m r a l ~  Nnx emissions, and aombuotion 
e f f i c i e n c y  ( t h e  l a t t e r  n o t  r epo r t ed  h e r e ) ,  

Equipment 

The major i t ems  01 the ANL bench-scale equipment a r e  c o a l  and addi-  
t i v e  f e e d e r s ,  a p rehea te r  f o r  t h e  f l u i d i z i n g  gas ,  a 6-in.-din f l u i d i z e d -  
bed combustor, a 3-in.-dia r egene ra to r ,  cyclones and f i l t e r s ,  and gas 
sampling and ana lyz ing  equipment. The combustor and r egene ra to r  a r e  
designed f o r  ope ra t ion  a t  p re s su re s  up t o  10  atm. The temperatures  of 
t h e  combustor and r egene ra to r  a r e  c o n t r o l l e d  by e l e c t r i c a l  h e a t e r s  and 
coo l ing  c o i l s .  The gas  alla1ysi.s system provides  on-lfne measurement of 
t h e  f l u e  gas components SO2, NO, NOxy CH4,  C02 and 02 on a cont inuous 
b a s i s .  The system i s  thoroughly instrumented and i s  equipped wi th  an 
automatic  data- logging system. 



Coal and a d d i t i v e  a r e  conveyed pneumatical ly  from t h e  f e e d e r s  t o  
t h e  bottom of t h e  combustor. A nominally cons tan t  bed l e v e l  of 36 i n .  
is maintained i n  t h e  combust.or by use  of an overflow p ipe .  

Combustion of L i g n i t e  i n  a F lu id ized  Bed of Alumina 

Experiment LIG-2 was designed t o  d u p l i c a t e  a l l  ope ra t ing  cond i t i ons  
but  one of a previous combustion experiment,  LIG-1. Combustion i n  LIG-1 
had been c a r r i e d  out i n  a f l u i d i z e d  bed of Tymochtee dolomite  wfth a 1.1 
ca/S mole feed  r a t i o  whereas LIG-2 w a s  t o  be c a r r i e d  out  i n  a f l u i d i z e d  
bed of alumina. 

Su l fu r  r e t e n t i o n  f o r  LIG-1  had been 85%, which corresponded t o  an 
emission of %0.2 l b  so2/106 Btu. It has.  been proposed, however, t h a t  
s u l f u r  i s  r e t a i n e d  i n  t h e  ash  when l i g n i t e  is  burned, even a t  combustion 
t e m p e r a t ~ ~ r e s  a s  high as 1200°C (2200°F).1 I f  t h e  c o a l  calcium is  in -  
cluded i n  t h e  Ca/S mole r a t i o  f o r  experiment LIG-1 ,  t h e  e f f e c t i v e  Ca/S 
mole r a t i o  could p o t e n t i a l l y  be  3.0.  The r e s u l t s  of LIG-2 a r e  expected 
t o  i n d i c a t e  t h e  r e l a t i v e  e f f e c t i v e n e s s  of t h e  calcium i n  t h e  a d d i t i v e  
and t h e  calcium i n  t h e  ash .  

Severa l  unsuccessfu l  a t tempts  were made t o  complete combustion ex- 
periment LIG-2. Most of t h e  problems encountered were r e l a t i v e l y  mtnor 
and were, r e l a t e d  t o  r e t u r n i n g  t h e  combustor t o  s e r v i c e  a f t e r  i t  had 
been ou t  of' ope ra t ion  f o r  an extended per iod  o f  t jme whi le  r egene ra t ion  
experiments were performed. The most s e r i o u s  problem involved t h e  
r u p t u r e  of an i n t e r n a l  cuol ing  c o i l .  Examination.of t h e  c o i l  i nd i ca t ed  
t h a t  t h e  c o i l  had been burned through a t  a po in t  ~ 1 4  i n .  above t h e  c o a l  
feed  p o i n t ,  which i s  2 i n .  above t h e  gas  d i s t r i b u t o r .  The 48-in.-high 
s tandpipe  (an overflow p ipe)  had a l s o  been burned o f f  a t  about t h e  same 
l eve l . ,  Pre l iminary  examinations of t h e  burn-through a r e a s  gave no ind i -  
c a t i o n s  t h a t  co r ros ion  was a f a c t o r  i n  t h e  tube  f a i l u r e s .  The probable 
cause of f a i l u r e  was l o c a l i z e d  hot  s p o t s  caused by poor f l u i d i z a t i o n ,  
a s  evidenced by e r r a t i c  AP measurements of bed d e n s i t y  and t o t a l  p re s su re  
drop a c r o s s  t h e  bed. Measured temperatures  were a l s o  e r r a t i c ,  i n d i c a t i n g  
poor f l u i d i z a t i o n .  Severa l  l a r g e  agglomerates of alumina and ash were 
recovered from t h e  combustor , , a  f u r t h e r  i n d i c a t i o n  of poor f l u i d i z a t i o n  
r e s u l t i n g  i n  l o c a l i z e d  ho t  s p o t s .  

Attempts a t  completing experiment LIG-2 were temporar i ly  de fe r r ed  
u n t i l  a f t e r  t h e  completion of t h e  p a r t i c l e  s i z e  experiments (PSI-ser . ies ) ,  
t h e  p r e l i m i n a r y - r e s u l t s  of which a r e  presented  below. 

An a d d i t i o n a l  a t tempt  was subsequent ly made t o  complete experiment 
LIG-2. The at tempt  w a s  unsuccessfu l  because t h e  c o a l  feed  l i n e  plugged, 
Following shutdown of t h e  combustor, a c r ack  was discovered i n  t h e  ha i r ,  
p i n  s e c t i o n  of one of t h e  i n t e r n a l  cool ing  c o i l s .  The a f f e c t e d  c o i l  has  
been removed from t h e  combustor and t h e  damaged s e c t i o n  of t h e  c o i l  w i l l  
,be examined t o  determine t h e  cause of f a i l u r e .  



Effects of Coal and Additive Particle -Sizes 

Four combustion experiments (PSI-series) were completed to measure 
the effects of coal and additive particle sizes on combustor response 
variables such as sulfur retention and NOx emissions. The experiments 
were made in a 22 factorial design at two levels each of coal and ad- 
ditive mean particle sizes. Arkwright.coa1 with mass-mean particle 
size levels of Q150 pm (-50 mesh) and Q640 um (+50 mesh) and Tymochtee 
dolomite with mass-mean particle size levels of Q370 urn (-30+50 mesh) 
and ~ 7 4 0  um (-14+30 mesh) were used in the series of experiments. 

The as-received Arkwright coal was sieved at a 50-mesh breakpoint 
which resulted in approximately a 50-50 split by weight and a factor of 
Q4 difference in the mass~mean diameters of the two fractions. The 
Tymochtee dolomite size ranges also resulted in a 50-50 split by weight 
of the as-received material and a factor of %2 difference in the mass- 
ulean diameters Of the two fractions, The -50 mesh dolomite was r ~ r n n w d  
from the finer fraction of dolomite to reduce elutriation of bed 
material from the cnmhiistor. Sieve analycco of the coal ant1 *rlrlikive 
feed materials are given in Tables 1 and 2, respectively. 

Table 1.. Sieve Analyses of Arkwright Coal Size Fractions Used in 
PSI-Series of Combustion Experiments. 

Coarse Material 

U.S. Sieve No. % on Sieve - -- 
1.1 4 0.0 

-14 +20 15.2 
-20 +30 37.3 
-30 +45 37.2 
-45 +50 6.4 
-50 +80 3.8 
-80 0.0 

99.9 

Fine Material 

U.S. Sieve No. "/,n S i   re 

-30 4-45 2.4 
-45 +50 3 , 8  
-50 +80 27.1. 
-80 +I70 34.0 
-170 +230. 10.0 
-230 +325 10.0 
-325 12.6 

9 9 . 9  
- 

Mass-Mean TIi,ameter, d ~6110 pm m 
150 urn 

Surf ace-Mean Diameter, a m Q560 pm 78 urn 

The nominal operating conditions chosen for the series of experi-: 
ments were a bed temperature of 843°C (1550°F), 8 atm pressure,, %17% 
excess combustion air (3% 02 in dry flue gas), 1.07 m/sec (3.5 ft/sec) 
fluidizing-gas velority, and 0.9 m (3 ft) fluidized=Led.l~rlght. It ' ' 

should be indicated here, however, that the fluidizing-gas velocity is 
not a directly controlled operating variable. Rather, the conditions 



Table 2. Sieve Analyses of Tymochtee Dolomite S i ze  F rac t ions  
Used i n  PSI-Series of Combustion Experiments. 

Coarse Ma te r i a l  Fine Mate r i a l  

U.S. S ieve  No. % on Sieve U.S. S ieve  No. % on Sieve 

+14 0.0 -20 +30 1 . 5  
-14 +20 28.7 -30 +35 2.0 
-20 +25 18.6 -35 +45 51.6 
-25 +30 18.2 -45 +50 23.0 
-30 +35 12 .1  -50 +60 11.7 
-35 +45 19.6 -60 +80 7.0 
-45 2.8 -80 3.2 

100.0 100.0 

- 
Mass-Mean Diameter, d  um . Q740 

m ' ~ 3 7 0  

- 
Surface-Mean Diameter, d  pm ~ 6 2 0  ~ 3 2 0  

P ' 

of c o a l  feed  r a t e  ( i n  t h i s  ca se ,  12.8 kg/hr )  and oxygen l e v e l  i n  t h e  
f l u e  gas (3%) a r e  s p e c i f i e d  as opera tor -cont ro l led  v a r i a b l e s .  The 
design v e l o c i t y  of 1.07 m / s e c . t h e o r e t i c a l l y  d e r i v e s  from t h e  c o n t r o l l e d  
v a r i a b l e s  ( a t  l O O Z  combustion e f f i c i e n c y ) .  The va lue  of 1.07 m/sec w a s  ' 

s e l e c t e d  f o r ' t h i s  series of experiments t o  prevent  e l u t r i a t i o n  of l a r g e  
amounts of bed u ~ a t e i i a l ,  p a r t i c u l a r l y  i n  t h e  cxpcriments w i th  t h e  f i n e r  
s i z e  f r a c t i o n s  of dolomite.  The a c t u a l  ope ra t ing  c o n d i t i o n s  and f l u e  
gas ana lyses  f o r  t h e  fou r  combustion experiments a r e  summarized i n  
Table 3. The bed temperature and f l u e  gas a n a l y s i s  d a t a  f o r  t h e  four  
experiments a r e  p l o t t e d  i n  F igs .  1 t o  4. 

The l e v e l  of SO2 i n  t h e  f l u e  gas ranged from a low of 160 pprn i n  
experiment PSI-3 ( f i n e  c o a l ,  f i n e  a d d i t i v e )  t o  240 pprn i n  experiment 
PSI-4 ( f i n e  c o a l ,  coa r se  a d d i t i v e ) .  These correspond t o  s u l f u r  r e t e n t i o n s  
of Q93 and ~ 8 9 % ,  r e s p e c t i v e l y .  The observed l e v e l s  of SO2 f o r  t h e  fou r  
experiments (Table 3) i n d i c a t e  a  s l i g h t  i n c r e a s e  i n  s u l f u r  r e t e n t i o n  
when t h e  a d d i t i v e  p a r t i c l e  mass-mean diameter  i s  reduced from 740 pm t o  
370 pm. Su l fu r  r e t e n t i o n s  were 92 and 93% wi th  t h e  f i n e r  dolomite  
f r a c t i o n  (PSI-2 and -3) a s  compared wi th  90 and 89% wi th  t h e  c o a r s e r  
f r a c t i o n  (PSI-1R and -4).  

I n  terms of t h e  observed SO2 l e v e l s  f o r  t h e  PSI-ser ies  of combustion 
experiments,  t h e  e f f e c t s  of i n c r e a s i n g  t h e  a d d i t i v e  p a r t i c l e  s i z e  a t  t h e  
low and h igh  l e v e l s  of c o a l  p a r t i c l e  s i z e  were +80 pprn and +30 ppm, 
r e s p e c t i v e l y .  This  r e p r e s e n t s  an  average e f f e c t  of i nc reas ing  t h e  SO2 
l e v e l  i n  t h e  off-gas by 55 pprn (an average percent  i n c r e a s e  of 33%). 
S i m i l a r l y ,  t h e  e f f e c t s  of i n c r e a s i n g  t h e  c o a l  p a r t i c l e  s i z e  a t  t h e  low 
and high l e v e l s  of a d d i t i v e  p a r t i c l e  s i z e  were +20 and -30 ppm, r e s p e c t i v e l y .  
This  r e p r e s e n t s  an  average e f f e c t  of decreas ing  t h e  SO2 l e v e l  i n  t h e  off-gas 
by only 5  ppm, a n  i n s i g n i f i c a n t  amount. 



Table 3. Operating Conditions and Flue-Gss Analysis for PSI-SerTes of Zombustion Experiments 

Conbustor: XNL, 6-in. d<a Fluidized-Bed Height: 0.9 m (3 kt) 
Bed Temp: 843OC (1550°F) Excess A h - :  %I72 
Prsssure: I atm abs 

Arkwright Coal Tymochtee Dolomite 
Gas Avg Flue-Gas Composition. Dry Basis 

- a 
Exp. d~ 9 

Feed Rate, &,,a Feed F-ate, Ca/S Velocity, 02, S02, NO, NOx, CO, 
No. lJm kg,'hr Irm ke,/kr Mole Ratio m/sec % PPm PPm PPm PPm 

%ass mean particle diameter. 

b~nalyeer inoperative. . 
C 
Sulfur retention. 
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With the exception of the SO2 level of 240 pprn for experiment PSI-4 
(fine coal, coarse additive), the recorded SO2 levels for the PSI experi- 
ments are considerably lower than the SO2 levels that would be predicted 
using the correlation of SO2 levels based on the VAR-series of combustion 
experiments. The Arkwright coal used in the VAR-series experiments had 
a mass-mean diameter of 320 um (surface-mean diameter of 120 pm) and the 
Tymochtee dolomite a mass-mean diameter of 750 um (surface-mean diameter 
of 560 um). Thus, in terms of particle size, experiment PSI-4 corre-: 
sponds most closely with the VAR-series conditions (on the basis of 
surface-mean diameters). The remaining PSI-series experiments were 
performed using either finer additive and/or coarser coal as compared 
with the VAR-series experiments. This is in keeping with the effect 
indicated above of decreasing additive particle size reducing SO2 levels 
in the off-gas. While not demonstrated by the PSI-series experiments, 
there is in the comparison with the VAR-series experiments some indi- 
cation that increasing coal particle size may also reduce SO2 levels in 
the flue gas. An effect of coal particle size on SO2 levels may be in- 
directly related to an expected ef,fect of coal particle size on com- 
bustion efficiency (i.e., poorer combustion with larger coal particles 
release less SO2 and thereby result in apparently better sulfur 
retention). Further comment on this will be reserved until sufficient 
analytical work has been completed to determine combustion efficiencies 
for the PSI-experiments. 

In combustion experiments made previously at ANL at atmospheric 
pressure,3 no significant effect of additive particle size on sulfur 
retention was observed. The earlier experiments were done with Ill-inois 
No. 6 coal and limestone No 1359 having average particle sizes of 25 
and 100 um. Since the observed effect of additive particle size during 
the PSI-series of combustion experiments was quite small (an average 
difference of only 55 ppm SO2), it is not unreasonable to expect that 
the effect at even finer sizes of additive could become insignificant. 

The levels of NO were quite low for all four combustion experiments, 
ranging from 120 to 150 ppm. Thus, as expected, particle size does not 
appear to .affect NO emissions significantly. 

By use of a recently installed, on-line chemiluminescence analyzer, 
it was also possible to obtain values for total NOx emissions during the 
four combustion experiments. Values for NOx (see Table 3 )  ranged from 
160 to 210 ppm, indicating that NO2 levels (NOx level - NO level) were 
%40tto %60 ppm. These values of NO2 levels are considerably higher than 
the anticipated levels of 5 to 10 pym,2 

One aspect of the data reported in Table 3 that is incongruous with 
t l ~ r  design experimental conditions (and with past experience with the 
combustor) is the low gas velocities reported for the four combustion 
experiments. As indicated above, the design operating conditions for 
this series of experiments (consistent with a coal feed rate of 12.9 kglhr 
and 17% excess combustion air) was a gas velocity of 1.07 mlsec (3.5 
ftlsec). Measured gas velocities ranged from 0.73 m/sec for experiment 



PSI-3 t o  0.'94 m/sec f o r  experiments PSI-1R. Af te r  adjustment  f o r  v a r i -  
a t i o n s  from t h e  des ign  c o a l  feed  r a t e  of 12..9 k g l h r ,  t h e  measured 
v e l o c i t i e s  ranged from Q70 t o  ~ 8 0 % ~  r e s p e c t i v e l y ,  of t he . expec ted  
v e l o c i t i e s  of 1.02 . . t o . l . 1 7  . . m/sec. 

No explana t ion  has been found f o r  t h i s  discrepancy i n  t h e  d a t a ,  
a l though a t  l e a s t  two p o s s i b i l i t i e s  e x i s t .  One explana t ion  would be 
unusual ly  poor combustion e f f i c i e n c i e s  of 70 t o  80% (as  compared wi th  
90 t o  95% combustion e f f i c i e n c i e s  observed i n  t h e  VAR-series e x p e r i r  
ments).  S o l i d  samples from t h e  PSI-ser ies  a r e  be ing  analyzed f o r  t h e  
purpose of making m a t e r i a l  balance and combustion e f f i c i e n c y  c a l c u l a t i o n s  

, A second p o s s i b l e  explana t ion  p e r t a i n s  t o  t h e  r o t a r y  va lve  c o a l  
f eede r .  The r o t a r y  v a l v e - h a s  p e r i p h e r a l  s e a l s  t o  which an e x t e r n a l  a i r  
p r e s s u r e  i s  app l i ed  t h a t  i s  approximately equ iva l en t  t o  t h e  system 
p res su re .  During maintenance of t h e  va lve  f o l l ~ w i n g  c n m p l ~ t i n n  nf the 
s e r i e s  of experiments ,  it. was found that the p e r i p h e r a l  ~ c s l o  on tile 
c o a l  f eede r  were l eak ing  badly. It i s  thus  p o s s i b l e  t h a t  a l a r g e  sup- 
plemental  a i r  f low ( u n m ~ t e r e d )  was introduced through the  p e r i p h e r a l  . 
s e a l s  of t h e  r o t a r y  va lve  i n t o  t h e  f low of c o a l  t r a n s p o r t  a i r .  A r o t a -  
meter has  been i n s t a l l e d  t o  measure t h e  a i r  leakage r a t e .  

ONE-STEP REGENERATION OF ADDITIVE 

One'of t h e  r e sea rch  goa ls  a t  ANL i s  t o  develop a r egene ra t ion  
process  t h a t  w i l l  r egene ra t e  CaO from a d d i t i v e  t h a t  has  been s u l f a t e d  
dur ing  t h e  combustion of coa l .  A scheme r ece iv ing  a t t e n t i o n  i s  t h e  one- 
s t e p  r egene ra t ion  of s u l f a t e d  a d d i t i v e ,  wi th  in s i t u  combustion of c o a l  
gezlerattng the necessary  hea t  and reducing gases .  

The p re sen t  3-in.-ID (7.6-cm) r egene ra to r  and a n c i l l a r y  equipment 
were n o t  designed f o r  t h e  i n  sit7r combustion of coa l .  A ncw atmospheric 
p r e s s u r e  r egene ra to r  with a l a r g e r  Tn i~ being  c o n ~ t r u c t c d  t h a t  w i l l  be 
u t i l i z e d  a f t e r  t h e  i n i t i a l  phases of t h i s  one-step r egene ra t ion  program 
a r e  perfornled with t h e  e x i s t i n g  regenera tor .  

Pre l iminary  t e s t  experiments using the  in 87:kf;7~ comhiistion of coal 
i n  t h e  3-in.-ID (7.6-cm) r egene ra to r  have been performed t o  eva lua t e  
some of t h e  a n t i c i p a t e d  problems w i t h  t h i s  r egene ra t ion  scheme. Su l f a t ed  
Greer l imes tone  from Pope, Evans, and Robbins (PER), Tes t  620, was 
regenera ted .  The major c o n s t r a i n t  f o r  t h e  r egene ra to r  was t h a t  i t s  smal l  
i n t e r n a l  diameter  (7.6-cm) r e s t r i c t s  t h e  t o t a l  amount of f l u i d i z i n g  gas 
t h a t  could be  used. The pneumatic t r a n s p o r t  of coal  for feeding  i n t o  t h c  
r egene ra to r  r equ i r ed  a r e l a t i v e l y  I,a.rge. amount of t r a n s p o r t  a i r .  For 
example, dur ing  t h e  test experiments ,  w e l l  over  50% of t h e  f l u i d i z i n g  gas 
i n  t h e  r egene ra to r  w a s  c o a l  t r a n s p o r t  a i r .  This  l e d  t o  poor f l u i d i z a t i o n  
because t h e  t r a n s p o r t  a i r  j e t s  upwards i n t o  t h e  bed. 



In all, seven test experiments were attempted to test the coal com- 
bustion regeneration scheme. In attempts to reduce the coal transport 
air required, smaller particle size coal (British coal, -20 mesh) was 
used. However, bridging in the feed hopper resulted in noncontinuous 
feeding . 

During a smooth feeding segment of one of these tests at 1040°C 
(Coal Burn Test No. 3) with British coal (Welbeck coal) and with the PER 
sulfated additive fed at 6 lb/hr (%2.7 kg/hr), a SO2 flue gas (wet) 
concentration of 2.9% was obtained. The coal feed rate during this test 
was %4 lb/hr (%1.8 kg/hr); a large portion (%50%) of it did not burn and 
was recovered in the off-gas cyclone and filters. Temperature excursions 
followed by bed agglomeration caused termination of this and some of the 
other test experiments. 

The agglomerated sulfated limestone bed material was analyzed hy 
X-ray diffraction; merwinite, Ca3Mg(Si04)*, was found to be the major 
constituent. The melting point of this class of materials, which is 
near 1250°C, has not yet been measured. Similar material was found in 
agglomerated sulfated dolomite from the FAC-experiments. Further experi- 
ments using a DTA (differential thermal analyzer) are planned to find the 
agglomerating reaction temperature at different environmental conditions, 

Because the above test experiment (Coal Burn Test No. 3) and other 
attempted test experiments could not be completed, nu chemical analyses 
of the products were made. The British coal was initially chosen for 
these tests because of its high ash fusion temperature at reducing con- 
ditions (initial deformation temp, >llOO°C). Because of feeding problems 
with this -20 mesh coal, Arkwright coal (-14 mesh) was used in later tests 
to eliminate the bridging of coal in the hopper. 

The 3-in.-ID (7.6-cm) regenerator is presently being reworked. To 
allow recasting of the refractory lining, the inner 8-in.-dia (20.3-cm) 
pipe has been replaced with a new one. A thinner refractory liner has 
been cast, and the rebuilt regenerator will have an internal diameter of 
4.25 in. (10.8 cm). This will reduce the ratio of coal transport air to 
total fluidizing gas in future regeneration experiments. Also, new clam- 
shell type heaters have been insta2.J,.ed on, the outer wall of the 8-in.-dia 
(20.3-cm) pipe. The larger regenerator diameter should improve fluidi- 
zation in the regenerator. These modifications are not expected to be 
a total solution to bed temperature excursions and/or agglomeration of 
bed material. 

SULFATION AND REGENEEATTON 
OF SUPPORTED ADDITIVES 

A research program has been initiated to determine methods of sup- 
porting calcium oxide in a highly dispersed state in a matrix of a high- 
strength, inert material. Calcium oxide is probably more reactive in a 
dispersed state than is massive CaO; an inert support material would 



supply t h e  s t r e n g t h  needed t o  e l i m i n a t e  t h e  d e c r e p i t a t i o n  problem which 
probably occurs  w i t h  dolomite  and l imestone.  I n  t h i s  program, t h e  capa- 
b i l i t y  of calcium oxide supported on a-A1203 t o  r e a c t  wi th  s u l f u r  d ioxide  
and of t h e  r e s u l t i n g  CaS04 t o  be regenera ted  is  being s tud ied .  The 
equipment and procedures  a r e  descr ibed  i n  a  prev ious  r e p o r t .  4 

I n  t h i s  q u a r t e r l y  r e p o r t ,  k i n e t i c  d a t a  a r e  repor ted  on t h e  r a t e  of 
s u l f a t i o n  of 6.6% Ca0-aA1203 a s  a  func t ion  of temperature and of SO2 and 
02 concen t r a t ions  i n  t h e  gas phase. Also, a  comparison was made of t h e  
r a t e  of s u l f a t i o n  of t h e  p e l l e t s  w i th  t h a t  of Tymochtee dolomite.  
Modeling of t h e  k i n e t i c  d a t a  was i n i t i a t e d .  The r a t e  of r egene ra t ion  of 
t h e  s u l f a t e d  p e l l e t s  a t  llOO°C, us ing  v a r i o u s  reducing gases ,  was de t e r -  
mined. Also, t h e  e f f e c t  of C02 i n  t h e  reducing  gas on t h e  r egene ra t ion  
r a t e  of t h e  s u l f a t e d  p e l l e t s  was measured. Su l f a t ed  Tymochtee dolomite ' 

was regenera ted  t o  a l low comparison wi th  t h e  r egene ra t ion  r a t e  of s u l f a t e d  
p e l l e t s .  F i n a l l y ,  cyclic: su l f a t ion - regene ra t ion  experialents were per- 
f  o rnlod. 

E f f e c t  of SO? Concentrat ion on S u l f a t i o n  Rate a t  900°C .- 

S u l f a t i o n  experiments over a  SO2 gas concen t r a t ion  range of 0.05 t o  
3% a t  900°C were performed. P repa ra t ion  of t h e  gas mixtures  f o r  t h e s e  
r e a c t i o n s  r equ i r ed  t h e  blending of 02, SO2, and N2 t o  t h e  va r ious  spec i -  
f i e d  concent ra t ions .  Mass spec t rome t r i c  ana lyses  were performed on two 
blended gas samples t o  confirm t h e  concen t r a t ion  of each c o n s t i t u e n t .  
For gases  blended t o  (1) 0.3% SO2, 5% 02,  and t h e  ba lance  N2 and (2) 0.05% 
SO2, 5% 02 ,  and t h e  ba lance  N 2 ,  t h e  mass spec t rome t r i c  r e s u l t s  were i n  
good agreement; concen t r a t ions  were (1) 0.3% S02, 5.3% 02 and (2)  0.047% 
SO2, 5.2% 02, r e s p e c t i v e l y .  

The s u l f a t i o n  kinetic r e s u l t s  a r e  shown i n  Fig. 5  (an e a r l i e r  ve r s ion  
appeared a s  F ig .  20 of ANL/ES-CEN-~O~~),  where t h e  p e r o m t  conversion of 
C a U  i n  t h e  a-alumina p e l l e t s  t o  CaS04 i s  given a s  a f ~ l n c t i o n  of t ime and 
SO2 concen t r a t ion  i n  t h e  gas s t ream. The res1.lS.t~ a.ra based 011 t h e  aseump- 
t i o n  t h a t  t h e  CaO was completely su l . fa ted .  Samples have been submit ted 
f o r  wet chemical a n a l y s i s  t o  determine t h e  e x t e n t  of r e a c t i o n  i n  each 
experiment.  The t ime r equ i r ed  f o r  t h e  r e a c t i o n  t o  go t o  completion was 
4 t o  10  h r ,  depending on t h e  SO2 concen t r a t ion  i n  t h e  gas stream. Addi- 
t i v e  r e s idence  t imes w i i l  probably be seve ra , ,  horns i n  commercial f l u i d -  
i z e d  beds,  and t h e r e f o r e ,  t h e  r a t e  of s u l f a t i o n  appears  t o  b e  s u f f i c i e n t .  

The o rde r  of r e a c t i o n  a s  a  func t ion  of SO2 concen t r a t ion  i n  t h e  gas 
mixture  was found t~ be 0.7. T h i s  i s  i n  gsod agrccmcnt with tlic ~ e s u l ~ s  
of 0.76 r epor t ed  by Yang e t  aZ. They a l s o  repor ted  t h a t  t h e  r a t e  wns 
L ' i r s t  order i n  SU2 when H20 was p re sen t .  I n  some f u t u r e  experimevts ,  
water  w i l l  be added t o  t h e  s u l f a t i o n  gas t o  determine i t s  e f f e c t  on 
s u l f a t i o n  r a t e .  
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Fig. 5. Rate of Sulfation of 6.6% CaO in a-A1203 as a Function of the SO2 Gas 
Concentration at 900°C. In all runs, the gas contained 5% 02 and' the 
balance was nitrogen. 



Percent Sulfation of Supported Additive 

In Table 4, the calculated percent conversion of CaO to CaS04 is 
given for the seven sulfation experiments at 900°C and one experiment 
at 1000°C. The calculations were based on the assumption that the 
pellets contained 6.64 wt % CaO (obtained from weight gain during im- 
pregnation step) and on the experimental weight gain found from weighing 
the sample before and after each reaction. Since the calcium concentra- 
tion varies from sample to sample due to the nonhomogeneity of the pellets, 
wet chemical analysis will be required to help quantify the kinetic data. 

Table 4. Calculated Conversion of CaO to CaS04 at 900°C and 1000°C 

SO2 Gas Dura t i on Sulfa tion 
Temp, 'C Concentration, % Completeness, % 

4 hr 9 0 

5 hr 74 

.5 hr, 20 min 7 8 

6 hr, 30 min 8 5 

4 hr, 40 min 8 1 

7 hr 85 

10 hr, 10 min 74 

5 hr, 10 min 7 9 

Effect u f  Oxygen Concentration in the Feed Gas on Sulfation Rate at 900°C 
. . ~ . .-.- - ,- 

. Experiments have been performed to determine the effect of the O2 
concentration on the sulfation rate of pellets. Results for runs at 
900°C using 0.3% SO2 mixed with 5%, 0.5% or 26 ppm 02 (balance 
is nitrogen) are shown in Fig. 6. When oxygen is in excess, the rate 
is nearly independent of .oxygen concentration and is approximately 0.1 
order. However, when SO2 is in excess, the rate is first n r d e r  in oxygen 
Concentration. This is consistent with the assumption that SO2 reacts 
with O2 to form SO3 before reacting with CaO. 

SO3 + CaO + CaS04 

Effect of Temperature on Sulfation Rate -. .-.-..-. .- . ...- 

As shown in Fig. 7, the rate of sulfation increases with temperature 
up to 900°C, where it becomes independent of temperature (within experimental 
error). The results were reproducible for various C ~ O / S O ~  ratios and there- 



TIME, hr 

Fig. 6. Effect of Oxygen Concentration on the Rate of Sulfation 
of 6.6% CaO in a-A1203 at 900°C. Sulfating Gas Mixture; 
0.3% SO2 in N2 plus Indicated Concentration of 02. 

fore 'the sulfation rates were not SO2 limited. The independence of the rate 
at temperatures above 900"~ probably indicates that the reaction is dif,fusion 
controlled at and above that temperature. 

Comparison of Sulfation Rates of Tymochtee Dolomite and Supported Additive 

Tymodhtee dolomite was sulfated in the TGA unit at 900°c, using 0.3% 
SO2-5% 02' in N2, for comparison with the supported additive (Fig. 8). 
The information obtained will help in determining the relative effective- 
ness of the supported additive in reducing SO2 concentrations in the 
effluent gas from a fluidized-bed combustor. Sulfation of the supported 
additive was complete in 6 hr; sulfation of'the Tymochtee dolomite was 
approximately 60% complete in 19 hr. In an earlier EA-series experiment 
in the comb~stor,~ approximately 60% calcium utilization was obtained for 
Tymochtee dolomite in the fluidized bed, which is in good agreement with 
the calcium utilization obtained for dolomite in the TGA unit. 
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Fig. 7. Effect of Temperature on the Rate of Sulfation 
of 6.6% CaO in a-AI2O3 using 0.3% SO2-5% 02 

It must be remembered that the dnlnmite contafn~ clppro~rimatcly 
four times as much calcium as the pellets. Therefore, in 6 hr the 
dolomite utilized approximately 2.5 times the q ~ i a n t i t ~ r  of calcium 
utiliocd by the suppoeled additive. 

In an earlier VAR-series of combustion experiments, calcium 
utilization in dolomite in the fluidized bed ranged from 33 to 83% 
and was inversely proportional to the Ca/S ratio. The maximum calcium 
~~tilization (83%) was obtained with low Ca/S ratios in the VAR-series. 
By comparisul~, the TGA runs were performed with excess SO2 and there- 
fore low Ca/S ratios. However, calcium utilization was only 60% in the 
TGA runs. Thus, TGA results do not agree with results of the VAR experi- 
ments. Possibly, long residence times could account for the high calcium 
utilization results obtained in the fluidized bed. Also, H20 (which 
should increase the reaction rate) was absent from the TGA sulfation gas. 

Regeneration of Sulfated Pellets using Various Reducing Gases 

One-step regeneration studies are being performed on sulfated 
pellets using various gas compositions and temperatures. Regeneration 
experiments using COY H2, and CHq at llOO°C are complete. 
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Fig. 8. Comparison of t h e  Rates  of S u l f a t i o n  of Tymochtee Dolomite 
and 6.62 CaO i n  u-A1203. S u l f a t i o n  Gas Mixture: 0.3% SO2 
and 5% 02 i n  N 2 .  S u l f a t i o n  Temperature: 900°C 

The r egene ra t ion  r a t e s  a t  1100°C a s  a func t ion  of reducing gas 
concen t r a t ion  f o r  C O Y  H 2 ,  and CH4 a r e  given i n  Figs.  9 ,  10,  and 11, 
r e s p e c t i v e l y .  For each reducing gas,  t h e  percent  r educ t ion  of CaS04 
is  given a s  a func t ion  of t ime, f o r  reducing gas concen t r a t ions  ranging 
from 0.1% t o  6%. I n  each case ,  t h e  r e a c t i o n  i s  0.8 o rde r  i n  reducing 
gas concen t r a t ion ,  l e s s  t h a t  4 minutes be ing  r equ i r ed  f o r  complete 
r egene ra t ion  when us ing  a 6% reducing gas concent ra t ion .  X-ray d i f -  
f r a c t i o n  r e s u l t s  on t h e  regenera ted  p e l l e t s  showed t h a t  t h e  product was 
a mixture of Ca0-Al203 and Ca0-2A1203 and t h a t  no CaS o r  CaS04 was 
p r e s e n t .  However., when methane w a s  used a s  a r educ tan t ,  S M  a n a i g s i s  
'showed t r a c e  amounts of s u l f u r  were p re sen t  u s ing  a scanning e l e c t r o n  
micr'oscope . 

Data p l o t t e d  i n  Fig.  9-11 a r e  based on t h e  assumption of 100% 
regene ra t ion  of CaS04 t o  CaO. This  seems reasonable  on' t h e  b a s i s  of 
weight l o s s  information.  Table 5 p r e s e n t s  t h e  percent  r egene ra t ion  t h a t  
occurred f o r  each run ,  c a l c u l a t e d  from t h e  experimental  weight l o s s .  In  
t h e  r egene ra t ion  runs ,  t h e  experimental  weight l o s s  w a s  ob ta ined  by 
weighing t h e  sample be fo re  and a f t e r  each r e a c t i o n .  

A comparison of t h e  r a t e  of r egene ra t ion  of CaS04 i n  a-A1203 and 
i n  s u l f a t e d  dolomite us ing  CO,  H 2 ,  and CH4 i s  given f o r  a 1% reducing 
gas concen t r a t ion  i n  F ig .  12.  
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Fig .  9 .  . R a t e  of Regeneration of CaS04 i n  a-A1203.using Ind ica t ed  
Concentrat ions of Carbon Monoxide ( t h e  balance--nitrogen) 
a t  110O0C. 

'Phe r a t e s  of r egene ra t ion  when CHL and H2 were i i s ~ d  are e s s e n t i ~ l l y  
t h e  same, whi le  t h e  r egene ra t ion  r a t e  when CO was used i s  lower a t  each 
red,,icing gas concen t r a t ion .  Thermodynamically, t h e  decomposition of CH4 
t o  C and H2 i s  favored a t  llOO°C. Thcrefo ie ,  IL 1s thought t h a t  hydrogen 
i s  t h e  a c t u a l  r egene ra t ion  gas when CHI, i s  used,  and t h a t  t h e  decompo- 
s i t i o n  of CH4 i s  not  r a t e - l imi t ing .  Hence, t h e  same r a t e  of regenera t ion  
was obta ined  us ing  CH4 and H2. Fu r the r  evidence i n  suppor t  of t h i s  i dea  
was found when p e l l e t s  reduced wi th  methane, hydrogen, o r  carhnn mnnnxide 
Were sec t ioned  f o r  SEM a n a l y s i s .  The p e l l c t o  rcduccd w i t h  CTTq w e ~ e  black 
on t h e  i n t e r i o r  wh i l e  t h n s ~  regenel-aLed wi th  H2 o r  CU were white .  
Analys is  v e r i f i e d  t h a t  carbon depos i t i on  occurred when CHq was used. 

Analyses have shown t h a t  i f  1 ; 3  mg of C (from t h e  r educ t ion  of CHLt 
to C and H2) w a s  presen t  i n  each 35 mg p e l l e t ,  enough H2 would a l s o  be 
produced t o  reduce a l l  of t h e  CaS04 t o  CaO. Table 6 g ives  the quan t i t y  
of carbon found i n  t h e  p e l l e t s  a f t e r  r egene ra t ion  a t  va r ious  reducing 
gas concen t r a t ions .  The amount of carbon depos i t i on  i n  t h e  p e l l e t s  i s  
l e s s  t han  t h a t  needed t o  ob ta in  enough hydrogen f o r  complete r egene ra t ion  
of t h e  CaS04. However, carbon d e p o s i t i o n  might a l s o  have occurred 
throughout t h e  TGA u n i t ,  making a v a i l a b l e  t h e  r equ i r ed  amount of hydrogen 
f o r  r egene ra t ion .  
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Fig. 10. Rate of Regeneration of C a S Q  in a-A1203 using Indicat,ed Concentrations 

of Hydrogen (the balance nitrogen).at llOO°C. 
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Fig. 11. Rate of Regener~tion of CaS04 in a-AP203 using 1n;Iicated Concentrations 
of Mechane (the bzlance--nitrogen) a: llOOO@. 



Table 5. Calculated Regeneration of CaS04 to CaO 

Calculated Completeness of Regeneration, % 

Reducing 
Gas Cons!, % co HZ CH4 

Effect of COP in Reducing Gas on Regeneration Rate 
.---- - - -  . . 

The effect of C02 concentration in the reducing gas on the re- 
generatiqn rate of sulfated sorbent supported on a-A1203 is being studied. 
C~b9.n dioxide should decrease the rate due to the thermodynamically 
favorable .A.u. reaction of C02 with H2 to form H20 and CO. 

Fig-:. 12.- Cornpar-ison of the Rates of Regeneration of CaS04-a-A1203 
and 'Sulfated Dolomite, using 1% Methane, Hydrogen.,. or. 
Carbon.Monoxide at llOO°C 



Table 6. Carbon Content of P e l l e t s  a f t e r  Regeneration wi th  Methane 

Reducing Gas and i t s  
P e l l e t s  

Concent ra t ion  i n  
a  Experiment Carbon, ppm Carbon, mg/35 mg p e l l e t s  

a  
1 . 3  mg of C from t h e  r educ t ion  of CHI+ t o  H2 + C would be needed i n  
a 35-mg p e l l e t  t o  o b t a i n  enough H2 t o  reduce  a l l  CaS04 i n  t h e  p e l l e t  
t o  CaO. 

L+s r epo r t ed  above, when CO was used a s  t h e  reducing gas ,  t h e  r a t e  of 
r egene ra t ion  was approximately one- th i rd  t h a t  when hydrogen w a s  used.  
I n  r u n s  t o  examine t h e  e f f e c t  of C02 concen t r a t ion ,  t h e  r a t e  seemed 
t o  dec rease  only  when t h e  C02 concen t r a t ion  became l a r g e r  than  15% 
(Fig. 13 ) .  

Comparison of Regenerat ion Rates  of Su l f a t ed  P e l l e t s  and Su l f a t ed  
Tymochtee Dolomite 

I n  an  a t tempt  t o  gene ra t e  meaningful d a t a  a p p l i c a b l e  t o  p i l o t  p l a n t  
f lu id ized-bed  r egene ra t ion  experiments,  Tymochtee dolomite  t h a t  had been 
s u l f a t e d  i n  t h e  coa l - f i r ed ,  f luidized-bed combustor was reduced us ing  
CO, H 3 ,  and CHI, a t  3% and 1% concen t r a t ions  f o r  r.omparisnn wi th  regenera- 
t i o n  of  t h e  supported a d d i t i v e  p e l l e t s .  Data a r e  p l n t t ~ r l  i n  Fig. 14 f o r  
3% reducing  gas  concen t r a t ion .  T h e  dolomite  rnntained 10.1% S and was 
expected t o  l o s e  about t h r e e  t imes more s u l f u r  than  t h e  p e l l e t s  dur ing  
r egene ra t ions .  Also t h e  p e l l e t s  were approximately t h r e e  t imes l a r g e r  
than  t h e  dolomite p a r t i c l e s .  

The r egene ra t ion  r a t e s  f o r  d o l n m i t ~  were somewhat lower than thooc 
f o r  t h e  a d d i t i v e  p e l l e t s ;  t h e  decomposition r a t e  of CaS04 i n  t h e  dolomite  

' decreased r a p i d l y  nea r  t h e  end of t h e  r e a c t i o n .  This  decrease  i n  r a t e  
was n o t  observed f o r  t h e  p e l l e t s .  However, t h e  r e s idence  t imes i n  a  
r egene ra to r  would n o t  d i f f e r  s i g n i f i c a n t l y  f o r  dolomiie  o r  p e l l e t s .  

The major d i f f e r e n c e  was t h e  product  found a t  t h e  end of t h e  react i .on.  
As. s t a t e d  above, f o r  , the  p e l l e t s ,  t h e  products  were CaO-A1203 and 
Ca0' 2A1203 ; f o r  d.olomite, t h e  products  were CaO and CaS. ( I n  n e i t h e r  ca se  
was CaS04 found.) Wet chemical a n a l y s i s  w i l l  b e  used t o  quan t i fy  t h e  
amount of CaS i n  t h e  dolomite .  X-ray d i f f r a c t i o n  d a t a  i n d i c a t e  t h a t  CaS 
might c o n s t i t u t e  a s  much as 30-50% of t h e  product .  . 



Fig .  13. E f f e c t  of C02  Concentrat ion i n  t h e  Reducing Gas on t h e  Rate of 
Regeneration of Su l f a t ed  6.6% CaO i n  a-A1203 a t  1100°C. Re- 
genera t ion  Cas: 1% CO, 11 H 2 ,  1% CH4 i n  N2 + i -ndicated C02 

The SEM r e s u l t s  showed t h a t  most of t h e  s u l f u r  i n  t h e  dolomite  was 
near  t h e  s u r f a c e  of t h e  p a r t i c l e s .  This  is no t  s u r p r i s i n g  s i n c e  t h e s e  
p a r t i c l e s  were only 50% s u l f a t e d  i n  t h e  combustor be fo re  be ing  reduced 
i n  t h e  TGA, It should a l s o  be noted t h a t  both i r o n  and c h l o r i n e  were 
a l s o  found on t h e  dolomite su r f ace .  

Cycl ic  Sulfat ion-Regenerat ion S tud ie s  

Ten c y c l i c  su l f a t ion - regene ra t ion  r e a c t i o n s  were performed t o  
determine i f  any l o s s  i n  r e a c t i v i t y  would occur a s  a fuac r ion  of the 
number of cyc l e s .  Af t e r  each s u l f a t i o n  and r egene ra t ion  s t e p ,  one p e l l e t  
was removed f o r  a n a l y s i s .  The percent  calcium u t i l i z a t i o n  i n  s u l f a t i o n  
and t h e  pe rcen t  convers ion  of CaS04 t o  CaO .ddr ing  r egene ra t ion  of t h e  
s u l f a t e d  p e l l e t s  were c a l c u l a t e d  from t h e  ana lyses  and a r e  given i n  
Table 7. Over 93% calcium u t i l i z a t i o n  was~found  i n  a l l  c y c l e s  except  
t h e  i n i t i a l  s u l f a t i o n  cyc le .  . . 

. . 
. I n  F igs .  15  and 16 ,  t h e  r a t e s  of s u l f a t i o n  f o r  c y c l e s  1 t o  10 a r e  

given. The s u l f a t i o n  r a t e  f o r  c y c l e  2 was much lower than f o r  cyc l e  1. 
I n  fo l lowing  cyc le s ,  t h e  r a t e  increased  wi th  each c y c l e  up t o  cyc l e  7,  

'where t h e  r a t e s  became e s s e n t i a l l y  cons t an t .  The p e l l e t s , h a d  been hea t -  
t r e a t e d . a t  800°C dur ing  p repa ra t ion .  However, dur ing  r egene ra t ion  a t  



Fig .  14.  Coaparison of t h e  Rate  o f ~ ~ R e g e n e r a z i o n  of C~SC~L+, -U-A~~O~ and 
Su l f a t ed  Dolomite u s ing  3% CHq, H2, o r  CO a t  llDO°C 



Table 7. Completeness of Sulfation and Regeneration in 
Cyclic Experiment 

Sulf ation Regeneration 

Cycle Completenezs of Cycle Completeness of a 
Sulfation, % Regeneration, % 

a 
Calculations based on the assumption that the pellets originally 
contained G.6X CaO in a-alumina. The data in Figs. 15 and 16, in 
contrast, are based on the assumption that 100% of the material reacted. 

TIME, hr 

. . 
Fig. 15. Comparison of sulfation Rates in Various Cycles at 900°C, 

Using 6 . 6 2  CaO in a-Al2U3. Sulfation Gas Mixture: 3% 902, 
5% 02, in N2. 
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Fig. 16.  Comparison of S u l f a t i o n  Rotc i n  Various Cycles f o r  
6.62 C a O  i n  a-A1203 a t  300°C. S u l f a t i o n  Gas MixLu~e:  
3% SO2 und 5% O2 i n  N2 

1 1 0 0 ° ~ ,  d i f f e r e n t  calcium aluminates  were formed; i t  i s  thought t h a t  
t h i s  caused t h e  d i f f e r e n t  r a t e s  of s u l f a t i o n .  I n  t h e  f u t u r e ,  c y c l i c  
t e s t s  w i l l  be performed on p e l l e t s  t h a t  have f i r s t  been h e a t  t r e a t e d  
a t  llOO°C. 

I n  Fig. 1 7 ,  t h e  r a t e s  of r egene ra t ion  a r e  given f o r  cyc l e s  1 t o  10 
(no d a t a  were obta ined  f o r  cyc l e  9 ) .  P e l l e t s  i n  cyc l e s  1 t o  7 were 
reduced us ing  3% H2; i n  c y c l e s  8 ,  9 ,  and 10 they were reduced us ing  1% 
H2. The r a t e s  of r egene ra t ion  were s i m i l a r  f o r  cyc l e s  i n  which t h e  same 
concen t r a t ion  of hydrogen was used. 



Fig.  17. Comparison of Regenerat ion Rates  i n  Various Cycles f o r  6.6% 
Ca0-a-A1203 a t  llOO°C. Regeneration Gas Mixture: H2 i n  N2 

SULmTR EMISSION CONTROL CHEMISTRY 

Addi t iona l  r e s u l t s  a r e  presented  on t h e  s o l i d - s o l i d  r e a c t i o n  

3[CaS04'MgO] + [CaS-MgO] + 4[CaO.MgO] + 4S02 ( 1 ) .  

I n i t i a l  r e s u l t s  on t h e  . f e a s i b i l i t y  of t h i s  r egene ra t ion  method were given 
i n  a  prev ious  r e p o r t  . 4  The emphasis i n  t h e  e f f o r t s  be ing  repor ted  h e r e i n  . 
has  been twofold: ( a )  t o  i n v e s t i g a t e  t h e  n a t u r e  of t h e  e f f e c t s  caused 
by vary ing  the  composition of  t h e  s t a r t i n g  m a t e r i a l  f o r  t h e  s o l i d - s o l i d  
r e a c t i o n ,  and (b) t o  i n i t i a t e  a  s tudy  of t h e  c o r r e l a t i o n  between TGA re -  
s u l t s  and t h e  r e s u l t s  obtained from a p p l i c a t i o n  of t h e  e a r l i e r  r epo r t ed  
X-ray method. 

  he experimental  procedure'employed was a s  fo l lows:  A l a r g e  s tock  
supply. of s u l f a t e d  dolomite  No. 1337 w a s  prepared,  and s tones  from t h i s  . 
s t o c k  supply  were used i n  every experiment.  The s u l f a t e d  dolomite 
s t o c k  supply was prepared by ha l f - ca l c in ing  t h e  s t o n e  and subsequent ly 
s u l f a t i n g  i n  a 4% SO2, 5% 02 s imulated f l u e  gas mixture u n t i l  t h e  ga in ing  
of weight h a l t e d .  



The s t a r t i n g  m a t e r i a l s  f o r  experiments t o  s tudy  t h e  s o l i d - s o l i d  
r e a c t i o n ,  Eq. ( I ) ,  were always prepared under i d e n t i c a l  cond i t i ons ,  i.e., 
a l i q u o t s  of s u l f a t e d  dolomite  were reduced t o  t h e  d e s i r e d  extent;using 
a gas  mixture con ta in ing  3% H2 and t h e  ba lance  helium a t  a r e a c t i o n  
temperature of 880°C. S t a r t i n g  m a t e r i a l s  were prepared t h a t  had s u l f i d e  
concen t r a t ions  of 2 4 . t o  39% (by TGA a n a l y s i s ) .  

I n  a d d i t i o n ,  a l l  s u l f a t e - s u l f i d e  r e a c t i o n  experiments were performed 
under t h e  same cond i t i ons ,  i . e . ,  under 1-atm p a r t i a l  p re s su re  of helium 
a t  950°C. Most s u l f a t e - s u l f i d e  r e a c t i o n  experiments were run f o r  5 h r ,  
b u t  some were run ove rn igh t .  

X-ray d i f f r a c t i o n  ana lyses  were performed on samples of t h e  s t a r t i n g  
m a t e r i a l  and on samples o f t h e  products  of a l l  s u l f a t e - s u l f i d e  r e a c t i o n  

. "  
experiments .  I n  a l l  c a s e s ,  a l i q u o t s  of 30 t o  50 s t o n e s  were analyzed t o  
minimize sampling e r r o r  problems. 

The r e s u l t s  of t h e s e  experiments a r e  summarized i n  Table 8.  The 
f i r s t  column i d e n t i f i e s  t h e  experiment and t h e  sample analyzed by X-ray, 
and t h e  second column g ives  t h e  sample h i s t o r y .  The t h i r d  through t h e  
seventh  columns l i s t  TGA r e s u l t s .  The t h i r d  column g ives  t h e  percentage 
of t h e  a v a i l a b l e  m a t e r i a l  i n  t h e  s t o n e s  t h a t  has  been converted.  The 
f o u r t h ,  f i f t h ,  and s i x t h  columns g ive  t h e  compositions of t h e  samples a s  
percentages  of  maximum weights  p o s s i b l e  of CaO, CaS04, and CaS, respec- 
t i v e l y .  ("Maximum weights  poss ib le"  r e f e r s  t o  a pure s p e c i e s ,  e .  9.' , f o r  
t h e  f o u r t h  column, 100% CaO, wi th  no CaS04 o r  CaS). The seventh  column 
l ists  calcium m a t e r i a l  ba lances  a s  t o t a l  percentage of calcium spec ie s  
e x i s t i n g  i n  t h e  s tones .  The e igh th  through t h e  e l even th  columns l i s t  
X-ray d i f f r a c t i o n  r e s u l t s .  Columns e i g h t ,  n i n e ,  and t e n  g ive  t h e  compo- 
s i t i o n s  of t h e  samples a s  percentages  of t h e  maximum weights  p o s s i b l e  of 
Ca0,'CaS04, and CaS, r e s p e c t i v e l y .  The e leventh  column l ists  t h e  X-ray 
calcium s p e c i e s  m a t e r i a l  ba lances  a s  t o t a l  percentages  calcium e x i s t i n g  
i n  the  stones. 

Varying t h e  composition of t h e  s t a r t i n g  m a t e r i a l  f o r  t h e  s o l i d - s o l i d  
r e a c t i o n  had t h e  fo l lowing  e f f e c t s :  I n  a l l  c a ses ,  t h e  i n c r e a s e  i n  CaO 
concen t r a t ion  was s u b s t a n t i a l ,  t h a t  i s ,  i n  t h e  30 t o  60% range.  However, 
i t  i s  apparent  from columns 3 and 8 t h a t  .a s t a r t i n g  material con ta in ing  
g r e a t e r  than 25% s u l f i d e  ( t h e  s to ich iometry  of E q ;  (1) i n d i c a t e s  t h a t  
25% s u l f i d e  is  r equ i r ed )  i s  necessary  t o  approach h ighe r  y i e l d s  ( i . e . ,  
consumption of most of t h e  CaS04 and CaS be fo re  t h e  r e a c t i o n  s t o p s ) .  For 
example, i n  experiment 11, i n  which t h e  s t a r t i n g  m a t e r i a l  contained 25% 
of t h e  CaS form, t h e  CaS was completely 'consumed and a s u b s t a n t i a l  amount 
of CaS04 remained when r e a c t i o n  ceased. From t h e s e  pre l iminary  r e s ~ ~ l t . ~ ,  
it  i s  be l i eved  necessary  t h a t  a s t a r t i n g  m a t e r i a l  con ta in  ahh1.1t 35% of 
t h e  reduced form t o  f o r c e  t h e  s o l i d - s o l i d  r e a c t i o n  toward completion a t  
a r e a c t i o n  temperature of 950°C. Continued i n v e s t i g a t i o n  is  planned t o  
de te rmine  i f  t h e  r e a c t i o n  w i l l  go t o  completion and t o  ga in  an under-' 
s t and ing  of why 0verreductj:on is  necessary.  



Table 8.  Summary of TG! and X-Ray Resul ts  f o r  Solid-Solid Reaction Experiments a t  950°C 

TGA Resu l t s  X-ray D i f f r a c t i o n  Resu l t s  
Experiment Avai lable  Fercent;of Percent of Percent of Total  Percent of Percent of Percent  of Tota l  

Number - m a t e r i a l  maximum maximum maximum Ca maximum maximum maximum Ca 
Sample Sample converted, weight of weight of weight of % weight of weight of weight of % 
:dumber History % CEO poss ib le  CaS04 poss ib le  CaS poss ib le  CaO poss ib le  CaSOb poss ib le  CaS p o s s i b l e  

[ Stock 92% 15 8 5 0 100 11 . 64 4 79 
Mater ia l  s u l f a t e d  

L I - A  P a r t i a l  25% 15 6 4 2 1 100 13 6 2 -- b 
75 

Reduction reduced 

KI-B a  a  a  a  -- -- -- -- Sulfaze-sulf  ide  --a 40 4 2 
. b -- 83 

r e a c t i o n ,  5  h r  

a  a  a  a  -- -- E I-c Sulfaze-sulf  ide  --a -- -- 58 21 - - b 
79 

r e a c t i o n ,  over- 
nigh t 

1 1 1 - A  P a r t i a l  32% 15 5 8 2 7 100 12 6 6 10 8 8 
Reduction reduced 

1 1 1 - B  
a  a  a  a  -- -- -- Sul fa te -su l f ide  --a 5 8 12 7 7 7 

r e a c t i o n ,  5  h r  

IV-A P a r t i s l  36% 15 5 4 31 100 15 58 20 9 3 
Reduction reduced 

a  a  a  a  -- -- -- -- IV-B Su l fa te - su l f ide  --a 4 3 19 -- b 6 2 
r e a c t i o n ,  5  h r  

V-A P a r t i a l  36% 15 5 4 3 1 100 15 58 16 8 9 
Reduction reduced 

a  a  a  a  -- -- -- -- V-B Sulf  aze-sulf ide --a 6 8 7 4 79 
r e a c t i o n ,  over- 
n i g h t  

V I - A  P a r t i a l  40% 1 5  5 1 34 100 10 5 7 2 1 88 
Reduct ion  reduced 

a  a  a  a  -- -- -- -- VI-B' Su l fa te - su l f  i d e  --a 49 14 13 76 
r e a c t i o n ,  5  h r  

a ~ u e  t o  t h e  manner i n  which these  experiments were performed, i t  was not poss ib le  t o  monitor s u l f a t e - s u l f i d e  r e a c t i o n  progress  
from TGA weight changes. 

b ~ s ~  l i n e s  i n  X-ray were e i t h e r  not d e t e c t a b l e  o r ,  when d e t e c t a b l e ,  were not in tense  enough t o  measure. 



The following observations refer to'correlations between TGA and X- 
X-ray results. (Unfortunately, due to the manner in which these experi- 
ments were performed, quantitative comparison of TGA and X-ray results is 
possible only for reduction reaction. In the future, it is planned to 
design experiments to allow comparison of the two types of results. for 
the solid-solid reaction.) 

Comparison of TGA and X-ray.results for the reduced stones (Table 8, 
columns 4 and 8 and col.umns 5 and 9) in each of the experiments suggests 
that the two methods are generally in agreement. The agreement for the 
amounts of CaO and CaS04 in the samples is extremely good. However, the 
agreement for the amount of CaS present is not as good as might be hoped; 
in each case, the X-ray result is lower than the TGA result. In addition, 
the X-ray method yields a poor material balance, as indicated by the 
values in the eleventh col.umn in Table 8, which a.re a.l.ways less than 
100%. Ariy of a number of factors might lead to experimental errors that 
could cause the lack of agreement: (a) the use of peak heights instead 
of integrated intensities, (b) the presence of amorphous materi.al,s, and 
( c j  complete masking of the usable CaS lines by the CaS04 lines, leading 
to substantial error in the CaS estimates. The use of a diffractometer 
to obtain line intensity measurements should greatly reduce the errors 
ca~lsed by factors (a) and (c). 

The MgO has been used as a reference standard. However, it has been 
observed that a line shift is sometimes present at large scattering 
angles. This can occur when a solid solution of an unknown material 
exists in the MgO phase. The net result can be to modify the MgO line 
intensities to some extent. It has also been. observed that the 004 
and 040 line combination of CaS04 is, for some reason, generally weaker 
than expected. All of these factors have an effect on accuracy. 

Tho additional experiments were performed to study the feasi- 
bility of the reaction between calcium sulfate and calcium sulfide as 
a viable regeneration scheme. In these experiments, partially calcined 
sulfated dolomite particles (experiment CAS-10) and fully calcined sul- 
fated dolomite particles (experiment CAS-12), both from the VAR-7 
combustion experiment performed previously in the ANL 6-in.-dia, fluidized 
bed combustor, were reacted with a stoichiometric excess of CaS. 

The experiments were performed by packing a mixture of %90 g o f  
suirated dolomite' (34.8% CaS04) and Q23 g of CaS into a quartz reactor 
tube and heating to 1025OC (1877OF1, A stream a f  n i t r n g e n  gas prn~~irlpd 
a neutral atmosphere, as well as the purge medium,. During the heatup 
p e r i o d  ( 'b4 hr) and after temperature stabilization, the off-gas was 
monitored continuously for SO2 content, using an infrared analyzer. Off- 
gas samples were also taken at various times for analysis with a mass 
spectrulneter to check analyzer accuracy and to determine what other 
constituents were in the gas stream. X-ray diffraction analysis was 
used to determine the composition of the product solids. Table 9 lists 
the reactants, reaction times, major products, amounts of SO2 produced, 
and estimates of the completeness of reaction. 



Table 9 .  React ion of Calcium S u l f a t e  wi th  Calcium S u l f i d e  i n  
Experiments CAS-10 and CAS-12 

Reaction Completeness, %, 
Max Conc Based on 

of SO2 CaO 
i n  t h e  W t  Loss T o t a l  Prod. 

Exp . Reaction Major Off-gas, due t o  SO2 (Gas (Sol id  
No. Reactants  Time Products  % SO2 Prod. a n a l y s i s )  a n a l y s i s )  

- - 

CAS-10 p a r t i a l l y  $7 hra  C02,S02 1.1 <2 < 5 <5 
ca l c ined  
s u l f a t e d  
dolomite 
(93.8 g ) ;  
CaS (23.2 g)  

CAS-12 f u l l y  $43 h r c  S02,Ca0 10.5 
ca l c ined  
s u l f a t e d  
dolomite 
(89.2 g ) ;  
CaS(23.2 g) 

a  
Terminated a f t e r  t h i s  t i m e  because SO2 concen t r a t ion  rcmaincd a t  0.1% 
f o r . $ 5  h r  a f t e r  t h e  peak l e v e l  of 1.1% was reached. 

b ~ e a t e d  i n  a i r  t o  850°C (1550°F) f o r  approx. 16  h r .  
CI 

C 
React ion dur ing  $7-hr per iods  -.- h e a t i n g  was no t  cont inuous.  

. . 

d ~ u b j e c t  t o  change a f t e r  X-ray d i f f r a c t i o n  p a t t e r n s  obta ined  by t h e  use  
of more a p p r o p r i a t e  s tandards  a r e  completed. 

. . . . 

Experiment CAS-10 was designed t o  determine i f  calcium s u l f i d e  would 
r e a c t  wi th  p a r t i a l l y  ca l c ined ,  s u l f a t e d  dolomite  t o  produce a h igh  concen- 
t r a t i o n  of SO2 i n  t h e  off-gas s t ream. L i t t l e  r e a c t i o n  occurred.  A 
p o s s i b l e  exp lana t ion  i s  t h a t  t h e  CaS i s  oxid ized  by C02 ( r e l ea sed  from 
t h e  c a l c i n i n g  dolomi te) ,  forming more CaS04 and thus  i n h i b i t i n g  t h e  
s o l i d - s o l i d  r e a c t i o n .  

The r e a c t i o n  of CaS wi th  f u l l y  ca l c ined  s u l f a t e d  dolomite  (exper i -  
ment CAS-12) had more f avo rab le  r e s u l t s .  F igure  18 i l l u s t r a t e s  t h e  
concen t r a t ion  of SO2 produced a s  a  func t ion  of time and temperature 
dur ing  CAS-12. A s  i nd i ca t ed  i n  F ig .  1 8 ,  t h e  concen t r a t ion  of SO2 i n  
t h e  r e a c t o r  off-gas v a r i e d  from a h igh  of 10.5% a t  12  cc/min n i t r o g e n  
flow t o  a  low of 3.3% a t  1000 cc/min n i t r o g e n  flow, t h e  h i g h e s t  flow 
r a t e  t e s t e d .  Ex t r apo la t ion  of t h e s e  d a t a  i n d i c a t e s  t h a t  t h e  SO2 
equ i l i b r ium concen t r a t ion  wi th  n i t r o g e n  p re sen t  bu t  no ' f l ow (,at  1 atm) 
would be $11%. This i s  near  t h e  theore . t ica1  va lue  of 9% a t  1877OF 
(1025'C) as determined from t h e  zawadz'ki7 d a t a  p l o t t e d  i n  Fig.  19 .  



Figure  18  a l s o  shows t h a t  t h e  maximum observed r a t e  of r e a c t i o n  
(33 c c  so2/min) occurred  a t  t h e  maximum n i t r o g e n  purge flow r a t e  used 

, d u r i n g  t h e  experiment ,  1000 cc/min. Th i s  h igh  a  r e a c t i o n  r a t e  may not  
be an  advantage,  however, i n  a  convent iona l  process  (such a s  t h e  Claus 
process)  t o  'convert t h e  SO2 t o  e lementa l  s u l f u r  because such a  process  
r e q u i r e s  a h i g h  concen t r a t ion  of SO2 (such as those  observed i n  t h i s  
work a t  t h e  lowest  n i t r o g e n  flow r a t e s )  f o r  economically a t t r a c t i v e .  
ope ra t  ion .  

X-ray ana lyses  of t h e  CAS-12 product  were a l s o  done t o  he lp  deter- .  
mine where C a O  formed i n  t h e  a d d i t i v e  p a r t i c l e s .  The d i f f r a c t i o n  - 
p a t t e r n s  i n d i c a t e d  t h a t  most of t h e  CaO produced was a s s o c i a t e d  w i t h  t h e  
l a r g e  dolomite  s t o n e s ,  r a t h e r  than  be ing  depos i ted  a s  a r e s i d u e  wi th  t h e  
powdered CaS r e a c t a n t .  Analysis  of t h e  f i n e s  i n d i c a t e d  t h a t  only a  
minor p o r t i o n  was CaO, and a  very  s m a l l  p o r t i o n  was ~ a S 0 ~ .  Wet chemical 
ana lyses  a r e  planned t o  determine more p r e c i s e l y  t h e  r e a c t i o n  m a t e r i a l  
ba lance ,  

Specula t ion  r ega rd ing  t h e  mechanism t h a t  co l l t ro l s  reac t ior l  (2), 
below, cen te red  around a  so l id-gas-so l id  theory  presented  by Curran 
e t  a2. They p o s t u l a t e d  t h a t  t h i s  r e a c t i o n  

314 CaS04 + 114 CaS + CaO + SO2 

r e p r e s e n t s  t h e  sum of t h r e e  r e a c t i o n s :  

CaS04 + CaO + SO3 

(Decomposition of CaSQb) 

SU3 + St12 + .1./2 (I2 

(Decomposition of uns t ab le  SO3) 

and 

(Combination of a v a i l a b l e  O2 wi th  unconverted CaS). 

I f  t h i s  is  t h e  mechanism, t h e  presence  o,f CaS i n  a t  l e a s t  a s t o i c h i o m e t r i c  
r a t i o  t o  t h e  CaSOe s e r v e s  a s  a  f a c i l e  r o u t e  f o r  t h e  removal of oxygen 
from t h e  system, which t ends  t o  promote r e a c t i o n .  It has  been found i n  
pre l iminary  s t u d i e s  t h a t  t o  f o r c e  t h e  s o l i d - s o l i d  r e a c t i o n  toward comple- 
t i o n  a t  950°C, a  s t a r t i n g  m a t e r i a l  con ta in ing  about  35% CaS.may be  necessary.  
The d a t a  obta ined  from t h e  two experiments  r epo r t ed  h e r e  a r e  no t  i n  d i sa -  
greement w i th  t h i s  p o s t u l a t i o n .  
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Fig. 18. Relationship of SO2 Production and Purge Flow Rate in Solid- 
Solid Reaction. Temperature: 1025°C; Purge gas: nitrogen; . . 
Reactants: 4 : 3  mole ratio, CaS:CaS04 (CaS04 present as 
sulfated dolomite) 

Plans have been ,mad6 for additional investigation of the mechanism 
and feasibility of this approach as a regeneration scheme. An engineerine- 
scale regeneration process would,require that CaS be formed in situ (by 
the reduction of sulfated additive) rather than CaS being added. As a 
result, future laboratory experiments will be designed to reduce an 
appropriate' fraction of the CaS04 in the sulfated additive to CaS prior 
to solid-solid reaction. Also, since limited data have been gathered to 
date on temperature effects above 1025"C, runs will be made at higher 
temperatures to obtain more temperature-reaction rate information. 

COAL COMBUSTION REACTIONS 

The Determination of Inorganic Constituents in the Effluent Gas from 
Coal Comhus t inn 

some chemic.al elements carried by combustion gas are known to cause 
'severe metal corrosion. The objective of this study is to determine 
quantitatively which elements are present in the hot combustion gas of 



. . 

Fig.  19.  Equil ibr ium f o r  t h e  Equation 314 CaS04 + 
114 CaS = CaO + SO2 ( a f t e r  ~ a w a d z k i ) ~  . - . . 

c o a l ,  i n  e i t h e r  v o l a t i l e  o r  p a r t i c u l a t e  form, and t o  d i f f e r e n t i a t e  
between v o l a t i l e  and p a r t i c u l a t e  s p e c i e s .  It i s  d e s i r a b l e  t o  i d e n t i f y  
t h e  compound form and amount of p a r t i c u l a t e  s p e c i e s  and t o  determine 
t h e  amount and form on.condensable  s p e c i e s .  

Ueta i led  des ign  and engineer ing  drawings of t h e  l abo ra to ry - sca l e  
ba t ch  u n i t  combustor have been completed. The conceptua l  des ign  of 
t h e  combustor was presented  i n  a previous  repor t .4  The drawings a r e  
be ing  checked and reviewed. A work p r o j e c t  f o r  f a b r i c a t i o n  h a s  been 
e s t a b l i s h e d .  The f a b r i c a t i o n  s p e c i f i c a t i o l l  f o r  t h e  coudus Lor has heen 
w r i t t e n ,  and a f i n a l  des ign/pre l iminary  s a f e t y  review of t h e  combustor 
i s  be ing  arranged.  

The mult iprobe thermocouples r equ i r ed  f o r  temperature measurements 
of t h e  e n t i r e  system were rece ived .  A11 o t h e r  components and m a t e r i a l s  
needed f o r  co t i s t ruc t ion  of t h i s  combustor have a l r eady  been ordered.  

I n s t a l l a t i o n  of t h e  induc t ion  h e a t i n g  u n i t  i s  cont inuing .  The work 
i n c l u d e s  the  i n s t a l l a t i o n  of a Tocco .30-kW genera tor  and t h e  i n s t a l l a t i o n  
of working and c o n t r o l  s t a t i o n s .  About 95% of t h e  e l e c t r i c a l  work has 
been f i n i s h e d .  I n s t a l l a t i o n  of t h e  water  p ip ing  r equ i r ed  f o r  t h e  coo l ing  
system of t h e  u n i t  w i l l  be  t h e  f i n a l  p a r t  of t h i s  job. 



Systematic  Study of t h e  V o l a t i l i t y . o f  Trace Elements i n  Coal 

Knowledge of t h e  vapor i za t ion  c h a r a c t e r i s t i c s  of t r a c e  elements i n  
c o a l  and of t h e  r a t e  of t h e i r  v o l a t i l i z a t i o n  i s  important  f o r  combined 

. c y c l e  t u r b i n e  operat, ion. The purpose of t h i s  s tudy  i s  t o  o b t a i n  d a t a  
on t h e  v o l a t i l i t y  of t hese  elements under p r a c t i c a l  c o a l  combustion and 
g a s i f i c a t i o n  condi t ions .  This  s tudy  is a l s o  intended t o  o b t a i n  d a t a  
suppor t ing  t h e  s tudy  covered above. 

The experimental  s e t u p  f o r  t h i s  s tudy  was presented  previous ly .4  
Work on t h e  e l e c t r i c i t y  and water  s u p p l i e s  r equ i r ed  f o r  t h e  experimental  
work has  been completed. A l l  m a t e r i a l s  and components ordered have 
been rece ived ,  and s e t t i n g  up of t h e  experimental  appara tus  is  undersway. 



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

Examination of E a r l i e r  Experimental R e s u l t s  

I n  a previous  r e p o r t , 4  t h e  r e s u l t s  of a  series of seven f l u i d i z a t i o n  
experiments  performed i n  t h e  ANL 6-in.-dia, f luidized-bed r e a c t o r  on 
p a r t i a l l y  s u l f a t e d  dolomite  p a r t i c l e s  of a  wide range of s i z e s  (about 
1410-88 pm) and shapes w e r e  descr ibed .  The experimental  p re s su re  drop 
(AP) d a t a  a s  a  f u n c t i o n  of f l u i d i z i n g , v e l o c i t y  (u) were i n t e r p r e t e d  t o  
determine:  t h e  minimum f l u i d i z i n g  v e l o c i t y  (umf) a s  a func t ion  of bed 
temperature (T) and r e a c t o r  p re s su re  (I?), t h e  he ight  of t h e  bed a t  
minimum f l u i d i z a t i o n  (Lmf),  t h e  mean bed void f r a c t i o n  o r  voidage a t  
miiimum f l u i d i z a t i o n  ( G f ) , ,  and t h e  mean shape f a c t o r  o r  s p h e r i c i t y  of 
t h e  s o l i d  p a r t i c l e s  c o n s i t u t i n g  t h e  bed (qs). I n  t h a t  e a r l i e r  work, t h e  
minimum f l u i d i z a t i o n  v e l o c i t y  was found t o  be almost independent of bed 
temperature between 2 1  and 432°C (7U-8lO0~) ,  buL 1 L  was 10uid to decrease 
w i t h  i n c r e a s i n g  r e a c t o r  p re s su re  (26-121 p s h )  at  a glvr11 Lriuyerature. 
The minimum f l u i d i z a t i o n  v e l o c i t i e s  were c o r r e l a t e d  on t h e  b a s i s  of t h e  
Ergun r e l a t i o n .  The c o r r e l a t i o n s  of Wen and Yu, l l Andersson, l 2  and 
Zenz and 0thmer13 were a l s o  examined w i t h  app ropr i a t e  mod i f i ca t ions  f o r  
t h e i r  a p p l i c a b i l i t y  t o  a bed c o n s i s t i n g  of a  wide range of p a r t i c l e  s i z e s  
and shapes. 

The r e s u l t s  of t h e  seven f l u i d i z a t i o n  experiments a r e  summarized i n  
Table  10;  column 6 l ists  t h e  p rev ious ly  repor ted4  v a l u e s  of 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 ,  umf. This  t a b l e  lists t h e  va lues  of t h e  
p a r t i c l e  Reynolds number a t  minimum f l u i d i z a t i o n ,  Rep,,£, computed from 
t h e  fo l lowing  r e l a t i o n :  

IIere, ap i~ t h c  avcragc p a r t i c l e  d iameter ,  which has a va lue  of 71.7 ilrn 
f o r  t h e  dolomite  sample used i n  t h e s e  experiments;  p g  and IJ a r e  t h e  
d e n s i t y  and v i s c o s i t y  of t h e  f l u i d i z i n g  gas ,  respectively. 

The Erglin c.nrre.l.ation has the  following form: 

where 



Table 10. Ca lcu la t ion  of Mean S p h e r i c i t y  of t h e  Sol id  P a r t i c l e s ,  Ts,  
and Cor re l a t ion  of Minimum F l u i d i z a t i o n  Veloc i ty  Data 

Equipment: ANL 6-in.-dia combustor 
Bed charge: 14.005 kg of p a r t i a l l y  s u l f a t e d  dolomite  
F l u i d i z i n g  gas:  a i r  

Experiment Temp, P re s su re ,  Repym£ & umf,  cm/sec 
No. P C atm Expt. Calc." Eq. 2 

2 20 2.04 36 0.388 36.0 38.1(5.7)a 

7 380+30 - 8.16 23 0.403 23.3 25.4(8.8)a 

8 425+15 - 4.97 14 0.359 25.9 25.8(0.4)a 

Mean 0.379 

a Percentage d i f f e r e n c e  of c a l c u l a t e d  and experimental  va lues  of umf. 

- 
Here, ~~f is  t h e  mean bed void f r a c t i o n  a t  minimum f l u i d j z a t i o n ;  i t s  
va.J.ue was exper imenta l ly  determined t o  be  0 . 6 5 . ~  Also, + s  i s  t h e  mean 
shape f a c t o r  o r  s p h e r k i t y  of t h e  s o l i d  p a r t i c l e s ,  Ga i s  t h e  G a l i l e o  
number, ps  i s  t h e  d e n s i t y  of t h e  s o l i d  p a r t i c l e s ,  and g is  t h e  acce l e r -  
a t i o n  due t o  g r a v i t y .  From t h e  p r e s s u r e  drop measurements a t  minimum 
f l u i d i z a t i o n  f o r  t h e  experimental  cond i t i ons  of experiments 5 and 8 ,  
f o r  which Re ,,f i s  l e s s  than  20 and t h e  second term of equat ion 2 
may be  regarged as n e g l i g i b l y  smal l ,  bS was e a r l i e r  determined t o  be 
0 . 3 6 4 . ~  

Here, Ts has  been computed from t h e  e n t i r e  equat ion 2 f o r  a l l  
seven experimental  runs.  These r e s u l t s  a r e  given i n  t h e  f i f t h  column 
of Table 10. W e  t a k e  t h e  mean va lue  of 0.379 t o  be a r e p r e s e n t a t i v e  
va lue  f o r  che s p h e r f c i t y  Of t h e  range of s o l i d  p a r t i c l e s  c o n s t i t u t i n g  
t h e  bed. We checked t h i s  by computing t h e  u,,,f va lues  from equat ion  2 
f o r  a l l  experiments ,  u s ing  a va lue  of 0.379 f o r  bs, and ( a s  seen from 
column 7,  Table 10) t h e s e  va lues  a r e  i n  good'agreement w i th  t h e  d i r e c t l y  
measured va lues  given i n  column 6 of Table 10. I n  t h e  seventh column, 
i n  parentheses ,  a r e  l i s t e d  t h e  percentage disagreements  between t h e  
experimental  and c a l c u l a t e d  %f va lues .  This  good agreement substan-  
t i a t e s  t h e  concept of mean s p h e r i c i t y  f o r  t h e  s o l i d  p a r t i c l e s  of a 
s i z e  range c o n s t i t u t i n g  t h e  f l u i d i z e d  bed and i t s  adequacy f o r  
c o r r e l a t i n g  the mfnimum f l u i d i z a t i o n  v e l o c i t y  d a t a  through t h e  Ergun 
c o r r e l a t i o n .  It may f u r t h e r  b e  emphasized t h a t  t h e  c u r r e n t l y  determined - 
+, va lue  d i f f e r s  by l e s s  than  4% from t h e  e a r l i e r  va lue  s o  t h a t  a l l  
conc lus ions  based on t h e  e a r l i e r  Ts va lue  remain v a l i d .  



.The following modified correlation of Wen and yul ' was examined 
previously by computing the two sides of the relation and noting their 
departure from equality. - 

In Table 11, a more straightforward comparison is presented. After 
equation 4 was employed to calculate Rep,,£ using the values of the 
parameters reported in Table 11, Repym£ was used to calculate the values 
of umf with equation 2. In contrast to the earlier calculations, the 
results of Table 11 shed light on the adequacy of equation 4 to predict 
Umf. It is clear that the relation of equation 2 is preferable to that 
of equation 4 since the accuracy of our experimental %f values is 
assessed to be approximately - +5%. 

Table 11. Cuull~ar i s u u  uf the Expefilller~Lal Values uT ~ m f  with the 
Values Calculated from Equation 4 

(a = 720 vm, F s  = 0.364, ; = 0.650) 
. P m f 

Experiment urn£, cmlsec - Dev., 
No. Expt. , Calc. , Eq. 4 .% Ga 

Properties of Unreacted-Dolomite Bed at Minimum.Fluidization 

A series of eight fluidization experiments were performed earlier 
on a sample of fresh d~lomite.~ These results are reported here with 
a view to investigating the validity of the conclusions presented earlier4' 
and in 'Tables 10 and 11. 

The reactor was charged with 14.786 kg of fresh dolomite having 
the particle size distribution given in column 3,. Table 12. After 
completion of the eight runs, only 11.355 kg of the material was found 
in the reactor and 2.955 kg in the cyclones. T~Ls, about 3% of the 
material was not accounted for; a part of it had been entrained in the 
gas stream. On the other hand, about 23.2% of the bed, comprising the 
fines, was rapidly blown off. The final bed was found to have the 



Fable 12. Pa r t i c l e -S ize  D i s t r i b u t i o n  of Fresh Dolomite Bed Mate r i a l  
Before and Af ter  t h e  S e r i e s  C Runs 

4 J . S .  Sieve No. S i ze  Range, Weight 'Frac t ion  i n  t h e  Range 
mm Before Af t e r  

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

p a r t i c l e  s i z e  d i s t r i b u t i o n  given i n  t h e  f o u r t h  column of Table 12; t h e  
weight of t h e  remaining bed corresponded t o  a p re s su re  drop of 0.955 p s i .  
The experiments confirmed t h i s  va lue .  Consequently, t h i s  p r e s s u r e  drop 
va lue  was employed i n  t h e  c o r r e l a t i o n s  i n  determining umf from p res su re  
drop d a t a  and an average p a r t i c l e  diameter  va lue  (ip) of 765 pm. The 
exper imenta l ly  determined umf va lues  from t h e  measurements of p r e s s u r e  
drop as a func t ion  of t h e  f l u i d i z i n g  v e l o c i t y  (u) o r e  given i n  t h e  
f o u r t h  column of Table 1 3  f o r  t h e  ope ra t ing  cond i t i ons  of temperature 
and p re s su re  i n  columns 2 and 3,  r e s p e c t i v e l y .  The f i r s t  four  runs  
(C-1 through C-4), performed a t  room temperature,  are considered more 
r e l i a b l e  than  t h e  ones performed a t  h igher  temperatures  and a r e  t h e r e f o r e  
t h e  only  ones employed i n  determining t h e  average s p h e r i c i t y  of t h e  
s o l i d  bed p a r t i c l e s .  

The Ergun c o r r e l a t i o n  a t  minimum f l u i d i z a t i o n  

Fur ther  , 

Here APd i s  t h e  p re s su re  drop a c r o s s  a b.ed of he igh t  Lmf, gc i s  t h e  
co~i"ers ion  f a c t o r  and i s  equa l  t o  980 g cm/(g wt) ( s e c 2 ) ,  v i s  t h e  gas 
v i s c o s i t y ,  p g  i s  t h e  gas  d e n s i t y ,  ps  i s  t h e  s o l i d  p a r t i c l e  d e n s i t y ,  and 
g is  t h e  a c c e l e r a t i o n  due t o  g r a v i t y .  The r e l a t i o n  given i n  equat ion  
6 ,  ' in  conjunct ion  w i t h  t h e  exper imenta l ly  measured APmf va lues ,  l e a d  t o  



- - 
Re Table 13. Values of Umfy h f ,  Emf , ,mf 9 and ms 

at Various Temperatures and Pressures 

- - 
Experiment. Temp, Pressure, 'mf, Rep,mf ms 

No. OF f t 

C-8 395+15 121 0.94 1.63 0.56 5 0 - - 

Mean 0.57 0.52 

- 
~~f values for eight experiments that are listed in column 6 of Table 13. 
A mean value of 0.57 for Emf was employed in all calculations reported 
here. 

Thus with a known , equation 5 was used to compute for experi- 
S merits C-1 rhrough C-4 .  b e  results are glveu hl ~ l ~ r  riplrL11 cululu~r ul. 

Table 13. A mean value of 0.52 for Gs was used throughout this work. 
Computed values of Reynolds number, Re ~Ymf' from the following relation 
are given in column 7 of Table 13: 



SEPARATION OF COMBUSTION AND REGENERATION SYSTEMS 

A s  o r i g i n a l l y  i n s t a l l e d ,  t h e  6-in.-dia,  p re s su r i zed ,  f luidized-bed 
combustor and t h e  3-in.-dia, p r e s su r i zed , f l u id i zed -bed  r egene ra to r  
u t i l i z e d  s e v e r a l  components i n  common.. Due t o  t h e  dua l  func t ion  of 
t hese  components, t h e  two u n i t s  could n o t  be opera ted  s imultaneously.  
The equipment common t o  both u n i t s  included t h e  i n l e t  and o u t l e t  surge  
tanks ,  t h e  gas p rehea te r ,  t h e  a d d i t i v e  so l id s - f eede r ,  t h e  off-gas 
system (cyclones,  f i l t e r s ,  p ressure-cont ro l  v a l v e ,  e t c . ) ,  and t h e  o f f -  
gas  a n a l y s i s  system. 

Modif ica t ions  of both systems were undertaken t o  p h y s i c a l l y .  
s e p a r a t e  t h e  two u n i t s  and t o  provide each u n i t  wi th  i t s  own a n c i l l a r y  
equipment. The o b j e c t i v e  of t h e  modi f ica t ions  is t o  permit  concurrent  
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 egene ra t ion  process ,  
thereby inc reas ing  t h e  c a p a b i l i t y  f o r  r e sea rch  r e l a t i n g  t o  both processes .  

The c u r r e n t  s t a t u s  of t h e  more s i g n i f i c a n t  i t ems  involved i n  t h e  
modi f ica t ions  is  presented  below: 

1. A l t e r a t i o n s  t o  t h e  combustion system equipment were completed 
and i n s t a l l a t i o n  of t h e  new regene ra t ion  system is  nea r ly  complete. 

2.  A new rotary-vane so l id s - f eede r  was d e l i v e r e d ,  l eav ing  t h e  
off-gas cond i t i on ing  system and t h e  gas p rehea te r  a s  t h e  only two major 
components f o r . t h e  new regene ra t ion  system s t i l l  t o  be  rece ived .  De- 
livery of t h e s e  two i tems  i s  expected i n  t h e  near  f u t u r e ;  o the r  
a v a i l a b l e  equipment has  been s u b s t i t u t e d  and i n s t a l l e d  pending d e l i v e r y  
t o  permit t e s t i n g  of . t h e  new regene ra t ion  system. 

3.  I n s t a l l a t i o n  of t h e  necessary  pneumatic and e l e c t r i c a l  p rocess  
and instrument  s e r v i c e s  f o r  t h e  new regene ra t ion  system has  been 
e s s e n t i a l l y  completed. Only a  minor amount of work remains t o  complete 
t h e  f i n a l  hookup of t h e s e  s e r v i c e s .  

4 .  P rov i s ions  were made f o r  f eed ing  both c o a l  and s u l f a t e d  addi- 
t i v e  i n t o  t h e  new regene ra t ion  system. (The c o a l ,  combusted under 
reducing condi t ions , .  w i l l  supply both  t h e  reducing gases  and t h e  h e a t  
r equ i r ed  f o r  one-step r e d u c t i v e  decomposition of t h e  s u l f a t e d  a d d i t i v e . )  
I n s t a l l a t i o n  of t h e  necessary  feeding  equipment f o r  t h e  c o a l  and a d d i t i v e  
( s c a l e s ,  so l id s - f eede r s ,  feed-hoppers, e t c . )  .was completed, and t e s t i n g  
of t h e  equipment is i n  progress .  

5. I n s t a l l a t i o n  of t h e  necessary sheet-metal  duc t s  f o r  ven t ing  
th'e r egene ra t ion  enc losure  and a s s o c i a t e d  equipment i n t o  t h e  e x i s t i n g  
l abo ra to ry  main v e n t i l a t i o n  system was begun and is expected t o  be  com- 
p l e t ed  i n  a few weeks. 

6. I n s t a l l a t i o n  and c a l i b r a t i o n  of t h e - a n a l y t i c a l  ins t ruments  t o  
be used f o r  determining 02, SO2, C O Y  C02, H 2 ,  H2S, t o t a l  hydrocarbons, 
NO-NOx, and H20 concent ra t ions  i n  t h e  r egene ra to r  o f f  gas  have been 
con~pleted except  f o r  minor r e v i s i o n s  and o p e r a t i o n a l  t e s t i n g .  
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